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Thesis summary
This thesis comprises a series of studies that adapted a reverse translational approach to investigate
the mechanisms underlying the immunopathogenesis of paradoxical tuberculosis-associated

immune reconstitution inflammatory syndrome (TB-IRIS).

Paradoxical TB-IRIS is an aberrant immune response targeted against Mycobacterium tuberculosis
or its residual antigens in patients with advanced human immunodeficiency virus (HIV) infection
shortly after commencement of antiretroviral therapy (ART). TB-IRIS is characterized by
hyperinflammation and tissue damage. Pulmonary and lymph node involvement are the most
common clinical manifestations. The incidence of TB-IRIS can reach up to 54% in settings where
both HIV and TB are endemic, such as the sub-Saharan-Africa region of the African continent.
Approximately 25% of patients with paradoxical TB-IRIS will require hospitalization for
syndromic management. The management and prevention of paradoxical TB-IRIS rely on the use
of anti-inflammatories such as immunosuppressive corticosteroid intervention, which is associated
with an increased risk of Kaposi sarcoma. Paradoxical TB-IRIS is potentially fatal, with cases of
central nervous system (CNS) involvement having the highest fatalities (up to 56%). The
underlying cause of paradoxical TB-IRIS is thought to arise from a dysregulated
hyperinflammatory immune response during ART-mediated immune recovery, although the
causal mechanisms and associated molecular pathways are incompletely defined. This knowledge
gap compromises efforts to develop new diagnostic and prognostic modalities as well as safer and
more efficacious therapeutic interventions. This served as the rationale for undertaking the studies

reported in this thesis.

Using clinical samples from the PredART intervention trial and the TB-ART observational study,
this thesis investigated the cellular and molecular determinants of paradoxical TB-IRIS.
Conventional scientific hypothesis-based approaches as well as unbiased hypothesis-generating
approaches were used, with major experimental approaches including ribonucleic acid (RNA)

sequencing, flow cytometry and soluble analyte analyses.
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RNA extracted from whole blood of consenting participants from the Pred-ART intervention trial
was sequenced to profile global gene expression. Cross-sectional and longitudinal analyses were
performed to compare transcriptomic profiles in participants who developed paradoxical TB-IRIS

to those who did not, at week 0, 2 and 12 on ART.

Using pathway analysis, samples collected prior to the initiation of ART (week 0) in patients who
later developed paradoxical TB-IRIS (cases) were characterized by the upregulation of transcripts
encoding neutrophil-derived antimicrobial peptides and defensins and associated with hypoxemia
compared to the TB-non-IRIS controls. These largely reflected biological processes involved in
neutrophilic responses and adaptation to metabolic stress and dysfunction. Furthermore, pathways
that were significantly downregulated in patients who later developed paradoxical TB-IRIS
compared to those who did not, included chondroitin sulfate biosynthesis and interleukin (IL)-6.
These finding suggest that paradoxical TB-IRIS is preceded by increased expression of
antimicrobial peptides and the impairment of immune cellular function controlled by the

extracellular matrix.

Pathway analysis at week 2 on ART, which coincided with the median time of clinical
manifestations in patients that developed paradoxical TB-IRIS, revealed the significant enrichment
of neutrophil degranulation, interleukin (IL)-1 signalling, as well as type I and II interferon (IFN).
Moreover, biological pathways that were significantly downregulated in cases as opposed to
controls at week 2 on ART were largely overrepresented by epigenetic biological processes. These
data suggested that neutrophil degranulation preceded and characterized the onset of paradoxical

TB-IRIS.

To validate these findings, we evaluated the associations between absolute neutrophil counts and
neutrophil soluble markers, with paradoxical TB-IRIS at week 0 and week 2 on ART. No
significant differences in absolute neutrophil counts were reported in participants who later
developed paradoxical TB-IRIS compared to those who did not at week 0. However, azurocidin

measured in plasma samples by enzyme-linked immunosorbent assay (ELISA) was significantly
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lower in samples from participants who later developed paradoxical TB-IRIS at week 0. This
suggests that participants who are likely to develop paradoxical TB-IRIS might have impaired
innate immune responses at week 0 compared to those who did not develop the syndrome.
Absolute neutrophil counts were higher in cases compared to controls at week 2 on ART. Soluble
neutrophil markers including human neutrophil peptide 1-3, myeloperoxidase, and neutrophil
elastase were significantly higher in cases compared to controls at week 2 on ART. These data
suggest that patients who develop paradoxical TB-IRIS have heightened neutrophil degranulation

at the time of symptoms onset.

Longitudinal perturbation of gene expression was investigated between week 0 and week 2 in
people who developed paradoxical TB-IRIS and TB-non-IRIS controls, respectively. Among the
top significantly upregulated biological pathways in samples of participants that developed
paradoxical TB-IRIS were neutrophil degranulation, type I and II interferon signaling, IL-1
cytokine signalling, and pyroptosis. Biological pathways that were significantly downregulated in
these patients included heme biosynthesis and oxygen-carbon dioxide gaseous exchange signalling
metabolic dysfunction. In TB-non-IRIS controls, biological pathways that were significantly
upregulated included epigenetic modulation of gene expression, collagen biosynthesis and
extracellular cytoskeleton remodelling indicating anabolic processes that restore or maintain
proper cellular functionality such as cellular signalling. Type I interferon signalling and immune
responses to viral pathogens were among biological pathways that were significantly
downregulated in people who did not develop paradoxical TB-IRIS at week 2 on ART compared

to week 0, likely indicating decrease in antiviral responses as HIV viral load declined.

The management and prevention of paradoxical TB-IRIS rely on the use of corticosteroids which
is associated with an increased risk of Kaposi Sarcoma and herpes reactivations. Thus, there is a
need to explore other anti-inflammatory but non-immunosuppressive drugs that can be repurposed
for the management of IRIS-related pathologies. Gene expression data at week 2 on ART and
previous published data indicated that aberrant inflammasome activation represent one of the
molecular mechanisms that underpins the pathogenesis of paradoxical TB-IRIS. We proposed that

chemical inhibition of the inflammasome would result in a targeted reduction of inflammation.
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Two candidate drugs (anakinra and parthenolide) were evaluated and benchmarked against the
standard of care (prednisolone) in an ex vivo mycobacterial cell stimulation model using patient
samples. Both anakinra and parthenolide significantly reduced several markers of inflammation
compared to prednisolone. However, parthenolide was the more potent in reducing cytokine
production including IL-1p among others. These findings provide experimental evidence of in
vitro use of novel anti-inflammatory agents. Anakinra has been approved for clinical use in
inflammatory conditions such as rheumatoid arthritis and could potentially be repurposed for use

in the context of paradoxical TB-IRIS.

A hallmark of paradoxical TB-IRIS includes the partial reconstitution of Mtb-specific CD4 T cell

responses within 3 months of initiating ART while on effective antituberculosis therapy.

The phenotype and transcription factors of antigen-specific interferon-gamma producing (IFNy+)
CD4+ T cells and their potential involvement in the pathogenesis of paradoxical TB-IRIS were
characterized in an experimental mouse model of IRIS (by collaborators) as well as in human
peripheral blood mononuclear cells (PBMC). In mice, antigen-specific CD4 T cells knocked out
for Eomes showed significantly higher proportion of survival compared to wildtype mice. No
significant differences in Eomes expression were observed in Mtb-300 specific, [IFNy+ CD4 T
cells in PBMC from paradoxical TB-IRIS cases compared to controls at the onset of clinical
symptoms. However, Eomes expression was higher in cases compared to controls in bulk CD4 T
cells at week 2 on ART. HLA-DR expression was higher in cases compared to controls in Mtb300-
specific IFNy+ CD4 T cells at week 2 on ART. Additionally, Granzyme B producing, Mtb300-
specific [IFNy+ CD4 T cells co-expressing Eomes and Tbet were significantly higher in cases
compared to controls at week 2 on ART. These data indicate that HLA-DR expression on Mtb300-
specific CD4 T cells producing IFNy+ can potentially be developed as a diagnostic tool to identify
individuals with paradoxical TB-IRIS.

Collectively, these findings highlight the key contribution of neutrophils and Mtb-specific CD4
lymphocytes in the pathogenesis of paradoxical TB-IRIS. The gene expression findings suggest

that the underlying mechanism involves interferon stimulated genes which trigger the secretion of
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proinflammatory cytokines and the aberrant activation of the inflammasome. Members of the IL-
1 family of cytokines are secreted as catalytically inactive proenzymes that require the action of
mature inflammasome for activation. IL-1a is the only exception since its proform and mature
form are both fully functional. Active IL-1 family of cytokines are potent modulators of
inflammation which is a defining feature in people who develop paradoxical TB-IRIS at the time
of clinical symptom onset. In addition, the pathogenesis of paradoxical TB-IRIS appears to be
mediated by the heightened degranulation of neutrophils which may cause acute inflammation and

tissue damage.
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1. Chapter 1 outline: Investigating the molecular pathogenesis of paradoxical
tuberculosis inflammatory syndrome.

This chapter provides a high-level introduction to the thesis. The chapter details the rationale
for the studies contained in the thesis and the relevance of this work. It briefly discusses the
hypotheses addressed in each chapter, the research questions and the main aims. The chapter
also discusses in broad terms the study populations, ethical compliance, study design,
laboratory assays, statistical methods and approaches and provides a chapter-by-chapter

summary of the thesis.



1.1 Rationale

Disease and death due to tuberculosis (TB) represents a global scourge. The incidence of TB
in 2022 involved an excess of 10 million cases and it resulted in 1.4 million deaths across the
globe [1]. The brunt of the TB crisis is particularly severe in developing countries such as sub-

Sahara Africa where healthcare resources are often limited.

Several factors contribute to the success of Mycobacterium tuberculosis (Mtb), the most
common cause of TB in humans. First, Mtb can exist in a non-replicative, metabolically
quiescent state during TB therapy and in a setting of an effective immune response [2].
Infection with Mtb does not lead to clinical disease in 90% of cases but establishes a state of
bacterial latency responsible for a global latent reservoir of approximately 2 billion people, 10
% of which will develop reactivation TB disease in their lifetime [3]. This latently infected
global pool of asymptomatic people therefore feeds the vicious cycle of TB transmission.
Additionally, the emergence of resistance towards first-line drugs undermines efforts to
eradicate TB [4]. Co-infection with the human immunodeficiency virus (HIV) represents a
major hindrance to TB control programmes in sub-Saharan Africa and other third world
countries [1, 5]. Although the advent of antiretroviral therapy (ART) has significantly advanced
the management of TB in people living with HIV, this is not without challenges. While the
incidence of HIV-associated TB represents the minority of overall TB incidence globally, the
mortality rate attributed to HIV-associated TB is excessive relative to HIV-negative individuals
with TB [1]. Additionally, HIV-associated TB is associated with significant treatment
complications including drug-drug interactions among others [6, 7]. The most common
complication related to co-treatment of HIV-associated TB is the emergence of localized or
systemic hyper-inflammatory features with new or recurrent TB symptoms despite effective
control of HIV viremia and the exclusion of other causes for clinical deterioration [6]. This is
known as paradoxical TB-associated Immune Reconstitution Inflammatory Syndrome (TB-

IRIS), the focus point for the body of research presented in the thesis.

The burden of paradoxical TB-IRIS in sub-Saharan Africa is substantial, particularly given that
guidelines shifted to advise early ART in patients with TB and low CD4 lymphocyte counts
[8]. Paradoxical TB-IRIS has an incidence of 18% across adult cohorts [9, 10]. However, its
incidence is as high as 54% in cohorts where risk factors for the condition are frequent [9]. The

incidence in children is not well documented.



Pulmonary and lymph node involvement are the most common clinical manifestations of
paradoxical TB-IRIS [9, 11]. Patients often require hospitalization for diagnostic and
therapeutic intervention [12, 13]. Paradoxical TB-IRIS is potentially fatal for a minority of
patients especially when the brain is affected [14]. The mortality rate attributed to paradoxical
TB-IRIS is 2% [9]. Fatality rates can be as high as 56% in instances of central nervous system
(CNS) involvement, which is the most severe form of paradoxical TB-IRIS [15-17]. Notably,
paradoxical TB-IRIS is self-limiting in most patients, with the resolution of clinical symptoms
in 2 months on average [18]. Corticosteroids are the mainstay therapy and the only evidence-
based therapy for the prevention and management of symptoms of TB-IRIS. Corticosteroid
therapy is associated with shorter symptom duration as well as reduced length of hospital stay
[19]. However, the use of corticosteroids in severely immunocompromised patients is not
entirely safe and is prescribed with caution due to the increased risk of Kaposi’s sarcoma and

potentially other opportunistic infections [20].

Lastly, a moderate dose of prednisone was evaluated for preventing complications with
paradoxical TB-IRIS in a double-blind placebo-controlled randomized clinical trial. The
authors reported a reduction in the incidence of paradoxical TB-IRIS by 30% [21]. There are
important knowledge gaps regarding the molecular mechanisms underlying paradoxical TB-
IRIS and the mechanisms of action of corticosteroids in this condition. This hinders the design
and development of effective prognostic and diagnostic interventions. Additionally, safer anti-
inflammatory and less immunosuppressive agents that modulate these molecular mechanisms
in a more targeted manner need to be identified for the prevention and management of

paradoxical TB-IRIS.

1.2 Relevance

The diagnosis of paradoxical TB-IRIS relies on clinical features at presentation and the
exclusion of conditions that mimic TB-IRIS [18, 22]. The molecular mechanisms underlying
the immunopathology of paradoxical TB-IRIS are poorly understood, and their thorough
elucidation could aid in the design and development of better diagnostic tools. Prior research
has focused on characterizing immune responses during TB-IRIS episodes to derive a
diagnostic biosignature. These studies have suggested that paradoxical TB-IRIS is an aberrant
and excessive immune response that is targeted at live Mtb and/or its residual antigens, which

results in tissue damage [18, 23]. This thesis addresses knowledge gaps in the molecular aspects



underlying the pathogenesis of paradoxical TB-IRIS which hinders efforts to design and

develop diagnostic tools and safer preventive and therapeutic interventions.

This thesis reports a series of studies that used a blend of traditional immune phenotyping
techniques and reverse translational approaches to investigate the molecular phenomena
underlying the immunopathogenesis of HIV-associated paradoxical TB-IRIS. Cryogenically
preserved clinical material obtained from consenting patients enrolled in one randomized
placebo-controlled clinical trial and one prospective observational cohort study, were used to

experimentally interrogate several related hypotheses.

1.3 Study population and sample collection

1.3.1 Pred-ART intervention trial

Biological materials used in this study were obtained from two separate studies. The first was
a double blind placebo-controlled randomized clinical trial that assessed the efficacy and safety
of prednisone in preventing paradoxical TB-IRIS in high risk patients with HIV-associated TB
starting ART [24]. The second was a prospective observational cohort study monitoring
complications related to the initiation of ART in HIV-immunosuppressed TB patients in an
inpatient TB facility [6, 25]. Both studies enrolled consenting, ART naive, HIV-infected
patients with microbiologically confirmed active TB as well as patients who displayed robust
clinical or radiological evidence of TB and had a favorable symptomatic response to TB
treatment prior to ART initiation. Participants in the Pred-ART trial were recruited from four
clinics dedicated to HIV and TB care in Khayelitsha Cape Town, from August 2013 to
February 2016. Other inclusion criteria included age of 18 years or older and a CD4 cell count
of 100 cells per microliter or less. Patients were excluded if they were not on first line TB
treatment, had poor clinical response to TB treatment, were pregnant, had tuberculomas or TB
meningitis, had pericardial TB at diagnosis or had rifampicin resistance. Patients with
uncontrolled diabetes mellitus, Kaposi sarcoma or Hepatitis B were also excluded. Lastly,
patients with an absolute neutrophil count of less than 500 cells per microliter, levels of alanine
transferase greater than 200 units per liter or those on corticosteroid therapy for another disease
within 7 days before enrolment were excluded from the study. Within 4 weeks of starting the
intensive phase of TB treatment, recruits were randomized to four weeks of prophylactic
prednisone or placebo and initiated on ART. Prednisone or placebo was given for 4 weeks

(40mg/day for 2 weeks followed by 20mg/day for 2 weeks). 240 participants were enrolled



(120 to each arm). Peripheral blood samples were taken at baseline, 2, 4 and 12 weeks.
Biological material including ribonucleic acid (RNA), deoxyribonucleic acid (DNA), plasma
and peripheral blood mononuclear cells (PBMC) for each patient were cryogenically preserved.
The main findings of the study were that prednisone reduced the incidence of TB-IRIS by 30%
relative to placebo (relative risk is 0.70, 95%CI 0.51-0.96) without significant complications
[24]. Ethical clearance for the studies was granted by the Human Research Ethics Committee
in the Faculty of Health Sciences at the University of Cape Town (HREC REF:136/2013 and
213/2014)

1.3.2 TB-ART observational cohort study

Peripheral blood mononuclear samples (PBMC) used in this study (chapter 4) were obtained
from patients that were enrolled in the TB-ART observational study which evaluated the
adverse effects associated with HIV-associated TB cotreatment during ART scale-up [6]. The
authors reported many complications with cotreatment with paradoxical TB-IRIS being the
most common complication. Patients were enrolled in a prospective observational study
conducted at Brooklyn Chest TB Hospital between May 2009 and November 2010 in Cape
Town, South Africa [6]. All patients were ART naive and those with rifampicin-resistant TB
were excluded. TB diagnosis was based on smear, culture, or clinical diagnosis. The first TB
episode was treated with standard first line regimen of rifampicin (R), isoniazid (H),
pyrazinamide and ethambutol for two months followed by four months of RH regimen. In
patients with subsequent episodes, streptomycin was added for 2 months. Paradoxical TB-IRIS
was diagnosed per International Network for the Study of HIV-associated IRIS (INSHI) criteria
[26]. HIV-1 treatment included lamivudine and efavirenz with stavudine or tenofovir
depending on guidelines at the time. Written informed consent was obtained from all
participants. The study was approved by the Human Research Ethics Committee (HREC REF:
049/2009 and 809/2018) of the University of Cape Town. Clinical and other immunological
findings from this cohort have been published [6, 27-29].

Additionally, ethical approval was granted by the same body to collect peripheral blood
samples for biobanking. Different components of the blood were extracted and preserved for
long term storage and used to investigate the molecular pathogenesis underlying paradoxical

TB-IRIS (see Chapter 4).



1.4 Overall aims of the studies in thesis

e To derive a transcriptional signature associated with TB-IRIS occurrence both prior to
ART and at the time of symptom onset.

e To investigate the effect of prednisone on the transcriptional expression profile
associated with TB-IRIS to identify biological pathways modulated by prednisone.

e To investigate the role of the T-cell transcription factor Eomesodermin in TB-IRIS
pathogenesis.

e To investigate the anti-inflammatory capacity of agents directed at inflammasome-
related targets in an ex vivo cell culture model with Mycobacterium tuberculosis

stimulation.

1.5 Main objective: To broaden the understanding of the molecular pathogenesis of
paradoxical TB-IRIS

Studies aimed at understanding the pathogenesis underlying paradoxical TB-IRIS have
historically explored cellular assays and analysis of soluble analytes primarily. Recently,
studies have used untargeted, hypothesis-generating approaches to assess differential transcript
abundance and subsequent pathway analysis to gain better insights into the pathogenesis of
different diseases. For instance, studies have demonstrated the dysregulation of immune
responses in blood and PBMC at the onset of paradoxical TB-IRIS using high throughput
technologies [30-32]. This thesis used a blended approach of classic cellular assays and high
throughput techniques to investigate the molecular aspects of the pathogenesis of paradoxical

TB-IRIS. Below are the major hypotheses and research question addressed in these studies.

1.5.1 Hypotheses
1.5.1.1. The onset of paradoxical TB-IRIS is characterised by a series of immune perturbations
at the gene expression level that can be predicted and detected prior to the manifestation of

symptoms.
Research question 1

What are the genes that are differentially expressed in patients who develop paradoxical TB-

IRIS and those who do not (TB-non-IRIS controls) prior to the initiation of ART?



The derivation of such a biosignature from these findings could be useful in identifying

individuals at high risk of developing paradoxical TB-IRIS, allowing for targeted prevention.

1.5.1.2. The diagnosis of paradoxical TB-IRIS is empiric, relying on characteristic symptom
onset and timing and the exclusion of other causes for clinical deterioration. The lack of
laboratory-based diagnostic tools complicates the management of paradoxical TB-IRIS. The
second hypothesis was that the onset of TB-IRIS symptoms is characterised by a distinct

transcriptional biosignature.
Research question 2

What genes are differentially expressed in patients who develop paradoxical TB-IRIS and those

who do not (TB-non-IRIS controls), at the onset of clinical symptoms?

Such a transcriptional biosignature could be used for the diagnosis and clinical management

and to elucidate the pathological mechanism underlying paradoxical TB-IRIS.

1.5.1.3. A recent double blind, placebo-controlled clinical trial demonstrated the efficacy and
safety of moderate dose of prednisone in preventing TB-IRIS. The hypothesis related to this is
that prednisone exerts its preventive effect by modulating the proinflammatory transcriptomic

signature associated with TB-IRIS.
Research question 3

Does prednisone modulate the gene expression profile in patients with HIV-associated TB at
the time of onset of paradoxical TB-IRIS when compared to patients who received placebo?
Identifying significantly differentially expressed genes could provide an indication of the

mechanisms of action of prednisone in this context.

1.5.1.4. Previous ex vivo work has shown that hypercytokinemia in paradoxical TB-IRIS is
contributed to by activation of canonical and non-canonical inflammasomes [25]. Inhibition by
non-selective pan-Caspase inhibitors such as prednisone can significantly reduce the
production of proinflammatory cytokines including IL-1o and IL-1f [33, 34]. Prednisone is an

anti-inflammatory, immunosuppressive drug, and the only evidence-based treatment for



paradoxical TB-IRIS. Its use in already severely immunocompromised individuals is
associated with complications [20]. As such, safer therapeutic interventions are needed. The
hypothesis related to this is that anakinra (an IL-1 receptor blocker) and parthenolide
(inflammasome inhibitor among other targets) have a greater effect in suppressing pro-

inflammatory cytokine release than prednisone in ex vivo cell culture experiments.
Research question 4

Does specific inhibition of inflammasome related targets, with anakinra and parthenolide,
significantly reduce pro-inflammatory cytokine compared to prednisolone in an ex vivo model
involving mycobacterial stimulation of PBMC collected from patients who developed
paradoxical TB-IRIS? Anakinra is approved for treatment of inflammatory disorders by the
Food and Drug Administration and could potentially be repurposed for use in cases of

paradoxical TB-IRIS, particularly in severe or steroid refractory cases [35, 36].

1.5.1.5. The role of Mycobacterium tuberculosis (Mtb) specific CD4 T lymphocytes in the
pathogenesis of paradoxical TB-IRIS has been the subject to much prior investigation [37-39].
Much of the earlier work characterized the quantity of Mtb-specific CD4 T cell responses and
showed that in most cases of paradoxical TB-IRIS, the onset of symptoms was accompanied
by significant increases in CD4 T cell compartment compared to those who did not develop
paradoxical TB-IRIS, but some patients who did not develop TB-IRIS also had substantial
increases [37]. Recently, efforts were directed at characterizing the nature of these pathogen-
specific CD4 T cell responses. In one study, Eomesodermin, a transcription factor that mediates
cytotoxicity had increased frequency in Mycobacterium (M). avium specific CD4 T-cells in
patients who developed M. avium-IRIS [40]. The hypothesis related to this is that
Eomesodermin expression in CD4 lymphocytes is associated with the development of

paradoxical TB-IRIS in patients with HIV-associated TB starting ART.
Research question 5

Do patients who develop paradoxical TB-IRIS have higher frequencies of Mtb-specific IFNy+
CD4 T cell responses expressing Eomesodermin than TB-non-IRIS controls at the time of

paradoxical TB-IRIS symptom onset?



1.6 Ethical compliance

These wet-lab based studies used biological specimen collected from the Pred-ART clinical
trial and the TB-ART cohort study. Each study was approved by the Human Research Ethics
Committee (HREC reference: 809/2018, 213/2014) of the Faculty of Health Sciences of the

University of Cape Town.

1.7 Case definition and cut-offs

The diagnosis of paradoxical TB-IRIS was based on a consensus case definition. Paradoxical
TB-IRIS in participants enrolled in the TB-ART observational study and the Pred-ART trial
was defined according to the International Network for the Study of HIV-associated IRIS
(INSHI) criteria [22]. Paradoxical TB-IRIS was defined as the worsening of the signs and
symptoms of TB with distinct inflammatory features, upon starting effective ART while on

anti-TB treatment.

1.8 Design of studies

The laboratory studies were designed to answer questions relating to the molecular
pathogenesis of paradoxical TB-IRIS using samples collected in the aforementioned clinical
studies including RNA, plasma and PBMC collected prior to the initiation of ART (week 0),
at the median time on paradoxical TB-IRIS symptom onset (week 2 on ART) and at symptoms
resolution (week 12 on ART). Cases (participants who develop paradoxical TB-IRIS) were
compared to controls (participants with HIV-associated TB starting ART who did not develop
paradoxical TB-IRIS).

1.9 Statistical software and analyses

The laboratory studies were nested within previously completed clinical studies based on
available samples. Therefore, formal power calculations were not performed. Graphpad Prism,
linux based command-line prompt scripting and the R-statistical programming language were

used for data analyses. Each chapter contains a detailed statistical analysis section.



1.10 Broad overview of laboratory assays

1.10.1 Flow cytometry

The underlying principle of flow cytometry is to phenotypically study single cells. In chapter
4, flow cytometry was used to study the expression of 14 markers on the surface and the
intracellular compartment of CD4 lymphocytes in patients enrolled in the TB-ART
observational study who developed paradoxical TB-IRIS compared with controls. The
expression of the various markers were reported as median frequencies in bulk and Mtb specific

CD4 lymphocytes.

1.10.2 Luminex

Luminex is an analyte capture assay in which the concentration of an unknown analyte in a
sample is determined in relation to the known concentration of a standard. It provides the
benefit of multiplexing different analytes of interest and assaying for their abundance in a
single sample by measuring absorbance. In chapter 7, a total of 15 inflammatory cytokines,
many that were previously shown to be significantly upregulated in patients who developed
paradoxical TB-IRIS relative to TB-non-IRIS controls at symptom onset, were measured by
Luminex in supernatants from stimulation experiments involving samples collected from
participants that were enrolled in the Pred-ART trial. Samples were stimulated with heat-killed
Mtb and subsequently treated with inflammasome targeting drug candidates. The anti-
inflammatory effect of candidate drugs relative to stimulated but untreated samples was
assessed. Prednisolone, the current drug of choice for managing severe inflammatory

symptoms associated with paradoxical TB-IRIS, was used for drug benchmarking.

1.10.3 ELISA

Enzyme linked immunosorbent assay (ELISA) is an analyte capture assay in which the
concentration of an unknown sample can be determined by absorbance based on the known
concentration of a standard. In chapter 6, ELISA was used for the detection of four analytes in

diluted plasma samples collected from participants that were enrolled in the Pred-ART trial.

1.10.4 RNA sequencing
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Nucleic acids are biological macro-molecules. They serve as templates for the storage and/or
expression of the genetic information inside a living organism. Two types of nucleic acids
include deoxyribonucleic acid (DNA) and ribonucleic acid (RNA). DNA is made up of four
molecules known as nucleotides comprising adenine (A), guanine (G), thymine (T), and
cytosine (C) [41]. Each nucleotide interacts with a phosphate group and a pentose sugar to form
a nucleotide base which interact with one another through phosphodiester bonds to form a
repetitive stretch of a phosphate sugar backbone. Each DNA molecule is composed of two such
sequences known as DNA strands. The strands interact via hydrogen bonds between specific
nucleotide residues: A with T and G with C to form an alpha helix. Due to this, the two strands
contain the same information and are complementary to each other. The totality of the
organism’s DNA or RNA is known as the genome. The genome of eukaryotic organisms is
DNA and it is spooled around histone proteins and organized into structures called
chromosomes in the cell nucleus. Notably, DNA is the preferred format of preserving the

genome from which all other functional biological products are derived [41].

The genome of eukaryotic organisms is evolutionarily conserved. In fact, virtually all cells of
an organism are an exact copy of the inherited DNA. Its cells, however, can vary in appearance,
function and respond differentially to external stimuli. These differences are possible because
cells make use of different stretches of the DNA, called genes as templates to build functional
cellular products in a process called gene expression. Cellular products and their abundance
are a result of the integration of the cells prevailing state and extracellular stimuli controlled

by a complex regulatory system which is encoded in the DNA structure.

In the first step of gene expression (in humans), one strand of DNA is used as a template to
generate RNA molecules in a process known as transcription. RNA has the same chemical
composition as DNA except that thymine is replaced with uracil (U). Of note, certain RNA
species can be the end-product by themselves, while others serve as templates for the synthesis
of other complex biological macro-molecules, such as proteins in a process called translation.
According to this distinction, RNAs are classified as either messenger RNAs (mRNAs) or non-
coding RNAs (ncRNAs). Proteins are functional gene products synthesized from mature
mRNA molecules. Each protein is composed of sequences of molecules called amino acids.
Each amino acid is derived from an RNA nucleotide sequence in which each successive triplet

corresponds to one amino acid [42].
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Due to intrinsic regulatory mechanisms at various levels along specific pathways, the presence
of RNA molecules in a cell does not always reflect the presence of their functional end
products. Changes in gene expression levels have been exploited to investigate the phenotypic
differences in disease conditions, and analyzing the regulatory mechanisms underpinning these
changes is an important aspect of molecular biology. RNA levels are often used as a surrogate
for different phenotypes such as disease states [42]. Furthermore, although the cell
transcriptome is dynamic and temporally regulated, it is more easily and reproducibly

quantified in high-throughput fashion compared to other cellular products.

Recently, new technologies have offered sequencing methodologies for characterizing the
transcriptome and quantifying gene expression patterns in biological conditions of interest with
high throughput and unprecedented resolution [43]. Two have the capacity to measure
thousands of transcripts simultaneously: the original microarray technology and the more
recent RNA-sequencing (RNA-seq) technology which has emerged as the preferred technology
[44].

Bulk RNA sequencing was used to study the global gene expression in whole blood samples
of participants enrolled in the Pred-ART trial. Samples collected at week 0, 2 and 12 were
sequenced and analyzed to identify differentially expressed genes which were mapped into
biological pathways to gain insights into which biological pathways are differentially regulated
between paradoxical TB-IRIS cases and controls and prednisone and placebo-treated

participants.

1.11 Summary description of chapters:

Chapter 1 provides a high-level introduction of the entire thesis and explores the rationale and

relevance for the studies.

Chapter 2 reviews and summarizes the literature on paradoxical TB-IRIS with emphasis on

its molecular pathogenesis.
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Chapter 3 details the methods, study design and statistical approaches used throughout the

thesis.

Chapter 4 reports the findings of a study that characterized the quantity and quality of
Mycobacterium tuberculosis-specific conventional CD4 lymphocytes and the expression of
specific immune markers on these cells using flow cytometry. The samples from this study

were obtained from TB inpatients that were enrolled in the TB-ART cohort study.

Chapter 5 is the core chapter of the thesis and explores the molecular mechanisms of
paradoxical TB-IRIS pathogenesis using RNA-sequencing to characterize gene expression.
Data analyses of the transcriptomic findings comparing placebo and prednisone-treated
participants and those who developed TB-IRIS and controls are presented. The findings are

discussed in the context of the existing literature.

Chapter 6 reports a study that sought to extend and validate the transcriptomic findings
presented in chapter 5. The neutrophil response signature observed in the transcriptomic
analysis was validated using ELISA assays for neutrophil products using available plasma
samples at week 0 and 2, collected from participants that were enrolled in the Pred-ART trial.

Absolute neutrophil counts were also analyzed.

Chapter 7 reports a proof-of-concept study that explored the use of anti-inflammatory and
non-immunosuppressive, inflammasome targeting drugs in an ex vivo Mtb lysate stimulation
experiment. To understand if specific inhibition of inflammasomes or their downstream
effectors (e.g. IL-1 cytokines) results in greater modulation of the pro-inflammatory response
than non-selective pan-Caspase anti-inflammatory targets such as prednisone, the effect of two
drugs were assessed: a specific-inflammasome targeting drug (parthenolide) and anakinra
which acts downstream of the inflammasome by blocking IL-1 receptor. Comparisons were
made with prednisolone in cell culture stimulation experiments using PBMC collected from

patients in the Pred-ART trial. Caspase-1 ELISA, and a custom 15-plex Luminex assay,

13



including among others IL-1 family of cytokines, were tested on cell supernatants as a measure

of inflammasome inhibition.

Chapter 8 discusses and summarizes the findings from each study, highlights a working
model of paradoxical TB-IRIS pathogenesis, provides overall conclusions, and highlights

future research directions.
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2 Chapter 2 outline: Literature review of human immunodeficiency virus -associated
paradoxical tuberculosis immune reconstitution inflammatory syndrome (TB-IRIS)
This section provides an overview of TB disease in the context of HIV infection by introducing
the epidemiology of TB and how it is transmitted. It discusses the possible outcomes of TB
infection and explores the prevailing paradigm of the molecular pathogenesis underlying active
TB disease. Further explored is the clinical diagnosis of TB and the current diagnostic
modalities and their limitations. It also covers the management of TB with a particular focus
on the challenges that complicate its management including the emergence of drug-resistant
TB and how co-treatment of TB and HIV may lead to complications with paradoxical TB-

associated immune reconstitution inflammatory syndrome (TB-IRIS).
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2.1 The spectrum of tuberculosis (TB) disease and its complications in people living with
the human immunodeficiency virus (HIV)

2.1.1. Epidemiology of TB

Tuberculosis (TB) is the most prevalent cause of infectious morbidity and mortality throughout
the world [1, 45]. Although it is commonly associated with chronic pulmonary disease, TB can
spread beyond the lungs to cause extrapulmonary and/or disseminated TB disease [46]. There
were over 10 million incident TB cases in 2022 across the globe. The brunt of the TB epidemic
is often severe in Sub-Saharan Africa where healthcare infrastructure is often limited. Although
TB is curable, it is associated with a significant death toll, reaching 1.5 million approximated

fatalities worldwide in 2022 [1].
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Figure 2. Annual estimates of global incidence rates of tuberculosis (TB) per 100 000 people
in 2022. Darker shades of green are correlated with higher incidence rates. Of note, the sub-
Sahara region of the African continent has some of the highest incident rates compared to the

rest of the world [1]

2.1.2 Transmission and pathogenesis of TB
The success of Mycobacterium tuberculosis (Mtb), the etiological agent of TB disease, is
attributed to its ease of spread. Mtb is an airborne pathogen that is transmitted via the inhalation

of infected respiratory nuclei that are produced through coughing by an individual with
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subclinical or active pulmonary TB disease [47, 48]. Recent evidence suggests that bioaerosols
that are released through talking or sneezing are also able to transmit Mtb [47]. TB transmission
is common in overcrowded and poorly ventilated spaces. Notably, most TB cases are recorded

in young adult populations [49].

Upon inhalation, Mtb travels via the respiratory airways and is seeded in the apices of the lung
where there exists both delayed immunity and high oxygen tension which promote Mtb
proliferation [50]. In the alveoli of the lungs, Mtb is rapidly engulfed by resident alveolar
macrophages [51, 52]. The initial interaction of Mtb with these cells and epithelial cells in the
alveoli culminates in the production of cytokines and chemokines which trigger the migration
of phagocytic innate immune antigen presenting cells (APC) such as monocytes, neutrophils,
and dendritic cells (DC) into the focal lesion [53]. This interaction leads to one of several
outcomes depending on a myriad of factors such as age, level of immunity, and genetic

susceptibility to TB disease among others.

First, Mtb infected individuals may develop primary progressive TB disease [54, 55]. This
occurs in approximately 10% of otherwise healthy adults but its incidence is estimated to be
higher in patients with mendelian susceptibility to mycobacterial disease (MSMD), in young
children with poorly developed immune systems and those with immunosuppressive disorders
such as HIV [56]. Second, robust and regulated innate immune responses may sterilize the
lesions without resulting in immune sensitization in some individuals [57, 58]. Third, Mtb
infected individuals may contain Mtb and develop immune sensitization without the signs and
symptoms that are typical of active TB disease [3, 55, 59]. This is known as latent TB infection
(LTBI). It is estimated that 25% of the worlds’ population has LTBI [1, 3, 60]. Failure to
sterilize Mtb lesions during LTBI culminates in the containment of Mtb in a highly structured
barrier of immune cells known as a solid granuloma [61]. The solid granuloma is composed of
a variety of macrophages including foamy macrophages which are surrounded by a
lymphocytic cuff. Notably, a solid granuloma has a hypoxic cellular environment that is devoid
of nutrients and is maintained by the persistence of mycobacterial antigens [62, 63]. The
persistence of Mtb antigens establishes a chronic inflammatory state in which Mtb is contained
in a viable but non-replicative metabolic state under immune pressure [64, 65]. Individuals with
LTBI can persist for a lifetime in this non-symptomatic state , except in cases of immune
decline [66, 67]. In activated macrophages, Mtb is killed through a process which may involve
cellular apoptosis [68-71]. However, in some macrophages, Mtb actively subverts macrophage

responses by inhibiting phagosome maturation, thus allowing Mtb to replicate intracellularly
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[72-74]. Alternatively, Mtb may escape the phagosome through the upregulation of virulence
factors such as ESAT6 [75-78]. Both instances lead to host cell death by necrosis which results
in the formation of a caseous granuloma [70, 79, 80]. In the hypoxic caseum, Mtb has a nutrient
source comprising the lipid debris of dead macrophages. The gradual degradation of the
caseous granuloma through necrosis results in the formation of the necrotic granuloma which
breaks down and thereby enables the spread of Mtb through nearby blood vessels and the
lymphatic system [80]. This culminates in clinical TB disease. This is known as secondary TB
disease and is accountable for approximately 80% of the TB cases worldwide [55]. Secondary

TB disease occurs because of reactivation in the global pool of the latently infected individuals.

2.1.3 TB diagnosis and the spectrum of disease

The screening for TB in countries with an incidence greater than 20 per 100,000 people follows
a standardized algorithm that is based on age and HIV status [81]. Because most cases of TB
are reported in young adults and older adult populations, clinical suspicion of TB disease in
these age groups following patient history evaluation and physical examination, prompt chest
radiological examination to assess the lungs for abnormalities associated with TB disease [82-
84]. A chest X-ray that is consistent with TB is followed up by the collection of a respiratory
specimen. Typically, a sputum sample is sent for nucleic acid amplification testing (NAAT)
using the polymerase chain reaction (PCR) based MTB/RIF Gene-Xpert technology [85]. A
sputum sample may also be used for microbiological confirmation using both Ziehl-Neelsen
staining for the direct detection of acid-fast bacilli (AFB) using microscopy and the liquid
culture technology from BACTEC known as the mycobacterium growth indicator tubes

(MGIT) assay [81].

Optimal TB management including treatment initiation relies on timeous and accurate
detection of Mtb and its drug susceptibility profile. NAAT has significantly reduced the turn-
around time for TB diagnosis. Moreover, NAAT modalities provide rapid drug susceptibility
testing information which is a major drawback associated with microbiological staining
modalities. Despite these benefits, its inherent limitation lies in its incapacity to differentiate

live and dead pathogen [86-89].

Furthermore, these diagnostic modalities rely on sputum which can be challenging to obtain

particularly when extrapulmonary disease predominates [88, 90].
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2.1.4 Prevention of TB disease

Vaccination is a major scientific milestone in public health and remains a key preventive
strategy for severe forms of TB disease in infants and young children [91-93]. The Bacille
Calmette Guerin (BCG) vaccine developed in the early 20" century, is the only licensed
vaccine for the prevention of TB disease [94, 95]. It is a live attenuated vaccine generated
through multiple passages of Mycobacterium bovis [96, 97]. BCG is highly immunogenic and
has also been evaluated as a preventive measure against other diseases, however, it fails to
provide robust and long-lasting protection, including in the context of TB disease [98, 99]. BCG
prevents extrapulmonary forms of TB disease in neonates and young children by inducing the
development of T-helper (Th)-1 responses, such as interferon-gamma (IFNy) [100, 101].
Notably, the use of BCG in neonates or children with MSMD or in individuals with other forms

of compromised immunity has documented serious adverse effects [102].

The efficacy of BCG is highly variable in adults who are the reservoir and main spreaders of
TB and confers protection in the range between 0 and 80% [98, 103]. This is attributed in part
to the waning immune response induced by BCG over time. BCG “masking” and “blocking”
are two hypotheses that could potentially explain the geographical variability in the efficacy of
BCG [104]. Both terms refer to a pre-existing immune response due to immune sensitization
with environmental mycobacteria. BCG “masking” refers to BCG being masked by a pre-
existing immune response probably due to shared antigens between the BCG vaccine and
ubiquitous environmental mycobacteria [105]. On the other hand, the “blocking” effect on the
BCG vaccine refers to the early containment of BCG replication due to a pre-existing immune
response preventing vaccine uptake [106]. Lastly, the multiple vaccine strains could potentially

explain the varying efficacy of BCG [107].

The prevention of TB disease is also possible through antibiotic intervention. Isoniazid
preventative therapy (IPT) is one prophylactic measure that is used to combat progression to
active TB disease, especially in HIV-infected individuals. In such cases, IPT is recommended
for a minimum duration of 6 months [108-111]. One-month daily rifapentine plus isoniazid
(1HP) or three-months weekly rifapentine plus isoniazid (3HP) regimens are available and

represent a significant reduction in duration required for TB preventive therapy [112, 113].
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2.1.5 Treatment of TB disease

The main objectives of TB treatment are to achieve patient cure, reduce transmission, minimize
disability, and the risk of death and prevent emergence of drug resistance. A fixed dose short-
course of first-line, combination chemotherapy for 6-months is used in programmatic settings
for the management of drug sensitive TB [114, 115]. This standard of care comprises rifampicin
(RIF), isoniazid (INH), ethambutol (EMB) and pyrazinamide (PZA) for a treatment intensive
phase lasting 2 months. In the treatment continuation phase of two months, the number of drugs
are subsequently reduced to two (RIF and INH) [116-118]. Although, most bacteria are
eliminated within the first 8§ weeks of chemotherapy, the longer treatment duration is necessary
to eliminate the persistent Mtb population. Failure to eliminate “persisters” may lead to relapse
at the end of treatment, potentially associated with the emergence of drug resistance [119].
Resistance to both RIF and INH is known as multi-drug resistant (MDR) TB [120]. The
treatment of MDR-TB has historically required longer durations of second-line drugs which
are more toxic and expensive [121, 122]. Many factors such as poor adherence to TB treatment,
long treatment duration, and high pill burden contribute towards the emergence of Mtb drug
resistance [123]. Drug resistant TB is one of the major factors that complicate the eradication
of TB disease. Recently, the World Health Organization approved the daily use of bedaquilline,
pretomanid, linezolid and moxifloxacin (BPaLM) in the management of MDR-TB for a

duration of 6 months [4, 124].

2.1.6 HIV-associated TB and attendant clinical challenges

Recent global trends indicate a decrease in HIV-associated incident TB cases and deaths [125].
This is likely due to antiretroviral therapy (ART) scale-up. Yet infection with HIV still
represents a serious epidemic in sub-Saharan Africa which carries a disproportionate burden
accounting for approximately 70% of the global burden of infection [126, 127]. Sub-Saharan
Africa contributed 670 000 cases of the 1.5 million HIV incident cases and 280 000 of the 650
000 AIDS-related deaths estimated in 2021 globally [125].

HIV is transmitted in adults mainly through sexual intercourse and the sharing of needles
among people who inject drugs [128]. The transmission of HIV is higher in key populations
because of higher risk behaviors and structural factors [129]. Key populations include men who

have sex with men (MSM), sex workers, people in prison and people who inject drugs.
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The pathogenesis of HIV involves the progressive depletion of pathogen specific CD4 T cells
and other immune cells expressing CD4 and chemokine receptors CCRS or CXCR4, resulting
in susceptibility to opportunistic infections and cancers. Infection with HIV represents a major
impediment to TB epidemic control particularly in sub-Saharan Africa [126, 127]. TB is the
commonest opportunistic infection associated with advanced stages of HI'V infection [127, 130,

131].

Until recently, TB was mostly described as a binary disease state (active and latent), however,
infection with HIV has highlighted nuances in the spectrum of TB disease and has consequently
shifted this paradigm [130]. Recent technological advances in medical imaging have facilitated
the characterization of early manifestations of TB disease prior to the onset of TB symptoms
[132, 133]. The new paradigm proposes that LTBI and active TB disease represent polar
extremes of the TB spectrum, where incipient and subclinical TB are intervening disease states
that may progress in either direction towards containment as latent TB or active disease [3,
133]. Incipient TB defines a clinical state where the infecting bacilli are actively replicating but
in check by the immune system, whereas subclinical TB defines a state without clinical
symptoms but with positive microbiological tests and abnormal chest radiographic findings
[133, 134]. TB transmission during these transient disease states is thought to be possible.
Consequently, intervening along the spectrum of TB transmission is anticipated to have a

dramatic impact in the control of the TB epidemic.

Furthermore, the detection of Mtb using sputum based microbiological assays is made
challenging by the dynamics of TB disease manifestations in people with HIV. The
presentation of TB disease in people with HIV is often characterized by limited pulmonary
involvement and extrapulmonary TB disease manifestations [135]. The paucibacillary nature
of sputum in people with HIV limits the diagnostic sensitivity of sputum based microbiological
assays [136]. The use of sputum-based microbiological assays for the screening of TB in people
living with HIV is associated with reduced sensitivity and specificity that are below the
thresholds that are recommended by the World Health Organization (WHO) [137]. This has
necessitated the development of more rigorous screening and diagnostic modalities which do

not rely on the availability of sputum for TB diagnosis in people with HIV [138].

This includes the urine lipoarabinomannan (LAM) assay which is a lateral flow test that detects
components of the outer immunogenic layer of the mycobacterial cell wall [139, 140]. Urine

LAM is recommended for use in the diagnosis of extra pulmonary TB in people with HIV.
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Additionally, urine GeneXpert Ultra have improved sensitivity, specificity and diagnostic yield
compared to the use of LAM.

Different tests are available for testing for TB infection. The interferon gamma release assay
(IGRA) is a blood-based test [141, 142] that is an immunological assay in which a tube coated
with Mtb antigens including ESAT6, CFP10 and TB10.4 is incubated with blood. A positive
IFN gamma readout (> 0.35 international units, IU) is indicative of immune sensitization to
Mtb antigens [143, 144]. Alternatively, the screening of TB in resource constrained settings
may depend on the use of the tuberculin skin test (TST) [145, 146]. The latest iteration of the
TST is called purified protein derivative (PPD) which is a concoction of a variety of Mtb
antigens that are injected intradermally to evaluate immune sensitization to Mtb antigens. A
positive reaction is indicated by a region of induration of 5 mm or more [147]. The TST is in
less clinical use today due to the widespread use of IGRA. Individuals with a positive IGRA
are programmatically targeted for TB prevention using IPT. Notably, these assays exploit an
important principle of immunological memory-an intrinsic trait of the adaptive antigen specific
CD4 T cell immune response. Dendritic cells (DC) are antigen presenting cells (APC) that
drain to the nearby lymph nodes where they present antigens for the activation of the adaptive
CDA4 T cell responses. Proper activation of CD4 T cells culminates in the proliferation of long-
lived antigen specific CD4 T cells that respond by secreting interferon (IFN) gamma which
functions to activate Mtb infected macrophages, increasing their killing efficiency. Therefore,
these assays function by detecting a central memory CD4 T cell response that signals previous
encounter with Mtb [148]. More importantly, these assays provide rapid screening but cannot

distinguish between LTBI and active TB disease [141, 144].

2.1.7 Clinical management of the human immunodeficiency virus

Infection with HIV leads to chronic immunosuppression which culminates in opportunistic
infections, cancers and death if not appropriately treated with antiretroviral therapy (ART)
[149]. The significant global reduction in AIDS-related deaths in recent years can be largely
attributed to ART and its rapid scale up, which has also contributed to prevention of
transmission [150, 151]. ART is now typically a combination of different drugs in a single pill
regimen [152]. Different drug classes have different mechanisms of action with unique
molecular targets. Combination therapy is used to potentiate the effect of ART and prevent the

emergence of drug resistance [153].
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In developing countries, TB is the commonest opportunistic disease and the most prevalent
cause of hospitalization and death in people living with HIV [154]. HIV-associated TB has
high case fatality rates, with an attributable mortality rate of up to 25% [155]. Effective ART
in people with HIV is associated with a decline in the incidence of HIV-associated TB [156,
157].

Despite the availability of effective therapy for both HIV and TB, concurrent treatment can be
challenging. Challenges include potential drug-drug interactions, increased pill burden-
compromising adherence, clinical deteriorations, and programmatic challenges [7]. Delays in
ART in patients with HIV-associated TB are associated with increases in AIDS related deaths,
while early initiation of ART can be associated with the development of the TB-associated

immune reconstitution inflammatory syndrome (TB-IRIS) [6, 158, 159].

Several observational studies and randomized controlled trials have established the survival
benefit of integrated TB therapy and early ART in patients with HIV-associated TB. In the
SAPIT trial, patients with a CD4 counts less than 50 cells/mm? who were administered ART
early during the course of TB therapy demonstrated a significant reduction in mortality, relative
to those who initiated ART following the completion of the intensive phase of TB treatment

[160].

The following section will review the literature on paradoxical tuberculosis-associated immune

reconstitution inflammatory syndrome.
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2.2. The recurrence of TB symptoms and signs with inflammatory features in HIV-
immunosuppressed patients after initiating ART

The most common complication of HIV-associated TB after ART initiation is the recurrence
of TB symptoms and signs, with marked features of inflammation. This occurs despite the
initial indication of improvement on TB treatment and effective suppression of HIV viremia
[6]. This complication is known as TB-associated immune reconstitution inflammatory
syndrome (TB-IRIS) [22, 161]. TB-IRIS is an aberrant and excessive inflammatory immune
response that is targeted at live Mtb and/or its residual antigens [162]. For this reason, it often
occurs during co-treatment with antituberculosis therapy and ART or less conventionally,
following the successful completion of antituberculosis therapy. TB-IRIS is characterized by

inflammation which causes tissue damage [18].

The lack of a standardized case definition for TB-IRIS early on during the roll out of ART
prompted the International Network for HIV-associated IRIS (INSHI) to develop a consensus
case definition and distinguish between two forms of TB-IRIS, namely unmasking and
paradoxical TB-IRIS. The main distinction between the two is the sequence of initiation of
antituberculosis therapy and ART. The following sections provide a review on paradoxical TB-
IRIS, its incidence, diagnosis, mechanisms of pathophysiology, prognosis, clinical
management, and prevention. In addition, knowledge gaps and key questions are highlighted,

certain of which are addressed in the studies reported in this thesis.

2.2.1 Unmasking TB-IRIS

ART-associated TB is active TB that is diagnosed after the initiation of ART in people living
with HIV not receiving antituberculosis therapy. Unmasking TB-IRIS occurs in a subgroup of
these patients and is characterized by the onset of exaggerated inflammatory manifestations

within the first 3 months of initiating ART, similar to those of paradoxical TB-IRIS.

2.2.2 Paradoxical TB-IRIS

Paradoxical TB-IRIS occurs in a proportion of HIV-immunosuppressed patients with TB
diagnosis while on effective antituberculosis therapy. People who develop paradoxical TB-
IRIS exhibit new, recurrent or worsening signs and symptoms of TB shortly after the initiation
of ART. Paradoxical TB-IRIS occurs with effective HIV viremic control (between 50 and 2000

HIV copies/mL) and despite the initial indication of TB symptom improvement [22]. The case
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definition for paradoxical TB-IRIS is described in two reviews by Meintjes, and French

colleagues respectively [22, 89, 163].

Case definition for paradoxical tuberculosis-associated IRIS
There are three components to this case definition:

(1) Antecedent requirements

The following two requirements must be met:

o Diagnosis of tuberculosis: the diagnosis of tuberculosis was made before starting ART
and this should fulfil WHO criteria for diagnosis of smear-positive pulmonary
tuberculosis, smear-negative pulmonary tuberculosis, or extrapulmonary tuberculosis.

 Initial response to tuberculosis treatment: the patient’s condition should have stabilized
or improved on appropriate tuberculosis treatment before ART initiation—eg, cessation
of night sweats, fevers, cough, weight loss. (Note: this does not apply to patients starting
ART within 2 weeks of starting tuberculosis treatment since insufficient time may have

elapsed for a clinical response to be reported)

(2) Clinical criteria

The onset of tuberculosis-associated IRIS manifestations should be within 3 months of ART
initiation, re-initiation, or regimen change because of treatment failure.

Of the following, at least one major criterion or two minor clinical criteria are required:

Major criteria
e New or enlarging lymph nodes, cold abscesses, or other focal tissue involvement—eg,
tuberculous arthritis.
e New or worsening radiological features of tuberculosis (found by chest radiography,
abdominal ultrasonography, CT, or MRI)
e New or worsening CNS tuberculosis (meningitis or focal neurological deficit—eg,
caused by tuberculoma)

e New or worsening serositis (pleural effusion, ascites, or pericardial effusion)
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Minor criteria
e New or worsening constitutional symptoms such as fever, night sweats, or weight loss
e New or worsening respiratory symptoms such as cough, dyspnoea, or stridor
e New or worsening abdominal pain accompanied by peritonitis, hepatomegaly,

splenomegaly, or abdominal adenopathy

(3) Alternative explanations for clinical deterioration must be excluded if possible*

o Failure of tuberculosis treatment because of tuberculosis drug resistance

e Poor adherence to tuberculosis treatment

e Another opportunistic infection or neoplasm (it is particularly important to exclude an
alternative diagnosis in patients with smear-negative pulmonary tuberculosis and
extrapulmonary tuberculosis where the initial tuberculosis diagnosis has not been
microbiologically confirmed)

e Drug toxicity or reaction.

ART = antiretroviral therapy. IRIS = immune reconstitution inflammatory syndrome.
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2.3 Epidemiology

Paradoxical TB-IRIS is the most studied form of IRIS, and by extension, the best characterized
of the two types. Its incidence is approximately 18% across adult cohorts with HIV-associated
TB from different settings [9, 10]. However, in HIV/TB endemic settings such as sub-Saharan
Africa, the incidence of paradoxical TB-IRIS in adult populations is as high as 54% [10]. In
pediatric cases, the incidence of paradoxical TB-IRIS is not well documented, however, one

study reported an incidence of 7% [164].

Paradoxical TB-IRIS is an acute hyperinflammatory condition caused by activated immune
cells which have been triggered by Mycobacterium tuberculosis (Mtb) or its residual antigens
during immune restoration [39, 162]. Unlike the risk factors for TB disease itself, the known
risk factors for paradoxical TB-IRIS are neither genetic nor socio-economic. Instead, they are
rooted in the infectious load and severity of disease due to the two interacting pathogens and

the timing of management in the host.

2.4 Determinants of paradoxical TB-IRIS

The answer to why only a certain proportion of HIV immunosuppressed patients with TB
develop paradoxical TB-IRIS remains elusive. However, several risk factors including high
viral load, a CD4 count of less than 200 cells/mL, disseminated TB disease, a short interval
between the initiation of anti-tuberculosis therapy and ART, and the rapid reduction in HIV

viral load on ART are known risk factors [22, 165-167].

In a study that evaluated the efficacy of ART, different ART regimens led to at least a 2 logio
-fold reduction in HIV viral load within the first 2 weeks of therapy and a concomitant early
and partial reconstitution of the CD4 T cell compartment due to effective HIV replication

inhibition [168].

The timing of ART is important in managing the risk of paradoxical TB-IRIS. This is because
the risk of developing paradoxical TB-IRIS is increased in patients with higher bacterial burden
or higher antigen load and HIV viremia [8]. Early ART in TB coinfected patients with CD4 T
cell counts < 50 cells/uL is also associated with increased risk to TB-IRIS, but has a benefit of
reducing mortality due to HIV mediated immunosuppression [169]. Therefore, a short delay in
ART is a counter measure to minimize the risk of ART mediated complications in patients with

severely reduced CD4 lymphocyte counts, higher HIV viremia and bacterial burden [18, 22].
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Consequently, ART is initiated within 2 weeks of antitubercular therapy in patients with CD4
count <50 cells/uL but can be delayed up to 2 months in those with a CD4 counts >50 cells/pL
according to South African guidelines [169]. On the other hand, the WHO guidelines
recommend initiating ART within two weeks of anti-tubercular therapy initiation regardless of

CD4 count [170-172]. The initiation of ART in patients with tuberculous meningitis requires

longer delay of ART by 4-8 weeks [173, 174].

2.5 Clinical manifestations

The clinical manifestations of paradoxical TB-IRIS are varied and may include deteriorating
radiological findings, inflamed and enlarged lymph nodes, cold abscesses and worsening
symptoms [18]. The burden on health systems of paradoxical TB-IRIS is significant in HIV/TB
endemic settings and approximately 25% of the cases will require hospitalization for diagnostic
work-up and syndromic management [19]. Pulmonary and lymph node involvement are the
most prevalent clinical manifestations of paradoxical TB-IRIS comprising 40% and 38% of
cases respectively [9, 11, 175, 176]. The duration of TB-IRIS symptoms is highly variable with
reported median durations between 19-87 days [9]. However, longer durations of paradoxical
TB-IRIS of up to a year have been reported and often require intervention with corticosteroids

which are associated with significant complications [14].

2.6 Diagnosis

The clinical presentation of paradoxical TB-IRIS may be similar to that of superimposed
infections, treatment failure resulting from inadequate TB treatment, or MDR-TB, and it is
important to consider and exclude these diagnoses before diagnosing paradoxical TB-IRIS. For

this reason, there exist standardized criteria for its diagnosis.

The diagnosis of paradoxical TB-IRIS is empirical and is predicated on the sequence of
therapeutic intervention with antituberculosis therapy then ART; the combination of which
triggers clinical deterioration with marked features of inflammation in some patients [177].
Several imaging modalities can aid in the diagnosis of paradoxical TB-IRIS. Worsening of
chest radiological findings even in the absence of clinical deterioration may be indicative of

paradoxical TB-IRIS. According to Fishman and colleagues, approximately 45% of patients
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with pulmonary TB experienced radiographic deterioration within the first 5 weeks of initiating
ART and the inflammatory lesions resolved within two weeks to three months [178].
Radiological findings on thoracic imaging may include enlarged thoracic lymph nodes,
progression to miliary disease, pleural effusions, and worsening consolidation [179]. In
instances of disseminated TB disease, other imaging tools that can aid in the diagnosis of
extrapulmonary TB-IRIS include ultrasound for intra-abdominal TB-IRIS, brain computed
tomography (CT) and magnetic resonance imaging (MRI) scans for paradoxical TB-IRIS

involving the central nervous system (CNS), and chest CT for intrathoracic IRIS [16, 179, 180].

Furthermore, markers of immune system activation such as elevated plasma C-reactive protein
(CRP), and/or significant increases in CD4 count between the start of ART and paradoxical
TB-IRIS onset, may support the diagnosis of paradoxical TB-IRIS [181, 182]. Michailidis and
colleagues reported a 0.6-5.6, and a 0.2—1.0-fold increase in absolute CD4 T-cell counts among
patients on ART who developed TB-IRIS and those who did not develop TB-IRIS respectively
[183]. In rare cases, there is a decline in absolute CD4 T-cell count at the time of IRIS onset.
This is attributed to bone marrow suppression due to TB, but may also reflect the fact that,

blood and tissue dynamic of immune restoration may not occur synchronously [180, 184].

Paradoxical TB-IRIS may present with non-specific clinical manifestations including systemic
illness and lymphadenopathy. In such cases, INSHI definition is investigated to rule-out

potential IRIS mimics [22].

Poor adherence to either ART or anti-TB regimen respectively is not uncommon in patients
with HIV-associated TB and may lead to treatment failure, and the subsequent emergence of
resistance to ART or antituberculosis therapy [185]. This can lead to clinical deterioration,
which can be indistinguishable from paradoxical TB-IRIS [186, 187]. Although evidence
suggests it is not more frequent in people with HIV, MDR-TB is a major problem in many
HIV/TB endemic countries. Therefore, investigating drug susceptibility when TB-IRIS is

suspected is important to rule out drug resistance before diagnosing TB-IRIS [187, 188].

Adverse effects associated with antituberculosis therapy can mimic certain TB-IRIS
manifestations [189]. For example, hepatotoxicity due to antituberculosis therapy should be

considered in cases of suspected abdominal TB-IRIS [190].

Testing for alternate infectious agents is recommended and should be guided by localizing

symptoms and signs; for example, worsening pulmonary symptoms should trigger
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consideration of bacterial pneumonia, Preumocystis jirovecci, pneumonia or pulmonary
Kaposi Sarcoma [22, 191]. Based on the patient’s location, endemic opportunistic and non-
opportunistic pathogens may cause superimposed infections such as malaria causing the
recurrence of fever which can be misdiagnosed as TB-IRIS [192]. Additionally, HIV
immunosuppressed patients have a disproportionate risk for cervical or penile carcinomas,
Kaposi Sarcoma, and non-Hodgkin’s lymphoma which can present with lymphadenopathy
mimicking TB-IRIS [193]. Histopathologic examination of lymph node biopsies or other
tissues can distinguish malignancies from the non-caseating granulomas that characterize the

tissue pathology of TB-IRIS [178].

2.7 The immunopathogenesis of paradoxical TB-IRIS

The immune system provides a defense mechanism against pathogens and other foreign,
noxious agents. It also regulates aberrant biological processes that may occur due to age or
cellular dysfunction related to lifestyle. The immune system is traditionally simplified into two
divisions, namely: the innate and adaptive immunity respectively. Innate immunity is the first
line of defense that counteracts or eliminates pathogens. There are two main features that
distinguish innate immunity from adaptive immunity. First, it is activated within minutes after
infection, unlike the adaptive immunity that takes days or weeks to optimally respond. Second,
the receptors of the innate immunity which are a surveillance mechanism that functions to
detect pathogens, foreign particles, or abnormal cells and are germline encoded and do not
require a previous encounter with a pathogen to recognize it. The receptors are generally
referred to as pattern recognition receptors that recognize conserved structural features or
moieties on different microorganisms. Therefore, the receptors of the innate immunity have
broad specificity. This is in contrast with the receptors of the adaptive immunity (B and T cells)
that have pathogen specificity. Mature B and T lymphocyte reside in primary and secondary
lymphoid organs and are activated by antigen presenting cells such as dendritic cells. Following
activation, they migrate to sites of infection to coordinate a robust immune response [63, 194,

195].
Adaptive cell-mediated immunity is vital for facilitating inhibition of Mtb replication inside
the phagosome of phagocytes in 90% of the individuals with uncompromised immunity.

However, HIV targets and depletes Mtb-specific CD4 T lymphocytes in particular, due to their
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activation and the elevated expression of chemokine receptor (CCR)-5 [196, 197]. In the
remaining CD4 T lymphocytes, HIV additionally impairs their capacity to recognize processed
antigens and their ability secrete cytokines [198]. Moreover, infection with HIV also targets
innate immune cells such as resident alveolar macrophages which are the first immune cells to
interact with Mtb. HIV dysregulates Mtb recognition, impairs the phagocytic capacity and
subsequent intracellular signaling of macrophages, thereby hampering their ability to
effectively control Mtb proliferation [199]. This occurs through the impairment of TLR
signaling which has a knock on effect on downstream processes including phagocytosis [200].
Furthermore, HIV impairs the ability of macrophages to undergo apoptosis; a process that
regulates intracellular growth of Mtb, through the inhibition of Mtb-induced tumor necrosis
factor alpha (TNF-a) [201]. Due to these impairments in macrophages and CD4 T cells in
advanced HIV infection, disseminated TB disease is more frequent [202]. For instance, in
patients with advanced HIV infection, TB spreads hematogenously to cause extrapulmonary
and disseminated TB [16]. Phagocytes such as macrophages, monocytes and neutrophils are
the main immunological barrier of defense against Mtb infection in the absence of adaptive
CD4 T cell mediated immune responses which aid in the activation of tissue resident

macrophages enabling the control Mtb growth [203-205].

The lymphatic system filters Mtb, its antigens and infected leukocytes from the blood or drains
these from diseased tissue to the nearest lymph nodes. Commonly affected lymph nodes
include the thoracic, cervical and mesenteric, where nodal TB disease often develops [206]. In
TB disease, granulocytes sequester Mtb in the phagosome, where Mtb subverts the immune
responses by preventing phagosome maturation thereby continuing to replicate [52, 77, 78]. In
paradoxical TB-IRIS, ART initiation leads to a restoration of many aspects of the immune
response to TB, while others remain impaired. For example, CD4 T cell counts may increase,

but ratios of memory to naive subsets remain unbalanced [207].

The initiation of ART during antituberculosis therapy may result in excessive production of
cytokines and chemokines resulting in the activation of immune cells and a chemokine gradient
which causes the trafficking on immune cells from the vasculature to the site of disease, thereby
causing excessive inflammation which is a hallmark of paradoxical TB-IRIS pathology [177,
208]. This results in a pathologic hyperinflammatory response against Mtb and its residual

antigens in tissues, manifesting clinically as paradoxical TB-IRIS with new or recurrent or
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worsening signs and symptoms associated with TB disease with distinct inflammatory features

[18, 22, 209].

Advances in the understanding of paradoxical TB-IRIS immunopathology are hampered by a
lack of a suitable animal model that encompasses the two interacting pathogens and their
respective therapies. However, the recent breakthrough in the establishment of a humanized
murine model of HIV/TB coinfection could be repurposed for studying TB-IRIS [210].
Additionally, Barber and colleagues established a murine model of Mycobacterium avium IRIS
which has enabled advances in understanding mycobacterial IRIS immunopathogenesis [211-
213]. Research into TB-IRIS has mainly relied on the use of human samples such as plasma
cytokine assessment, ex vivo stimulation of PBMCs, the analysis of the transcriptome,
proteome and metabolome comparing patients who developed paradoxical TB-IRIS to control
groups from the same cohorts who did not [15, 177, 214]. The current literature on the
pathogenesis of paradoxical TB-IRIS highlights a synergistic role of dysregulated innate and
adaptive immune responses mediated through a positive feedback loop of elevated pro-

inflammatory cytokine responses.

2.7.1 The involvement of adaptive immune responses in the pathogenesis of TB-IRIS.

The onset of paradoxical TB-IRIS is characterized by a significant increase in absolute counts
of CD4 T lymphocytes and frequencies of Mtb-specific IFNy CD4 T cell in cases compared to
TB-non-IRIS controls [29]. However, similar expansions were reported in some TB-non-IRIS
controls although not quite as robust as in patients with TB-IRIS [37]. These expansions are
attributed to ART mediated reversal of immune suppression, culminating in the restoration of
Mtb-specific CD4 immune cells and do not fully explain the phenomena underlying TB-IRIS
pathogenesis [37]. The work of Bourgarit and colleagues reported that PPD-specific CD4 T
cells that expanded during TB-IRIS were indeed functional as evidenced by their ability to
secrete IFNy which was significantly higher in patients with paradoxical TB-IRIS compared to
TB-non-IRIS controls at the median time of IRIS onset [39]. IFNy is important for the
activation of Mtb primed phagocytes and enhances their capacity to control Mtb [215]. The
polyfunctionality of Mtb-specific CD4 T cells was investigated in people with TB-IRIS by

Wilson and co-workers and they documented the loss of polyfunctional responses in the CD4
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T cell compartment [216]. The implications of these findings are that restored Mtb-specific
CD4 T cell responses may be impaired in their capacity to form granulomas and control Mtb
growth. However, many studies have demonstrated that Mtb-specific CD4 T cells are
polyfunctional as indicated by expression and significant secretion of IFNy and TNFa in Mtb
stimulated PBMC from patients with paradoxical TB-IRIS compared to TB-non-IRIS controls
at the median time of TB-IRIS onset [217]. The characterization of pathogen specific CD4 T
cell responses by Elliot and colleagues demonstrated that IFNy responses differed on the basis
of ART status but not TB-IRIS status [218]. However, many studies have since reported that
responses differed based on TB-IRIS outcome [29, 37, 177].

Other analyses of Mtb-specific CD4 T cell response revealed that they retained the ability to
proliferate as evidenced by increased expression and secretion of IL-2 following immune
recovery in patients who developed paradoxical TB-IRIS. ART mediated Th-1 immune
recovery is additionally associated with elevated expression of IL-12, IFNy inducible protein
10 (IP10), IL-18, and soluble IL-2 receptor (sCD25) [25, 162, 216]. Haridas and co-workers
characterized Mtb-specific IFNy expressing CD4 T lymphocytes and reported that responses
were highly activated as evidenced by elevated expression of HLADR in patients with TB-
IRIS compared to TB-non-IRIS controls at the median onset time of paradoxical TB-IRIS
[219]. Other studies demonstrated that Mtb-specific CD4 T cell responses were not anergic as
evidenced by the comparable expression profiles of exhaustion markers such as PD-1 and Lag3
in cases compared to TB-non-IRIS controls at the median time of paradoxical TB-IRIS onset.
Finally, Meintjes and colleagues reported comparable frequencies of regulatory CD4 T cells
(Tregs) between cases and TB-non-IRIS controls at the median time of paradoxical TB-IRIS
onset [37]. This suggests that the ability to regulate CD4 T cell responses was not impaired or
heightened in patients who developed paradoxical TB-IRIS. An increase in effector-memory
CDA4 T cells, and a decrease in central-memory CD4 T cells has been described in patients with
paradoxical TB-IRIS compared to TB-non-IRIS controls, at the median time of TB-IRIS onset
[38]. This may reflect that the effector memory phenotype contributes disproportionately to

Mtb-specific CD4 T lymphocyte dysregulation during paradoxical TB-IRIS.
Besides conventional T and B cells, innate lymphoid cells (ILCs) which bridge the innate and

adaptive immunity were recently described [220]. ILCs retain characteristics of both the innate

and adaptive immunity and comprise a sizeable proportion of immune cells that contribute
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towards pathogen responses and can produce interleukin-5 (IL-5), IL-13, IL-17 and/or IL-22
helping to initiate immune responses against pathogens. Natural killer (NK) cells are now
recognized as a subset of cytotoxic ILCs that express the transcription factor E4BP4/ Nfil3.
NK cells also secrete cytokines, such as interferon-y (IFN-y), that participate in shaping the
adaptive immune response [221]. A defining and crucial feature of NK cells is their ability to
distinguish stressed cells (such as infected cells, chemically or physically damaged cells, and

tumour cells) from normal cells.

Natural Killer T (NKT) are a subset that is further divided into four different categories
including type I-IV NKT cells [222]. Type I NKT cells or invariant NKT cells (iNKT cells) are
the most studied and conserved in mammals [220, 223]. The development of iNKT cells occurs
in the thymus, and they develop from a common lymphoid progenitor cell from which
conventional T cells develop [223, 224]. Lineage commitment for iNKT cells occurs after the
formation of double positive thymocytes following the aff T cell commitment step [224, 225].
INKT cell precursors are selected following a-chain rearrangement and expression of the semi-
invariant T cell receptor (Val4-Jal8 in mice, Va24-Jal8 in humans) [226]. In contrast to
conventional T cells that are selected by antagonist ligands, it is believed that iNKT cells are

selected by agonist glycolipids [227].

The role of both NK cells and iNKT cells in TB-IRIS pathogenesis has been investigated in
several studies. NK cells have robust cytotoxic effector capabilities such as perforin and
granzyme B production which are constituents of cytotoxic granules in NK cells. NK cells were
reported to be highly activated, with higher capacity to degranulate in TB-IRIS patients
compared to TB-non-IRIS controls [228, 229]. iNKT derived perforin and granzyme B were
significantly elevated in patients who developed paradoxical TB-IRIS compared to TB-non-
IRIS controls at the time of symptom onset [229]. Walker and colleagues observed
perturbations of iNKT and regulatory iNKT subsets, with higher frequencies of iNKT cells
displaying evidence of recent degranulation in patient samples with paradoxical TB-IRIS

compared to TB-non-IRIS controls [230].
Another lineage of T cells with cytotoxic potential, CD8 T cells, have been investigated in TB-

IRIS. Evidence regarding the involvement of CD8 lymphocytes in TB-IRIS pathogenesis is

conflicting. There were comparable frequencies of CD8 T cells between TB-IRIS cases and
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TB-non-IRIS controls at baseline. However these were significantly expanded in participants
who developed paradoxical TB-IRIS compared to TB-non-IRIS controls at the median
manifestations of inflammatory features [231]. Phenotypic characterization of Mtb-specific
CDS8 T cells revealed decreased activation of CD8 T cells prior to the initiation of ART, and
reduced CD8-signaling were reported in patients who developed TB-IRIS compared to TB-
non-IRIS controls [216, 232]. However, Bourgarit and colleagues reported increased
frequencies of an activated distinct lineage of CD8 T cells called the y6 CD8 T cells in patients
who developed TB-IRIS compared to TB-non-IRIS controls [38, 233, 234]. Additionally,
expression of killer cell ligand like receptor gl (KLRG1) and programmed cell death protein 1
(PD-1) indicating immune exhaustion were significantly higher in Mtb-specific CD8 T cells of
patients who developed TB-IRIS compared to TB-non-IRIS controls [233].

2.7.2 The involvement of innate immune responses in the pathogenesis of TB-IRIS.

Systems biology has substantially enriched our understanding of TB-IRIS
immunopathogenesis by integrating genome wide analysis such as RNA (transcriptomics) with
phenotypes (clinical diagnosis of TB-IRIS). These discovery approaches involve hypothesis
generating frameworks with subsequent validation of findings in downstream experiments.
Mounting evidence derived from systems biology approaches suggests that macrophage and
monocyte effector responses are central to the pathogenesis of paradoxical TB-IRIS. Whole
blood transcriptomics studies performed by Lai and colleagues reported that macrophage
signaling was the leading enriched biological process shortly following the initiation of ART
and at the median onset of paradoxical TB-IRIS [25]. Moreover, Tran and colleagues reported
the role of monocytes in TB-IRIS pathogenesis with the aid of microarray analysis. The authors
reported the significant enrichment of pattern recognition receptors and the complement system
at baseline in patients who later developed TB-IRIS compared to TB-non-IRIS controls. At the
onset of TB-IRIS, one biological pathway that was significantly enriched in patients who
developed paradoxical TB-IRIS compared to TB-non-IRIS controls was complement pathway
[235]. The same group used microarray technology to study gene expression profiles in purified
monocytes that were extracted from PBMC. Pathway analysis highlighted impaired
complement responses in patients who were predisposed to developing paradoxical TB-IRIS;

while perturbations in components of the complement including C5q, C1q (effector) and C1Inh
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(its inhibitor) were reported at the median onset of inflammatory symptoms in patients who
developed paradoxical TB-IRIS compared to matched TB-non-IRIS controls [236]. These

findings have been corroborated by other studies [237].

Experimental validation of these discovery approaches has elucidated important aspects of
paradoxical TB-IRIS pathogenesis and led to a rational paradigm of how IRIS occurs. For
instance, Andrade and colleagues characterized soluble markers of monocyte activation
including sCD14, sCD163, and soluble tissue factor during TB-IRIS. The authors
demonstrated perturbations in monocyte populations and the upregulation of monocyte soluble
markers at IRIS onset. The reported perturbations were significantly correlated with

inflammatory cytokines [237].

Inflammatory immune responses in patients who develop paradoxical TB-IRIS have been
extensively analyzed. They are characterized by a cytokine storm that has been associated with
tissue damage [162]. Biological processes that precede hypercytokinaemia and clinical features
include elevated expression of pattern recognition receptors (PRR) [25, 235]. Findings also
implicate TLR signaling and inflammasome activation in paradoxical TB-IRIS [15, 177]. The
expression of TLR2 is elevated in monocytes and dendritic cells, and is positively correlated
with the secretion of downstream cytokines (TNF-a, IL-12p40) [32]. These findings were
corroborated by Lai and colleagues who experimentally demonstrated that the identified
myeloid signature predicted the activation of a number of proinflammatory cytokines such as
IL-12, IFNy and TNFa at the median time of paradoxical TB-IRIS onset; and that the inhibition
of downstream adaptor of TLR2 (myeloid differentiation primary response 88 / MyD&88)
abrogated the secretion of downstream cytokines in samples from patients with paradoxical
TB-IRIS [177]. The authors additionally demonstrated elevated expression and secretion of
multiple components of the inflammasome (Caspase-1 and 5, triggering receptor expressed on
myeloid cells-1 [TREM-1] and IL-1 family of cytokines) in patients that developed TB-IRIS
compared to TB-non-IRIS controls at the median onset of inflammatory features [177].
Downstream cytokine responses, the secretion of IL-1 family of cytokines in particular, depend

on the activation and maturation of the inflammasome complex [31, 177, 238].

The involvement of neutrophils in paradoxical TB-IRIS pathology is increasingly being

recognized. TB-IRIS patients had increased expression of calprotectins (S100 calcium binding
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protein A9 (S100 A9) compared to TB-non-IRIS controls [239]. ST00A9 concentrations reflect
perishing neutrophils in their activated state. Calprotectins are DAMPs which recruit more
neutrophils to the site of disease. Other studies have corroborated the overexpression of
S100A8 and A9, thereby emphasizing the importance of neutrophils in the pathogenesis of TB-
IRIS [15, 16, 240, 241]. The NLR pyrin domain containing 12 (NLRP12), and cyclooxygenase
1 (COX-1) were significantly higher in TB-IRIS patients compared to TB-non-IRIS controls
at the median time of TB-IRIS onset [239]. NLRP12 and COX-1 are components of different
signaling processes; NLRP12 is a component of the inflammasome complex which amplifies
the inflammatory cascade through the maturation of IL-1 family of cytokines (such as IL-1a
and IL-1B) which are potent modulators of inflammation; while Cox-1 is a component of the
eicosanoid biosynthetic pathway and is postulated to activate neutrophils. The authors
additionally reported significantly higher absolute neutrophil counts in peripheral blood in
patients who developed paradoxical TB-IRIS compared to TB-non-IRIS controls at the median
time of symptom onset. Soluble markers of neutrophils, including neutrophil elastase and
human neutrophil peptides in the CSF, were similarly significantly higher at the onset of
inflammatory symptoms in patients who developed paradoxical tuberculous meningitis
(TBM)-IRIS compared to TBM-non-IRIS controls [241]. Lastly, immunohistochemistry
staining revealed the presence of neutrophils in lymph node biopsies of patients who developed

paradoxical TB-IRIS [239, 242].

Matrix metalloproteinases (MMPs) are endopeptidases that are important in tissue remodeling
and repair. MMPs were highly upregulated at the median onset of inflammatory symptom in
patients who developed TB-IRIS compared to TB-non-IRIS controls [162, 241, 243, 244].
Walker and colleagues and Marais and colleagues reported MMP involvement in the
inflammatory response observed in patients who developed paradoxical TB-IRIS and in
paradoxical TBM-IRIS [15]. MMPs were significantly higher in plasma samples of patients
who developed TBM-IRIS compared to those who did not (TBM-non-IRIS controls) at the

time of symptom manifestation [243].

Dissemination of TB to the central nervous system most frequently results in infection of the
meninges enveloping the brain. CNS involvement is associated with 56% mortality because it
is challenging to manage [245, 246]. There are notable differences in the immune responses of

TBM-IRIS patients in the CSF and peripheral blood despite certain parallels. At baseline as
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well as at the time of TBM-IRIS onset, there were significant differences in the secretion of
proinflammatory cytokines, chemokines and matrix metalloproteinases (soluble plasma
mediators) in the cerebrospinal fluid (CSF) compartment of people that were at high risk of
developing TBM-IRIS compared to those who did not (TBM-non-IRIS controls). Conversely,
no significant differences in soluble plasma mediators in peripheral blood of people who
developed TBM-IRIS compared to TBM-non-IRIS controls at baseline as well as at the time
of TBM-IRIS onset [241]. Additionally, there were significant differences in soluble plasma
mediators between the CSF and peripheral blood compartments in patients that developed
TBM-IRIS at symptom onset. Similarly, this was true for TBM-non-IRIS controls [241]. By
contrast, there are no significant differences in neutrophil and inflammasome derived cytokine
response in peripheral blood of TBM-non-IRIS controls compared to TBM-IRIS patients at the
time of TBM-IRIS onset. This is likely due to the compartmentalization of immune responses
in TBM-IRIS patients. The number of participants enrolled in these studies are historically
limited. Therefore, larger studies are needed to validate these patterns [15, 241]. Notably,
humoral and Th-2 immune responses have not been implicated in the hyper-inflammatory

response underlying paradoxical TB-IRIS immunopathogenesis or its regulation [247, 248].

2.8 Prognosis

Paradoxical TB-IRIS is a potentially life-threatening condition for a minority of patients. In
many patients, it is self-limiting within a few weeks and in most patients clinical symptoms
resolve within 2 months [18]. Prognosis depends on the site of disease and the implemented
treatment. Lack of standardized follow up time and criteria defining paradoxical TB-IRIS
associated death are accountable for a wide range in mortality attributable to paradoxical TB-
IRIS [17, 249, 250]. The most recent systematic review reported a 2% mortality rate due to
paradoxical TB-IRIS [9]. Mortality rates can reach up to 56% in instances of CNS involvement
which is the most severe form of paradoxical TB-IRIS [15-17]. Studies have reported varied
findings regarding pulmonary consequences of paradoxical TB-IRIS and lung function. Auld
and colleagues reported significant decline in lung function (forced expiratory volume [FEV])
in 50% of patients with paradoxical TB-IRIS while 18% shows sustained long term impairment
[251]. By contrast, Stek and colleagues reported no association between lung function and
pulmonary disease in patients with paradoxical TB-IRIS disease who either received placebo

or prednisone prophylactic intervention in a clinical trial [252].
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2.9 Clinical management

2.9.1 Treatment

The management of paradoxical TB-IRIS is complicated and evidence-based intervention are
limited. Corticosteroid therapy tapered over the course of four weeks is the treatment of choice
to manage significant symptoms resulting from TB-IRIS [9, 19]. Evidence supporting this
intervention was provided by Meintjes and colleagues, in which TB-IRIS patients who received
prednisone had decreased duration of hospitalization, and more rapid recovery based on the

improvement of symptoms and inflammatory markers [19].

In vitro studies indicate that corticosteroid treatment can effectively lower proinflammatory
cytokines including IL-6 and TNF-a, and MMP proteins such as MMP-7, 8 and 9, suggesting

a mechanism for their efficacy in treating IRIS [162].

In cases of protracted symptoms or symptom recurrence after stopping prednisone, the duration
of prednisone may need to be extended with more gradual weaning, but continuation beyond
four months is not recommended because of cumulative side effects [21, 209]. In cases of
steroid refractory paradoxical TB-IRIS, biologics and other immunomodulators including
thalidomide, TNF-a inhibitors, interleukin (IL)-6 blockers, montelukast, and pentoxifylline
have been used in isolated cases; albeit with insufficient evidence to recommend for routine

use [209, 253, 254].

Similarly, there is no randomized clinical trial-based evidence for the use of nonsteroidal anti-
inflammatory drugs (NSAIDs). However, NSAIDs have been used to manage symptoms of
mild or localized paradoxical TB-IRIS [9, 253].

In severe cases of paradoxical TB-IRIS, invasive procedures including lymph node aspiration,
pericardiocentesis, paracentesis, and thoracentesis have been performed to alleviate symptoms
or manage complications [21, 209]. The extension of antituberculosis therapy is not necessary
following successful completion of TB treatment, except in patients with abscesses or
tuberculomas that have persisted despite six months of TB treatment as it may be difficult to
exclude ongoing Mtb replication at the site of inflammation [158]. Importantly, ART is

continued during TB-IRIS, except in cases of life-threatening neurologic disease [9, 18, 158].
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2.9.2 Prevention

Prednisone is the only evidence-based intervention for the prevention of paradoxical TB-IRIS.
Meintjes and colleagues reported a 30% reduction in the incidence of paradoxical TB-IRIS, in
HIV-TB coinfected patients allocated a moderate dose of prednisone (40 mg/kg tapered down
to 20 mg/kg after 2 weeks) starting ART; compared to patients that were allocated placebo

[21].

Peripheral blood was collected from enrolled participants in this trial. Cellular components
including (DNA, RNA, PBMC, Plasma) were extracted from the blood samples and were used
in studies reported in chapter 5, 6 and 7.

40



3. Chapter 3 outline: Materials and Methods

This chapter discusses the methodological approaches used to address several different
hypotheses discussed in subsequent chapters. This chapter describes the TB-ART and Pred-
ART cohorts from which the samples used in this sub-study were derived. The section
describes the patient demographics and criteria used to include and exclude patients into the
parent studies. The chapter also describes how biological samples were obtained from the
patients and the methods used to extract cellular fractions of interest and their subsequent
storage. The chapter continues by describing in depth protocols used in various experimental
assays including immunoassays such as Luminex, enzyme linked immunosorbent assay
(ELISA), flow cytometry, the extraction of ribonucleic acid (RNA), preparation of RNA
libraries, sequencing of RNA libraries, and the downstream processing and workflows for data

analyses of sequenced samples.
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3. Background

Cryopreserved biological human samples from different clinical studies were used to
investigate several related hypotheses. The various studies collectively enhanced our
understanding of the cellular mechanisms that underlie the pathogenesis of paradoxical TB-
IRIS. The work presented herein was designed as four separate studies each addressing specific
hypotheses. In the first study, we characterized the quantity and quality of Mtb-specific
conventional CD4 T cells and the expression of specific immune markers in TB-IRIS using
flow cytometry (chapter 4). The second study (chapter 5) used RNA sequencing to discover
differentially abundant transcripts in whole blood and summarized them into biological
pathways in patients who received either placebo or prednisone, a proportion of whom
subsequently developed paradoxical TB-IRIS and compared to those who did not. The third
study validated the neutrophil signature using immunoassays (chapter 6). The last chapter
evaluated the capacity of inflammasome related drugs to reduce inflammatory markers using
peripheral blood mononuclear cells (PBMC) from patients who previously developed
paradoxical TB-IRIS (chapter 7). The following sub-section will describe the clinical cohorts
and outline the scientific methods that were used to investigate the postulated hypotheses in

each sub-study.

3.1 Patient recruitment: TB-ART observational study

To investigate the phenotype of Mycobacterium tuberculosis (Mtb)-specific IFNy+ CD4 T
cells, bio-archived patient PBMC from the TB-ART observational trial were used [19]. Briefly,
patients were enrolled in a prospective observational study conducted at Brooklyn Chest TB
Hospital between May 2009 and November 2010 in Cape Town, South Africa [6]. All patients
were ART naive and those with rifampicin-resistant TB were excluded. TB diagnosis was
based on smear, culture, or clinical diagnosis. The first TB episode was treated with standard
first line regimen of rifampicin (R), isoniazid (H), pyrazinamide and ethambutol for two
months followed by four months of RH regimen. In patients with subsequent episodes,
streptomycin was added for 2 months. Paradoxical TB-IRIS was diagnosed per International
Network for the Study of HIV-associated IRIS (INSHI) criteria [26]. HIV treatment included
lamivudine and efavirenz with stavudine or tenofovir depending on guidelines at the time.
Written informed consent was obtained from all participants to collect and biobank cellular

fractions derived from peripheral blood samples. A proportion of the participants subsequently
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developed paradoxical TB associated immune reconstitution inflammatory syndrome (IRIS)
and their samples were used phenotype Mtb-specific responses, investigating the hypothesis
that patients who developed paradoxical TB-IRIS might have more cytotoxic CD4 lymphocyte
responses following ART mediated immune reconstitution. The study was approved by the
Human Research Ethics Committee (HREC REF: 049/2009 and 809/2018) of the University
of Cape Town. Clinical and other immunological findings from this cohort have been published

[6, 27-29].

3.2 Isolation of peripheral blood mononuclear cells by ficoll

For optimizing experimental conditions, peripheral blood was collected by a qualified
healthcare practitioner, from a consenting healthy adult with sensitization to mycobacterial
antigens. Peripheral blood was collected in 10 mL blood collection tubes containing
ethylenediamine tetra-acetic acid (EDTA)/ heparin as an anticoagulant of choice. PBMC were
isolated from whole blood according to Gill et al [255]. Briefly, peripheral blood was
aseptically diluted in 10 mL of sterile 1X phosphate buffer saline (PBS) inside a sterile
biosafety level II cabinet (BSC) and gently layered into a 50 mL falcon tube containing 15 mL
ficoll to avoid disturbing the ficoll-blood interface. The falcon tubes were subsequently spun
at 500 xg for 25 minutes (min) at 22 °C with acceleration and deceleration set at maximum and
zero respectively. Following gradient centrifugation, the tubes were carefully transported to
the BSC, taking caution not to disturb the resultant solid and liquid interfaces, namely: the
sedimented blood pellet, the toxic ficoll, the PBMC and the plasma layers respectively. The
caps of the falcon tubes were gently removed and the PBMC layer was transferred to a properly
labelled and sterile 50 mL falcon tube and topped up to 40 mL with fresh and sterile Rosewell
park media institute (RPMI) medium supplemented with 2% heat inactivated fetal calf serum
(FCS). PBMC were washed by centrifugation at 400 xg for 10 min with both acceleration and
deceleration set to maximum. The tubes were carefully transported to the BSC where the
supernatant was discarded into a beaker containing 10% biocide and the tubes gently blotted
on sterile gauze. The PBMC pellet was resuspended in 40 mL of RPMI supplemented with 2%
FCS and washed as previous. The supernatant was discarded as previous and the PBMC pellet
was gently resuspended by flicking. Subsequent steps were performed on wet ice. For complete
resuspension of the PBMC pellet, the convention is to resuspend in 0.5 mL of RPMI
(supplemented with 10% FCS) for each 10 mL of blood collected. The PBMC pellet was
resuspended in 5 mL of RPMI supplemented with 10% FCS. For cryopreservation, freezing
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media comprised of a mixture of 20% dimethyl sulfoxide (DMSO) in 40 mL FCS. Freezing
media was added slowly in drop-wise fashion while swirling the PBMC suspension.
Approximately 1 mL of the PBMC with freezing solution was aliquoted to labelled and sterile
corning cryogenic vials. The cryovials were subsequently transported from ice to -80 °C
overnight (O/N; minimum of 12 hours) before transferring to liquid nitrogen for long term

storage. Of note, all the used chemicals were within their expiration date.

3.3 PBMC recovery from cryopreservation

Patient and healthy participant PBMC were recovered from cryo-preservation as described by
Honge et al. [256]. Briefly, cryopreserved PBMC were rapidly thawed in a uniformly heated
water bath with temperature set to 37 °C and transferred to 50 mL falcon tubes. To collect
residual PBMC, cryovials were rinsed with 1 mL of phosphate buffer saline (PBS)
supplemented with 20% FCS and transferred drop wise to the 50 mL falcon tube containing
cells. The suspension was topped up to 20 mL with warm PBS supplemented with 20% FCS.
Cells were washed by centrifugation at 1200 rpm for 6 min at room temperature (RT). The
supernatant was discarded in a liquid waste bucket containing biocide and the tubes containing
the PBMC pellet were blotted on sterile paper gauze to completely remove supernatant. The
PBMC pellet was resuspended in 20 mL PBS supplemented with 20% FCS. Washing was
repeated and the supernatant was discarded as previous. The tubes were blotted on sterile
gauze, taking precaution not to lose the cell pellet. Cells were resuspended in appropriate
volume of RPMI supplemented with 10% FCS and allowed to recover by resting in an
incubator calibrated to 37 °C with 5% CO. between four and 12 hours.

3.4 Optimizations

3.4.1 Optimizing cell number recovery: V vs U bottom 96 well cell culture plates.

The strength of flow cytometry lies in analyzing single cells in high numbers. Compounding
the fact that variable PBMC numbers for each participant enrolled in the TB-ART
observational study were stored, our flow cytometry cell staining workflow entailed several
steps of manual cell washing which often result in significant loss of cells. To mitigate the
potential short falls of low cell numbers when processing patient samples for flow cytometry,
our experimental workflow was optimized to recover maximum number of cells. Cells from

one healthy participant were seeded (up to 10 million cells/mL) either in a 96 well V or U
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bottom cell culture plate. PBMC stimulation with a peptide pool of 300 of Mtb antigens and
subsequent staining with classical T cell surface markers (CD3, CD4), markers of immune
activation (HLADR) and intracellular staining (IFNy, TNFa, Tbet, Eomes, Granzyme B) were

performed and cells were analyzed for cell number recovery by flow cytometry.

3.4.2 Antibody titration protocol

Mouse raised human monoclonal antibodies were procured from different suppliers for single
cell analysis using flow cytometry. To avoid antibody wastage and allow for optimal
fluorescence on dim and bright populations, the 15-color antibody panel was optimized. The
antibodies were titrated to determine the appropriate titers to use for standardized staining
protocol. Antibody titration experiments were set up for classical T cell markers spanning the
various phenotypes or functions, in a sterile 96 well V bottom plate. For instance, titration of
antibodies was performed for T cell surface markers (CD3, CD4), intracellular function
markers (IFNy, and TNFa), T-box transcription factors (Eomesodermin, Tbet), markers that
served as proxies for cytotoxic potential (Granzyme B), markers for immune activation (HLA-
DR), and exclusion markers (CD19, CD20). Briefly, a volume of 132 puL of PBS supplemented
with 2% FCS (diluent) was added to the first well of the plate. To the same well, 6 pL of CD4-
PerCPcy5.5, and CD3-BV785 (all from BioLegend, San Diego, CA) were added. The contents
of the well were thoroughly mixed by pipetting up and down. A volume of 75 pL of PBS
supplemented with 2% FCS was added to the subsequent 6 wells. A two-fold dilution series
was performed by pipetting 75 pL of the antibody concoction from the first well down to the
sixth well. A volume of 75 pL of the antibody dilution in the last well was discarded into a
liquid waste containing biocide. The 2-fold serial dilution of classical T cell surface markers

were kept at 4 °C in the dark until use (Figure 3).

45



[ CD3-BV785- 6L . .

; J CDurpercp 556 Surface antibody mixture
. 4 CD19-APCcy7- 6 L
\° / Diluent - 132 pL

Flow cytometer

Total volume - 150 pL
75 pL

Diluent 75 pL

Figure 3. Diagrammatic illustration of antibody titration set up. Surface staining antibodies
with the same recommended titers were titrated together. Similarly for antibody markers for

intracellular cytokines and transcription factors.

Similarly, titration experiments were set up for all antibodies included in the final panel
according to Figure 3 above. The final volume in the first well for all titration reactions was
150 uLL which was used to generate a 2-fold dilution series in RPMI supplemented with 2%
FCS per dilutions shown in Table 3.1. A total of 50 puL of the dilutions were added to cells for
staining. Stained cells were incubated for 30 min for staining classical T cell surface markers
(CD4-PerCPcy5.5, CD8-A700, CD19-APCcy7, HLADR-BV605). Staining of intracellular
markers (CD3-BV785, IFNy-BV711, TNFa-FITC, IL-2-BV421, GranzymeB-BV510, Tbet-
PEcy7, and Eomes-APC) was performed by resuspending in the brefeldin treated PBMC with
200 pL of 1X eBio fixation buffer to permeabilize cells prior to staining with the intracellular
concoction. The cells were washed twice by gradient centrifugation at 1600 rpm for 6 minutes
in RPMI supplemented with 2% FCS to remove unbound antibody. Cells were resuspended in

1% formaldehyde and acquired in BD LSR II cytometer.
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Table 3.1. Optimization of antibody titers for flow cytometry. A total of 9 antibodies were

titrated to determine the optimal volume for staining.

Antibody Titer (uL) Fold dilution
CD3-BV785 2 2

1

0.5
0.25
0.125
0.0625
TNFo-FITC 0.8 0.8

0.4

0.2

0.1
0.05
0.025
GrB-BV510 S S

2.5
1.25
0.625
0.313
0.156

Representative antibody titers for surface and intracellular staining markers. Manufacturer
recommended titers which were tested for CD3-BV785, CD4-PerCP-cy5.5, IFNy-BV711,
HLA-DR-BV605, Thet-PEcy7 and CD19-APC-cy7 were the same. Similarly for titers for
Granzyme B-BV510 and Eomes-APC.

3.4.3 PBMC surface staining for antibody titration

For optimization of antibody staining workflows for flow cytometry, all human samples were
handled in a biosafety level 2 in a class 2 biosafety cabinet. Briefly, a single vial of cryo-
preserved PBMC from one healthy individual with sensitization to mycobacterial antigens was
recovered from cryopreservation as previously described (see Section 3.3) and resuspended in

RPMI supplemented with 10% FCS to achieve a cell concentration of 10 million cells/ mL.
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Cells were allowed to recover by resting in a stationary incubator at 37 °C, 5% COx for 4 hours
and were subsequently pelleted by centrifugation at 1800 rpm for 3 min at RT. The supernatant
was discarded by rapid flicking motion and blotting of the 96 well plate on a sterile paper towel.
Cells were subsequently washed in plain PBS by centrifugation at 1600 rpm for 6 min at RT
and the supernatant discarded as previous. Cells were resuspended in 50 pL near infrared (NIR)
live/dead stain, incubated in the dark for 10 min and were subsequently washed as previous in
PBS supplemented with 2% FCS and the supernatant properly discarded. The cells were
resuspended in 50 pL of the antibody titration mixture for 30 min and incubated in the dark for
30 min at RT. Cells were subsequently pelleted by centrifugation at 1800 rpm for 3 min and
the supernatant was subsequently discarded as previous. Cells were washed in 200 pL PBS
supplemented with 2% FCS by centrifugation at 1600 rpm for 6 min at RT and the supernatant
discarded as previous. Cells were fixed in 1% formaldehyde and up to 1 million cells acquired

by flow cytometry.

3.4.4 Preparation of compensations controls (for optimizations)

Compensation tubes for 3 fluorophores and one negative control were prepared in the following
manner. A volume of 100 pL of PBS supplemented with 2% FCS was added to properly
labelled 5 mL FACS tubes. A volume of 60 pL of anti-mouse immunoglobulin (Ig)
compensation beads were added to each tube. A 1X reaction volume of each antibody was
added to corresponding tubes (see figure 3.1). The tubes were thoroughly mixed by vortexing
and incubated in the dark at RT for 10 min. A volume of 2 mL of PBS supplemented with 2%
FCS was added to the tubes. The contents of the tubes were mixed thoroughly and centrifugated
at1600 rpm for 6 min at RT. The supernatant was carefully discarded, and tubes blotted on
paper towel. A total of 200 puL of 1% formaldehyde (for cell fixation) was added to the tubes
and the contents of the tubes thoroughly mixed by vortexing. The tubes were kept at 4 °C in

the dark until further use.
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Figure 3.1. Preparation of compensation tubes for antibody titration assay optimization

3.5 Optimized 9 color antibody panel standard operating procedure pilot run on PBMC
from the TB-ART cohort.

3.5.1 Cell recovery

PBMC from the TB-ART observational study were retrieved from long-term liquid nitrogen
storage and recovered from cryopreservation as previously described (Section 3.3). Cells were
resuspended at 10 million cells per mL and rested for 4 hours in a sterile U bottom 96 well

plate in an incubator set at 37 °C and 5% COa.

3.5.2 Measure of cell viability

Twenty (20) pL of cells from each participant were taken for viability staining by performing
a 1:2 dilution in trypan blue. Trypan blue is a viability dye that permeates cells whose cell
membrane has lost integrity. The percentage of viable cells was determined by a BioRad TC

20 automated cell counter.

3.5.3 Cellular Stimulation

PBMC were stimulated with a peptide pool consisting of 300 Mtb-derived peptides (Mtb300,
1.5 pg/mL) [257]. Briefly, a vial containing 5 pL. Mtb300 with a concentration of 0.7 pg/ puL
was thawed on wet ice and diluted 1:20 by resuspending in 95 uL of PBS to obtain a final
working concentration of 0.035 pg/mL. A volume of 8.5 puL of Mtb300 (final concentration
1.5ug/mL) was used to stimulate PBMC in the presence of co-stimulatory molecules and Golgi
blockers. The co-stimulatory concoction included CD49d, CD28 (both at 1 pg/mL; BD,
Franklin Lakes, NJ) and Brefeldin-A (10 ug/mL; Sigma, St. Louis, MO) resuspended in plain

RPMI 1640. The master mix for this concoction was prepared for 22 reactions according to
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table 3.2. A volume of 10 pL of the co-stimulatory mixture was added to corresponding wells,

mixed thoroughly and subsequently incubated for 6 hours at 37 °C.

Table 3.2. Stimulation master mix for single cell gene expression analysis using flow

cytometry.

Components of the co-

1X reaction

Master mix

stimulation master mix (nL) for 22.5 reactions (uL)
CD49d 0.2 4.5
CD28 0.2 4.5
Brefeldin 0.2 4.5
RPMI (max 10 pL) 9.4 212

3.5.4 Cellular staining

Following the 6-hour stimulation step, PBMC were pelleted by centrifugation at 1800 rpm for

3 min at RT. The supernatant was properly discarded in a liquid waste bucket containing biocite

and the plate was blotted. PBMC were resuspended in 200 pL plain and sterile PBS and

transferred to a V-bottom 96 well plate. Cells were washed by centrifugation at 1600 rpm for

6 min at RT and the supernatant discarded as previous. The lights in the BSCII were turned off

and a NIR live/dead stain was prepared by diluting 1 puL of NIR in 39 pL of plain and sterile

PBS. The master mix for the NIR live/dead mixture was prepared on wet ice for 22 reactions

according to table 3.3. The cells were incubated for 10 min in the dark at RT in the presence

of 50 uL NIR live/dead master mix after which 190 pL PBS supplemented with 2% FCS was

used to top up the reaction.

Table 3.3. Live/dead staining master mix for single cell gene expression analysis using

flow cytometry.

Live/dead stain

1X reaction

Master mix

components (uL) for 22.5 reactions (uL)
NIR (1:40) in PBS 1 22.5
PBS 49 1103
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Cells were pelleted as previous, and the supernatant was discarded appropriately. Cells were
stained with a cocktail of antibody targeting the following surface proteins: CD4 (PerCPcy5.5),
CD19 (APCcy7) and HLA-DR (BV605) (see table 3.4). A volume of 50 uL of the surface stain
master mix was added to each well and incubated for 30 min at room temperature in the dark.
A total of 190 pL of PBS supplemented with 2% FCS was added to the cells which were
subsequently pelleted at 1800 rpm for 3 min at RT.

Table 3.4. Surface staining master mix for single cell gene expression analysis using flow
cytometry.

Surface staining master mix 1X reaction Master mix
components (uL) for 22.5 reactions (uL)
CD4-PerCPcy5.5 0.5 11.3
CD19-APCcy7 1 22.5
HLA-DR-BV605 2 45
Brilliant Violet buffer (to 50 uL) 43.4 976.5

The supernatant was discarded as previous, and the cell pellet resuspended in 200 pL of 1X
eBio fixation buffer to permeabilize cells for intracellular staining. The cells were subsequently
incubated in the dark for 30 min at RT. Cells were pelleted as previous and resuspended in 200
pL 1X eBio wash buffer. Cells were centrifuged at 1800 rpm for 3 min at RT and the
supernatant was subsequently discarded as previous. Intracellular staining (ICS) was
performed by adding 50 pL of antibody cocktail containing CD3-BV785, TNFa-FITC, IFNy-
BV711, Tbet-PEcy7, Eomes-APC, and GranzymeB-BV510 prepared in 1/3 of BV buffer and
2/3 1X eBio wash buffer (see Table 3.5). The reaction was mixed thoroughly and incubated in
the dark for 45 min at 4 °C and subsequently washed by centrifugation at 1600 rpm for 6 min
at RT in 190 pL 1X eBio wash buffer. The supernatant was discarded properly in a liquid waste
bucket containing biocite and the washing repeated. The supernatant was discarded as previous,
and the cells fixed by resuspending in 1% formaldehyde. The cells were transferred to properly

labelled sterile FACs tubes and stored at 4 °C until further use.
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Table 3.5. Preparation of intracellular staining master mix for single cell gene expression
analysis using flow cytometry.

Intracellular staining 1X reaction Master mix
master mix components (nL) for 22.5 reactions (uL)
TNFo-FITC 0.1 23
IFNy-BV711 0.5 11.3
CD3-BV785 0.5 11.3
Tbet-PEcy7 0.1 23
Eomes-APC 2 45
GrB-BV510 2 45
BV (13)+1X e-Bio Wash 42.3 (14.1+28.2) 317.3 BV+ Wash 635
s3) buffer (to 50 pL)

3.5.5 Preparation of compensation controls

For each fluorophore used in the experiment, a single-stained bead sample and one unstained
control were prepared. Briefly, 100 uL of PBS supplemented with 2% FCS was added to
appropriately labelled FACs tubes. 50 pL of anti-mouse Ig compensation beads were added to
each tube and antibody was added to FACs tubes with corresponding labels. The reaction
mixture was incubated for 10 min in the dark at RT and topped up with 2 mL of PBS
supplemented with 2% FCS and thoroughly mixed. The tubes were centrifuged at 1600 rpm
for 6 min at RT and the supernatant appropriately discarded. The beads were resuspended in
200 pL of 1% formaldehyde and mixed by vortexing and kept in the dark at 4 °C until further
use. Of note, compensation controls were prepared newly for each experiment and the samples

were acquired within 4 hours of staining (Figure 3.2).
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Figure 3.2. Preparation of compensation tubes for antibody staining for all the staining

antibodies in the panel.

3.6 Cytometer calibration and data acquisition

Samples were acquired on a four laser BD LSRII flow cytometer. The cytometer was properly

calibrated each day prior to use.

3.7 Data analysis and visualization software

Data was analyzed in FlowJo version 9.9.6 and visualized in Prism version 8.0.2 (GraphPad

Software Inc., San Diego CA).
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3.8 RNA sequencing methods and materials

3.8.1 Pred-ART cohort: Patient recruitment and enrolment

To better understand the cross-sectional and longitudinal perturbations in global gene
expression in patients who developed paradoxical TB-IRIS, RNA-sequencing was performed
using whole blood collected from the Pred-ART clinical trial for which the study protocol and
findings have been reported [21, 258]. The protocol for the parent study was approved by the
Human Research Ethics Committee of the University of Cape Town (UCT). The parent study
enrolled HIV immunosuppressed patients with confirmed TB disease. Adult patients above the
age of 18 were recruited from four clinic sites in Khayelitsha, Cape Town, South Africa
between August 2013 and February 2016. All participants provided written informed consent
to participate in the trial and for collection of peripheral blood samples. A total of 240
participants with confirmed HIV-associated TB were enrolled in the double blind, placebo-
controlled randomized trial which assessed the efficacy and safety of prednisone in preventing
TB-IRIS [21, 258]. At enrolment, patients had not initiated ART and 73% had
microbiologically confirmed TB. Patients were on standard first line antitubercular treatment
for a median of 16-17 days prior to randomization. A total of 120 patients were randomized to
40 mg/kg of prophylactic prednisone for 2 weeks which was tapered down to 20 mg/kg for 2
weeks, or identical placebo [21, 258]. The case definition for paradoxical TB-IRIS was defined
according to the criteria outlined by the international network for the study of HIV-associated
IRIS (INSHI) [22].

The trial found that the incidence of TB-IRIS was lowered by 30% in the prednisone compared
to the placebo arm and no serious complications were recorded in the prednisone arm [21].
Paradoxical TB-IRIS diagnosis was confirmed in 39 patients (32.5%) allocated to prednisone
prophylaxis compared to 56 (46.7%) who were allocated placebo (p=0.03). Lastly, open label
prednisone was used to treat paradoxical TB-IRIS in 16 patients (13.3%) in the prednisone arm

compared to 34 (28.3%) in the placebo arm.

3.8.2 Sample collection

Peripheral blood samples (where available) were collected in PAXgene tubes from patients
prior to ART initiation (week 0), and at 2, 4 and 12 weeks longitudinally on ART. The samples
were transported on ice to the laboratories at the Institute of Infectious disease and Molecular
Medicine (IDM) at the University of Cape Town (UCT) and stored at -80 °C until ready for
RNA extraction using PAXgene blood RNA kit (QIAGEN). Extracted total RNA were stored
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at -80 °C until the sequencing libraries were constructed. The quality of the total extracted
RNA per sample was assessed with Qubit fluorometer. Nanodrop 2000 was used to analyse
RNA quantity and purity per sample. Tape Station 2000 was used to assess RNA integrity per
sample. For this sub-study, available RNA samples at 3 time points (week 0, 2 and 12, as

summarized in Table 6) were used to construct libraries for downstream RNA-sequencing.

Table 3.6. Summary of the number of samples that were available by patient intervention
and outcomes at different study visits, prior to antiretroviral therapy (ART) initiation (week

0) and up to week 12 on ART.

Time-point Number of samples Number of samples Total

(weeks) Placebo/Prednisone (TB-IRIS) Placebo/Prednisone (TB-non-IRIS) (Placebo/Prednisone)
Week 0 56/36 58/75 114/111
Week 2 44/26 51/69 95/95
Week 12 42/34 50/62 92/96

3.9 RNA sequencing workflow
Several technologies are available for the high-throughput sequencing of RNA and due to their
proprietary technology and software, each requires a customized experimental protocol [44].

Illumina technology, which was used for sequencing, comprises several steps discussed below.

3.9.1 RNA extraction

The PAXgene 96 Blood RNA Kit offers high-throughput purification of cellular RNA in a
manual format. RNA was extracted following manufacturer’s guidelines and specifications.
The blood samples (2.5 ml) had been collected in PAXgene Blood RNA Tubes (available from
BD, cat. no. 762165). The PAXgene blood RNA tubes were centrifuged to pellet nucleic acids.
The pellet was washed, and proteins were digested using proteinase K. Alcohol was added to
adjust binding conditions. Lysates were applied to the PAXgene 96 filter plate and centrifuged
to remove cell debris. The lysate was then applied to a PAXgene 96 RNA Plate. RNA extracts
were shipped on dry ice to the Francis Crick Institute (London, UK) for library preparation and
RNA sequencing. RNA extracts were constructed into short fragment length sequences for
directional sequencing as described below. To reduce batch effects, libraries were constructed
from samples that were collected prior to the initiation of ART (week 0), and at week 2 and 12

on ART and were randomised and pooled for high throughput sequencing.
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3.9.2 Library construction
Sequencing libraries were prepared using Tecan Genomics’s Universal Plus Total RNA-

Sequencing kit with build-in depletion step of globin RNA and ribosomal RNA [259].

3.9.3 Sample preparation

All reagents were thawed at room temperature, mixed by vortexing, spun down by gradient
centrifugation at 1800 rpm for 1 min and kept on ice. Approximately 200 ng of total RNA was
aliquoted into 0.2 mL sterile tubes. The RNA was subsequently diluted to a final volume of 10
uL with nuclease free water and kept on ice. The libraries were prepared in 4 randomised

batches, of which 603 samples were successfully sequenced.

3.9.4 RNA fragmentation
Approximately10 pL of 2X fragmentation buffer was added to each sample. The solution was
mixed thoroughly by pipetting up and down at least 10 times. The tubes were placed in a pre-

warmed thermal cycler and fragmented at 86 °C for 8 min.

3.9.5 First strand cDNA synthesis

Samples were processed in batches of 4, each containing 160 samples. A master mix for 160
samples plus adjusting for pipetting error was prepared according to table 3.7 to a final volume
of 805.1 pL. Briefly, 201 pL of actinomycin D was mixed in a 0.5 mL sterile container with
443 uL of first strand buffer mix and 161 pL of first strand enzyme mix. A total of 5 uL of first
strand master mix was added to each sample to make up a final reaction volume of 25 pL.. The
suspension was mixed thoroughly by pipetting up and down at least 10 times and kept on wet
ice.

Table 3.7. First strand synthesis constituents and master mix preparation.

Reagent Actinomycin D First strand buffer mix First strand enzyme mix
1X reaction volume (uL) 1.25 2.75 1
161 reaction volume (uL) 201.3 442.8 161

The tubes were placed in a prewarmed thermocycler for first strand cDNA synthesis with the
following cycling conditions: 25 °C for 5 min, 42 °C for 15 min and 70 °C for 15 min. The
tubes were subsequently removed from the thermocycler and spun down at 1800 rpm for 1 min

to collect condensation and subsequently kept on ice.
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3.9.6 Second strand cDNA synthesis constituents and master mix preparation

The second strand cDNA synthesis master mix was prepared according to table 3.8. Briefly, a
total of 7728 uL second strand buffer mix was combined with 322 pL of second strand enzyme
mix for a 160 reaction. A total of 50 puL of the second strand master mix was added to each
sample to make up a total volume of 75 pL. The suspension was mixed thoroughly as previous.

Table 3.8. Second strand master mix

Reagent Second strand buffer mix | First strand enzyme mix
1X reaction volume (uL) 48 2
161 reaction volume (uL) 7728 322

The tubes were placed in a pre-heated thermocycler for second strand cDNA synthesis. Briefly,
the cycling conditions for second strand cDNA synthesis entailed incubating the tubes at 16 °C
for 60 min. The tubes were subsequently removed from the thermocycler and the condensation

collected as previous.

3.9.7 cDNA purification

The Agencourt beads (AMPure XP beads) were thawed at room temperature and mixed by
vortexing for a minimum of 2 min. The beads were subsequently kept on ice. Fresh 70%
ethanol wash solution was prepared on the day of the experiment. The beads were fully
resuspended by gently inverting and tapping the tube prior to use. A total of 135 pL of the
AMPure XP beads were added to the samples at room temperature and the suspension was
mixed as previous. The suspension was subsequently incubated at room temperature for 10
min. To allow the suspension to clear up, the tubes were transferred to a magnet and allowed
to stand for 5 min after which the binding buffer was carefully removed and discarded.
Approximately 200 pL of 70% ethanol was added to the tubes and allowed to stand for 30 sec
while on the magnet. The 70% ethanol wash solution was removed by pipetting. To remove
residual ethanol, the beads were air-dried on the magnet for 5 min and removed from the
magnet. A total of 11 pL of nuclease free water was added to the dry beads and resuspended
by pipetting up and down. The tubes were subsequently incubated at room temperature for 5
min and transferred to the magnet for an additional 5 min to sediment the beads. A total of 10

uL of the samples were subsequently transferred to sterile 0.2 mL tubes.
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3.9.8 End repair

End repair master mix was prepared by combining 644 pL of end repair buffer mix with 80.5
end repair enhancer and enzyme mix respectively according to table 3.9. The concoction was
mixed by pipetting up and down and kept on wet ice. A total of 5 pL of the end repair master
mix was added to each sample to make up a total volume of 15 pL.

Table 3.9. End repair constituents and master mix preparation.

Reagent End repair buffer mix End repair enzyme mix End repair enhancer
1X reaction volume (uL) 4 0.5 0.5
161 reaction volume (uL) 644 80.5 80.5

The suspension was mixed well and placed on ice. The samples were placed on a thermocycler
and the end repair protocol executed. Briefly, the cycling condition for end repair were as
follows: 25 °C for 30 min, 70 °C for 10 min and the tubes were removed from the thermocycler

and spun down at 1800 rpm for 1 min to collect condensation and kept on wet ice.

3.9.9 Adapter ligation

The adapter plate was thawed on ice, spun down via centrifugation at 1800 rpm for 1 min and
placed back on ice. All samples were transferred to the appropriate adapter wells and mixed
well by pipetting. The entire suspension was subsequently transferred to a PCR tube. The
master mix was prepared according to table 10. Briefly, 966 pL of ligation buffer was mixed
with 241.5 pL of nuclease free water and 725 pL ligation enzyme. The ligation master mix was
thoroughly mixed and kept on ice. Due to the viscosity of the ligation buffer component in the
master mix, 12 pL of the master mix was added slowly to each sample to make up a final
volume of 30 pL.

Table 3.10. Adapter ligation constituents and master mix preparation.

Reagent Ligation buffer mix Ligation enzyme mix Nuclease free water
1X reaction volume (uL) 6 1.5 4.5
161 reaction volume (uL) 966 241.5 724.5

The suspension was mixed well as previous, spun down and placed on ice. The tubes were
placed in the thermocycler to execute the ligation reaction. Briefly, the thermocycler was set
to 25 °C for 30 min and the tubes subsequently removed from the thermocycler, spun down as

previous to collect condensation and kept on ice.

58



3.9.10 Strand selection
Thawed strand selection buffer mix 1 and strand selection enzyme mix 1 were mixed in a sterile
0.5 mL bottle to prepare a master mix according to the volumes on table 3.11.

Table 3.11. Adapter ligation constituents and master mix preparation.

Strand selection buffer | Strand selection enzyme
Reagent ) .
mix [ mix [
1X reaction volume (uL) 69 1
161 reaction volume (uL) 11109 161

Briefly, 11109 pL of strand selection buffer mix 1 was mixed with 161 pL of strand selection
enzyme mix I. A total of 70 pL of strand selection master mix was added to 30 pL of each
sample to make up a total of 100 pL.. The suspension was mixed thoroughly by pipetting, spun
down by gradient centrifugation at 1800 rpm for 1 min and kept on ice. All the tubes were
placed in a pre-warmed thermocycler to execute the strand selection programme. Briefly, the
thermocycler was calibrated to 72°C for 10 min and the tubes were removed from the
thermocycler. The tubes were subsequently spun-down to collect condensation and placed on

1ce.

3.9.11 Strand selection purification

The AMPure XP beads were allowed to equilibrate to room temperature and subsequently
resuspended as previous. A total of 80 uL. AMPure XP beads were added to the strand selection
reaction product and mixed thoroughly by pipetting up and down at least 10 times. The
suspension was incubated for 10 min at room temperature prior to transferring the tubes and
incubating on a magnet for an additional 5 min to enhance the sedimentation of the beads. The
buffer was carefully removed and discarded while the tubes stayed incubated on the magnet.
Approximately 200 pL of 70% freshly prepared ethanol was added to the samples and
incubated on the magnet for 30 sec. The ethanol was carefully removed by pipetting and the
beads air dried for 5 min to remove residual ethanol wash solution. The tubes were removed
from the magnet and 16 pL of nuclease free water was added to the dried beads and
resuspended by pipetting. The tubes were transferred to the magnet and incubated for 3 min to
allow the solution to clear. Approximately 15 pL of the eluate was removed, caution was taken
not to carry over beads. The eluate was transferred to a sterile set of PCR tubes and kept on

1ce.
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3.9.12 Probe binding
A master mix for probe binding was prepared according to table 3.12.

Table 3.12. Probe binding constituents and master mix preparation

R AnyDeplete buffer | AnyDeplete enzyme | AnyDeplete probe | Strand selection
eagent
s mix mix [ mix enzyme mix II
1X reaction volume
5 0.5 4 0.5
(kL)
161 reaction volume
805 80.5 644 80.5
(kL)

Briefly, all reagents were thawed at room temperature, spun down by gradient centrifugation
and kept on ice. The master mix concoction was prepared in a sterile 0.5 mL tube by combining
805 pL of anydeplete buffer mix, 644 pL anydeplete probe mix, 80.5anydeplete enzyme mix
and strand selection enzyme mix II respectively. A total of 10 pL of the probe binding master
mix was added to each sample to obtain a final volume of 25 pL. The suspension was mixed
thoroughly and kept on ice. The tube was placed in a pre-heated thermocycler programmed to
run the probe binding protocol according to the following cycling conditions: 37 °C for 10
min, 5x(95 °C for 2 min, 50 °C for 30 s) and 65 °C for 5 min. The tubes were removed from

the thermocycler and spun down as previous to collect the condensation and kept on ice.

3.9.13 Targeted depletion.
The targeted depletion master mix to remove globin and ribosomal RNA was prepared
according to table 3.13 below.

Table 3.13. Targeted depletion constituents and master mix preparation.

AnyDeplete buffer | AnyDeplete enzyme Nuclease free
Reagent ) .
mix mix II water
1X reaction volume
5 4 16
(nL)
161 reaction volume
805 644 2576
(nL)

Briefly, 805 pL anydeplete buffer mix was added to a 0.5 mL containing 2576 pL nuclease
free water and 644 pL anydeplete enzyme mix II. Approximately 25 pL of targeted depletion
master mix was added to each sample to make up a final volume of 50 pL. The suspension was

mixed well, spun down as previous and placed on a pre warmed thermocycler programmed to
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execute the targeted depletion protocol according to the following cycling conditions: 65°C for
30 min, 95°C for 5 min. The tubes were removed from the thermocycler and spun down to

collect condensation and placed on ice.

3.9.14 Library amplification
The library amplification master mix was prepared according to table 3.14 below.

Table 3.14. Library amplification constituents and master mix preparation.

Amplification Amplification Amplification Nuclease free
Reagent .
reagent I reagent II enzyme mix water
1X reaction volume
10 8 0.5 31.5
(kL)
161 reaction volume
1610 1288 80.5 5071.5
(kL)

Briefly, 1610 pL of amplification reagent I was added to a 0.5 mL containing 5072 pL nuclease
free water and 1288 pL amplification reagent II and 80.5 pL amplification enzyme mix. The
concoction was mixed thoroughly by pipetting and approximately 50 pL of library
amplification master mix was added to each sample to produce a final volume of 100 pL. The
suspension was mixed well, spun down as previous and placed on a pre warmed thermocycler
programmed to execute the library amplification protocol according to the following cycling
conditions: 95°C for 2 min, 2x(95°C for 30 s, 60°C for 90 s), 13x(95°C for 30 s, 65°C for 90
s), 65°C for 5 min. The tubes were removed from the thermocycler and spun down to collect

condensation and placed on ice.

3.9.15 Amplified library purification

The AMPure XP beads were removed from storage and allowed to equilibrate at room
temperature before vortexing. A total of 70 uL of AMPure XP beads beads were added to 100
uL of the library amplification product. The suspension was mixed thoroughly by pipetting and
subsequently incubated for 10 min at room temperature. The tubes were transferred to the
magnet and incubated for an additional 5 min to allow the solution to clear. The supernatant
was carefully removed and discarded before adding 50 uL. of nuclease free water to resuspend
the bead pellet. The suspension was incubated for 2 min at room temperature prior to adding
40 pL of the bead suspension to 50 pL of the library amplification product. The suspension

was mixed thoroughly as previous and the tubes removed from the magnet. A total of 200 puL.
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of freshly prepared 70% ethanol wash solution was added to the tubes and mixed thoroughly
by pipetting. The tubes were transferred back to the magnet and incubated for 5 min to allow
the beads to settle. The ethanol was removed by pipetting and the beads resuspended in fresh
70% ethanol for the second time and incubated as previous. The ethanol was removed by
pipetting and subsequently air dried for a minimum of 5 min to remove residual ethanol. The
tubes were removed from the magnet and the dried beads resuspended in 26 pL of nuclease
free water. The tubes were incubated at room temperature for 5 min before being transferred
back to the magnet and incubated for a minimum of 2 min for the beads to settle.
Approximately 25 pL of the eluate was removed and transferred to sterile PCR tubes and kept

on ice.

3.9.16 Library quantification

Approximately 200 pL of NuQuant buffer was aliquoted into a sterile thin walled, clear, 0.5
mL tube labelled S1. A total of 195 uL. of NuQuant buffer was aliquoted into separate sterile,
clear-thin walled 0.5 mL tubes (diluted standard tube and one for each library). The diluted
standard tube was labelled S2 which represents the universal plus total RNA-seq NuQuant
library with a concentration of approximatelyl6.1 nM. A total of 5 pL of diluted NuQuant
standard or library was added to each tube containing the NuQuant buffer. The lids were
securely closed and mixed by vortexing and subsequently spun down to collect all the liquid.
The prepared libraries were quality and quantity assessed using TapeStation 2000 (Agilent)

where 2 pL of each sample was tested for quality.

3.9.17 Library pooling and assessment

The libraries were subsequently pooled at a concentration of 4nmol per sample. The library
pool was validated for sequencer loading following the Hi-Seq 4000 Illumina platform
guidelines. Finally, the libraries were denatured and diluted for sequencing according to the

guidelines and specifications of the Hi-Seq 4000 Illumina platform.

3.9.18 Sequencing by synthesis

High quality libraries were sequenced on the Illumina HiSeq 4000 platform at Francis Crick
Institute, London, UK. Briefly, the fragments were sequenced on both ends (paired-end
sequencing or PE). In the first step of sequencing the double stranded molecules were denatured

into single strands and passed over a flow cell with oligo sequences complementary to the
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adapters immobilized on its surface. Fragments bind to the oligonucleotides, and each was
bridge amplified on the spot to create a cluster of identical molecules that serve as templates
for the formation of complementary strands. Sequencing primers were added to each molecule
and the millions of molecules in the clusters were reverse complemented simultaneously. In
each sequencing step, fluorescently labelled reversibly terminated nucleotides compete to bind
with the template strands. In each step only one nucleotide is added to each growing
complementary strand. Each new nucleotide is labelled with a dye (different for each
nucleotide type) and a laser is used to identify where and which nucleotide was incorporated
in each cluster. The fluorescent dye and terminal group were subsequently removed from the
new nucleotides and the process was repeated approximately 200 times.

At the end of this process the result is a sequence of images (one for each sequencing step), in
which each lighted spot corresponds to a cluster and the color of each cluster represents a
different base type. While it is possible to analyze the images themselves to obtain the
nucleotide sequences for each cluster using software tools called Base Callers [260, 261], for
most analyses this is done at the sequencing facility and users start from text files containing
the nucleotide sequence for each cluster. These files are typically in the FASTQ file format
which includes for each cluster (read): a unique id, the nucleotide sequence and a Phred quality
score per base. These Phred quality scores Q are set by the Base Callers and are defined as Q
= —10log10(P), where P is the probability of the base call being incorrect [261]. In paired end
experiments, reads are typically split over two ordered files, one with the first end and the other

with the second.

3.9.19 Raw data handling

The raw reads obtained from the sequencer are stored in text format which represents the
sequence output for each sample. This text data about the sample is stored in FastQ file format
which is the default output of the sequencer. Raw sequenced data were shipped stored on a
hard drive by air to UCT in South Africa for further analysis. The raw data were accompanied
by sequencing report from Illumina. The Md5 checksum computational tool (indexing
algorithm) was used to index both orientations of each FastQ file. Both the raw files, a total of
603 samples and the indexed checksum file were uploaded to the UCT high performance
computing (HPC) facility using command line scripting. The indexes used ascertained that all

the files that were uploaded to the UCT server were intact and complete.
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3.10 RNA sequencing analysis pipeline

Various workflows are available to handle distinct analytical aspects of RNA-seq data.
However, configuring the available tools and chaining them into a robust analytical pipeline
has proven to be a study-specific task, demanding refined expertise for each tool and its
behavior. Furthermore, RNA-seq methods typically generate a plethora of raw reads requiring
terabytes of storage, and extensive computational capacity that render the analysis impossible
without the use of powerful servers. This trend between experimental high throughput and
processing capacity is widening, with the processing aspect slightly trailing.

The Nextflow (nf)-core/rnaseq analytical pipeline which is developed and validated by the data
scientists at Bioconductor was adapted for processing of our raw data and for data analysis
[262, 263]. Nf-core is a bioinformatics workflow manager that allows for the development of
portable and reproducible workflows. NF-core offers the benefit of parallelization and
distributed computing, which significantly increases the speed of computing tasks.

The nf-core/rnaseq pipeline is an automated linux-based pipeline for pre-processing,
quantifying gene expression and assessment of RNA-seq datasets quality. For deployment, the
nf-core/rnaseq pipeline required three inputs. First, a sample sheet containing information
about the samples to be analyzed. This is a comma-separated file with a header, 4 columns and
rows. Second, the actual raw sequences from the samples. Third, the human reference genome
(GRC-37). Using linux, the sample sheet was imported from Bioconductor and it was modified
appropriately to reflect the 603 samples that were analyzed. We also imported and deployed
the nf-core/rnaseq pipeline (v3.5) from Bioconductor, with the end goal of quantifying
transcript abundance across the 603 patient samples. All 603 patient samples were processed

with the nf-core/rnaseq pipeline which executes several tasks as outlined below.

3.10.1 Data Preprocessing
For data preprocessing, the pipeline ran a series of computational tools which prepared the raw
sequences for quantification by “cleaning” the raw unprocessed sequences. The tools are

described below.

3.10.1.1 Concatenation of identical sample file names
Identical sample names may arise from RNA library preparation or multiple sequencing runs
as an attempt to increase sequencing depth. The first step of data preprocessing included

screening and merging all samples with identical names using the concatenation (cat) tool. This

64



improves consistency in sample naming throughout the pipeline. Of note, there were no re-

sequenced samples, as such, no samples were merged.

3.10.1.2 FastQC
FastQC is a tool that provides several informative quality metrics with regards to the raw reads.
These include the quality score distribution across reads, per base sequence content

(%A/T/G/C), adapter contamination and overrepresented sequences for each sample [264].

3.10.1.3 Unique molecular identifier (UMI)-tools extract

During library preparation, amplicon duplication can occur. This is undesirable because it can
result in overrepresentation of certain transcripts which results in overestimation of their
expression in downstream analysis. This duplication in amplicons generates what is known as
PCR bias. To address issues relating to PCR-bias, UMI-tools performs read deduplication
based on unique molecular identifiers (UMIs) [265]. Deduplication refers to the process of
removing PCR duplicates were the reads have UMlIs incorporated. This works efficiently in
paired end reads. First, the extract command removes the UMI barcode from the read sequence
and incorporates it to the read name. Notably, reads must first be mapped with the splice-aware
STAR aligner before read deduplication. This step was omitted because it can remove

biologically meaningful reads and not those that are due to technical artefacts.

3.10.1.4 TrimGalore

TrimGalore was used to assess read quality and detect and trim off adapters.

3.10.1.5 BBSplit

BBSplit is a tool that groups reads and stores them in different containers (to bin) by mapping
to multiple references simultaneously. BBSplit uses one of its features called BBMap to bin
reads of the reference they map to best. There are also disambiguation options, such as reads
that map to multiple references can be binned with all of them, none of them, one of them, or
put in a special "ambiguous" file for each of them. This functionality was not entirely useful

for our dataset since mRNA was extracted from human blood.
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3.10.1.6 SortMeRNA

SortMeRNA has important functionality that removes ribosomal RNA which constitutes most
of the RNA in peripheral blood [266]. Moreover, our samples were enriched for mRNA,
nonetheless, this functionality of SortMeRNA was helpful in cleaning the data further.

3.11 Alignment

RNA-seq studies typically have a myriad of objectives, most are used for estimating expression
of specific genomic regions which could be genes, isoforms, exons, splice junctions or novel
transcribed regions. The first step to achieve this requires the identification of which features
are present in the sequencing library. Mapping of reads to these features can be challenging
given that reads are very short when compared to most genome sizes. There are three principal
approaches for mapping reads to features of interest. Here, reads were mapped to genes of an

indexed human reference genome (GRCh-37).

The nf-core/rnaseq pipeline provided several tools for read alignment and quantification. The
default splice aware mapping tool called spliced transcripts alignment to a reference (STAR)
aligner was used for mapping reads to GRCh-37. STAR is a hyper-efficient aligner with high
accuracy [267]. The default options of the nf-core/rnaseq pipeline were used to map the reads

from all the samples to the indexed GRCh37 reference genome.

3.12 Read quantification.

For read quantification, salmon was employed. Salmon is a super-fast read quantifier that can
perform both pseudo and mapped read quantification [268]. The pseudo quantification option
provided by salmon entails counting reads albeit without alignment to a reference genome.
This functionality provides an expedited method for running the pipeline. The second read
quantifier option inherent to salmon requires binary alignment map (BAM) files as input. The
latter functionality of salmon was used for quantifying reads. This allowed us the potential
benefit of identifying novel genes and isoforms down the analysis pipeline if our discovery

approach for identifying differentially abundant transcripts was not successful.

One major concern when quantifying gene expression was to identify multi-reads, also known

as multi mapping reads to avoid double counting. Multi reads are reads that map well to several
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regions of the reference genome. The reason for this occurring is two-fold: 1. The reads may
have low complexity (i.e contains sequences that map to repetitive sequences in the genome).
Alternatively, the reads map to paralogs and/or 2. The reads overlap transcripts from either
different or the same genes. We elected not to remove multi reads to avoid both the significant
underestimation and loss of vital information about gene expression. The reason for this is,
reads generated by RNA-seq are typically short between (100-500 bp). As such, removing
multi-reads could have resulted in a catastrophic loss of gene expression information. Finally,
because multi-reads were left distributed according to the neighboring coverage at each site,
salmon dealt with this predicament by assigning a count to each of the overlapping side. It is
clear how this could lead to overestimation of some of the genes that are expressed in low

abundance. Discussed below are the tools that the pipeline used for gene quantitation.

3.12.1 SAMtools
BAM files generated by the STAR/Salmon alignment algorithm were additionally processed
with SAMtools, for indexing, sorting by coordinates, and to generate read mapping statistics

[269].

3.12.2 UMI-tools deduplication

The downstream second step of UMI-barcode removal in the pipeline involved the actual
removal of duplicated reads (read deduplication) once reads are aligned to the indexed GRC37
reference genome. The duplicated reads are removed based on mapping and UMI-barcode
information. Of note, this step of the pipeline was omitted because previous findings indicated
that removing PCR duplicates carries an inherent risk of removing biologically meaningful
reads that might distort downstream findings. Moreover, neglecting to remove duplicated reads
has been reported to not cause significant artifacts in the data provided the sequencing depth
or library complexity is sufficient. Lastly, short reads and highly abundant transcripts normally
account for most duplicated reads. Data normalization in downstream analyses additionally

helps in eliminating this bias.
3.12.3 Picard MarkDuplicates

To distinguish between true biological duplication and PCR bias is virtually impossible without

incorporating UMI-barcodes in the library preparation step. Where duplicate reads have not
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been removed either on purpose or through a glitch in the pipeline, the Picard MarkDuplicate

tool facilitates the flagging of read duplicates to gauge the level of duplication for each sample.

3.12.4 StringTie
StringTie assembles RNA-seq alignments into potential transcripts [270]. It is ultra-efficient
owing to its novel network flow algorithm. The output of StringTie can be readily used in

standalone algorithms for determining differentially abundant transcripts.

3.12.5 BEDTools and bedGraphToBigWig

The pipeline used BEDTools to generate less cumbersome file sizes that are often not
convenient to use. BEDTools was utilized to generate a binary indexed file format known as
bigwig. It overcomes the limitation of working with large file formats such as the BAM files
which consume a lot of memory and are less ideal for data visualization. Importantly, bigwig

is supported by many bioinformatics tools for downstream processing and analyses [271].

3.13 Quality control using RSeQC
The pipeline uses a collection of packages called RSeQC to assess the quality of the resultant
RNA sequencing processed data [272]. A range of parameters that are evaluated by different

packages in the RSeQC suite for quality control are discussed below.

3.13.1 Infer experiment.

The strandedness of each sample must be provided to the pipeline in the input sample-sheet.
This information is not always available. Consequently, additional features have been
incorporated into the pipeline to automatically detect whether the correct information in the
sample-sheet was provided. The script run by infer experiment predicts the strandedness of the
protocol that was used to prepare the sample for sequencing. The script achieves this by
determining the orientation in which aligned reads overlay gene features in the reference

genome.
3.13.2 Read distribution.

Read distribution computes how mapped reads are distributed over genomic features. A good

result for a standard RNA-seq experiments is generally to have as many exons as possible. A
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large amount of intronic reads can be expected for a total RNA preparation and this potentially

indicates DNA contamination in samples.

3.13.3 Junction annotation
Splicing annotation is performed at two levels: splice event level and splice junction level.

Junction annotation compares detected splice junctions to a reference gene model.

3.13.4 Inner distance

For paired end reads, the distance between the end of one read and the start of the second read
is the inner distance. The inner distance script was used to determine the inner distance between
two paired-end reads. The result is indicative of the integrity of the sample which might be

affected by experimental procedure or other factors like the age of the sample.

3.13.5 Read duplication

Read duplicates may arise during library preparation as technical noise or due to valid
biological effect. Quality control to quantify level of read duplication was carried out to gauge
the level of gene duplication. Generally, samples with many duplicates are indicative of

excessive technical duplication.

3.13.6 BAM statistics
Part of the report is numerous statistics on the aligned BAM files. Detailing many metrics such

as reads that failed alignment and PCR duplicates.

3.13.7 Transcript integrity number (TIN)

The script assessed RNA integrity at transcript level. Transcript integrity number (TIN) is
analogous to RNA integrity number (RIN) which is a widely used metric to evaluate RNA
integrity at sample level. TIN is a useful measure to ensure good RNA quality and robust,

reproducible RNA sequencing.

3.13.8 DupRadar
DupRadar generates several different QC metrics and plots relating the duplication rate to gene
expression levels. This identifies experiments with high technical duplication. A good sample

with little technical duplication will show only high numbers of duplicates for highly expressed
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genes. Samples with technical duplication typically show high duplication for all genes,

irrespective of transcription level.
3.13.9 MultiQC report

The pipeline also produces a multiQC report where all the QC and all the statistics for the QC

check points are included [273].
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3.14 Differential gene expression analysis

To assess for quantitative differences between the samples of patients who developed
paradoxical TB-IRIS and TB-non-IRIS controls at different sampling time points, differential
gene expression analysis was performed. Several statistical tools are available for the
identification of differentially expressed genes (DEGs) across groups of samples [274]. Among
the many, one method that models the heteroscedastic nature of RNA-seq data better than
others but with some reservations, is the generalized linear-fit model (GLM) offered by the
negative binomial (NB) model. Heteroscedasticity in RNA-seq data occurs when the variance
of the predicted variable (gene expression) across a range of samples in not constant [274].
For technical replicates in RNA-seq experiments, heteroscedasticity is modelled well by the
linear Poisson model which assumes that the mean expression of a gene across all samples is
equal to the variance. However, the model struggles to account for the typical extra variability
also known as over-dispersion which is inherent to biological replicates (reflecting intra group
variance). Over-dispersion is problematic particularly in RNA-seq expression data sets
containing few biological replicates (less or equal to 10) which is common. Huber and
colleagues developed a statistical algorithm called DESeq2, which accounts for over dispersion
by sharing statistical data between the biological replicates. In our RNA-seq experiment, we
had access to a minimum of 44 samples per group which theoretically would negate many of

the limitations posed by lack of experimental power.

3.14.1 DESeq?2

Following successful completion of the nf-core/rnaseq pipeline, the results generated by the
pipeline were downloaded from the UCT-HPC server to a local machine where further analyses
were performed. The sequencing results included a read count matrix, which represents genes
as rows, different samples as columns and the values as counts. The counts reflect the number
of reads mapping to a particular gene in a particular sample and as such, are the basic unit for
measuring gene expression in RNA-seq data sets. Counts have several important properties.
They are discrete data and are represented as whole numbers having a dynamic range and more

notably, are not normally distributed.
DESeq? is a statistical method available as a package in the dynamic R programming language

[275]. The R statistical language provides built-in functions and algorithms that can transform

the raw counts into expression data that has been normalized for size factors, discreteness, large
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dynamic range, outliers and modeled to generate a list of DEGs between two biologically
distinct conditions [276]. It accomplishes this by calculating shrinkage estimates for
dispersions and fold changes with improved interpretability and stability. DESeq2 accepts as
input a raw counts matrix with genes and samples as attributes. Additionally, DESeq2 requires
a sample information table with the number and order of the samples corresponding to the
counts-matrix. Lastly, DESeq2 requires a design formula which specifies the conditions to be
compared. Of note, the conditions must have a factorial design. Several key operations

performed by DESeq?2 are elaborated below.

3.14.1.1 Normalization

Normalization is the process of scaling raw count values to account for the size factors. In this
way, the expression levels are more comparable between and/or within samples. Size factors
include sequencing depth and gene length. Both sequencing depth and gene length were
accounted for because our analysis included both cross-sectional and longitudinal analysis
strategies. Sequencing depth is defined as the average number of reads mapping to a particular
locus in the reference genome. It is vital to account for sequencing depth when comparing gene
expression between samples because if one sample has more sequencing depth than the other,
it might appear that the gene in a sample with more sequencing depth is more expressed than
the gene in a sample with less sequencing depth at a particular time point. Additionally, it is
important to account for gene length when performing differential gene expression analysis
within the same sample. This is because a short gene with more reads mapping to it might seem
like it is more expressed compared to a longer gene with fewer reads. Lastly, another factor
that is normalized for size factors is the type of RNA. Contamination with other RNA species

has the potential to skew other normalization methods.

In the backend of DESeq2, multiple steps are computed for data normalization which relies on
the median of ratios method. The null hypothesis (Ho) for DGEA using DESeq2 is that none
of the genes are differentially expressed and as a result, the computed normalization factor
accounts for library size and RNA composition bias when comparing two biologically distinct
groups. Briefly, DESeq2 creates a pseudo reference sample and computes the geometric mean
for each gene across all samples. The counts for each gene are subsequently divided by the
computed geometric mean. This results in similar ratios for genes that are not differentially

expressed. The median of these ratios in each sample, is called the normalization factor also
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known as the size factor for each sample. Finally, multiplying the raw counts with the computed

normalization factor produces normalized counts.

3.14.1.2 Estimating size factors

The reliable estimation for intra-group variance using a small number of biological replicates
(typically less than 10) is a challenging task. DESeq2 employs shrinkage estimation for
dispersions and fold changes to do this effectively. Using biological replicates, DESeq?2 utilizes

a modeling algorithm to estimate a dispersion value for each gene.

Inferential methods that treat each gene separately suffer here from lack of power, due to the
high uncertainty of within-group variance estimates. Many methods available for differential
gene expression analysis overcome this limitation by sharing information across genes, by
exploiting the assumptions made about the similarity of the variances of different genes
measured in the same experiment. DESeq2 detects and corrects low dispersion estimates
through modeling of the dependence of the dispersion on the average expression strength over

all samples by exploiting the mean-variance relationship across all samples.

3.14.1.3 Model fitting

For modeling, DESeq2 fits the generalized linear model called the negative binomial
distribution model for each gene. The Wald test is employed for significance testing and
hypothesis testing and generates a p-value to distinguish between DEGs and non-DEGs. The
Wald statistic is generated as part of the computation and includes other parameters including
the base mean expression of a gene across all samples, the log2 fold change which describes
the effect size or the magnitude by which the expression of a gene changes, the log2fold change
standard error which accounts for the accuracy of the log2 fold change metric, the Wald
statistics, the p-value indicating the level of significance and the adjusted p-value which
corrects the p-value for multiple comparisons or multiple hypothesis testing. Moreover,
DESeq?2 uses the Cooks' distance to automatically detect and remove genes with outliers from
the count matrix to avoid spurious findings. Finally, DESeq2 automatically excludes genes
whose mean of normalized counts is below a threshold determined by an optimization
procedure. This improves the detection power by making the multiple testing adjustment of the

p-values less severe.
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3.14.1.3 Multiple hypothesis testing problem

Adjusting for multiple hypothesis testing is essential in RNA-seq data analysis. An alpha level
of 0.05 was applied to 10 000 permutation tests for which roughly 500 false positives were
expected. Many statistical methods are available to deal with the problem of multiple
hypothesis testing. By default, DESeq?2 uses False Discovery Rate (FDR) to address this. FDR
is calculated as the ratio of estimated falsely significant genes over the number of significant
genes declared. The number of false positive genes is estimated by the average of significant

genes from all permutations.

3.15 Exploratory analysis

To evaluate trends in our data, exploratory data analysis (EDA) was performed prior to ART
initiation (week 0), at week 2 and 12 on ART in samples from patients who were allocated
either placebo or prophylactic prednisone who developed paradoxical TB-IRIS and those who
did not (TB-non-IRIS controls). Discussed below are the EDA that were performed.

3.15.1 Principal component analysis (PCA)

Principal component analysis (PCA) is a dimensionality reduction technique used in high
throughput datasets to cluster samples with similar variance [277]. A DESeq?2 inherited method
called plotPCA was used to visualize the 500 most variable genes in samples from patients
who either received placebo or prophylactic prednisone who developed paradoxical TB-IRIS

compared to TB-non-IRIS controls at week 0, week 2 or 12 on ART respectively.

3.15.2 Minus over average (MA) plots

For preliminary analysis, the results were explored using a DESeq2 inherited method called
Minus over Average (MA) plot. MAplot enables the visualization of genes that are up or
downregulated by contrasting the mean of the normalized counts against the log2 fold change
metric for all tested genes. The DEGs are traditionally colored for ease of identification. The
MAplot provides the benefit of quickly evaluating the magnitude of the log2fold change metric

and its distribution across the mean expression.

3.15.3 Heatmap of DEGs
Other unsupervised learning utilities such as heatmaps which provide visual summary of the

gene expression data were capitalized upon. A pHeatmap package from CRAN repository was
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employed for this task [278]. Heatmap functions accept matrices of counts as input together
with several customizable and default arguments. DEGs from patients who received either
placebo or prophylactic prednisone who developed paradoxical TB-IRIS and TB-non-IRIS

controls were visualized at week 0, 2 or 12 respectively.

3.16 Functional enrichment scoring

The process of extracting both accurate and concise gene information from RNA-seq derived
differential expression data is both tedious and challenging. Recent methodological advances
have enabled researchers to accurately identify the genes underlying a condition under
investigation and evaluate their level of significance. However, one major limitation behind
this approach is that individual-gene level analysis often yields a plethora of significant genes,
with a small fraction underpinning the condition under investigation. This presents a challenge
for scientists to accurately interpret the data. Recent efforts have yielded innovative approaches
for studying DEGs and they rely on the discovery of significant biological pathways using a
set of a priori defined genes as opposed to data mining a list of individual DEGs. One major
benefit behind discovery approaches is that the gene set of interest may include moderate

effects of individual genes that are not captured by the analysis of individual DEGs.

The statistical methods for testing the multivariate null hypothesis associated with gene set
discovery approaches is well established [279]. Maciejewski and Henryk distinguished
between the utility of “self-contained null hypothesis” and “competitive null hypothesis” which
underlie discovery approaches such as gene set analysis. “Self-contained null hypotheses” are
defined as hypothesis testing that no gene in the gene set of interest is differentially expressed;
while a competitive null hypothesis is defined as the proportion of genes that are different
between the two groups [280]. This is equivalent to the proportion of genes which are
differentially expressed among the genes in experimental comparators outside the gene set.
The corresponding test statistic in both cases is determined by calculating sample and gene
permutations respectively.

I present below gene set enrichment analysis which was used in chapter 5 to summarize DEGs
into biological pathways. Gene set enrichment analysis is a hybrid approach between

competitive and self-contained hypothesis testing methods [281].
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3.16.1 Gene set enrichment analysis (GSEA)

Gene set enrichment analysis (GSEA) is a type of gene set analysis technique that takes as
input all of the DESeq?2 derived gene list that are pre-ranked by some metric. Log2fold change
values otherwise known as effect size were used for pre-ranking. The Reactome C2CP curated
database was used in conjunction with the ranked gene list to summarise genes into functional
profiles. GSEA subsequently groups the gene list into biological pathways based on a curated
gene set. In this way, GSEA overcomes the limitations associated with individual gene analysis
methods [282, 283]. Briefly, based on the experimental design, all genes in the DESeq?2 derived
gene list are ranked based on some metric of differential expression, typically log2 fold
change,. The hypergeometric enrichment test or the Fisher’s exact test was used to iterate
between a curated, predefined gene-set and a pre-ranked gene list and calculates the
enrichment score using the random walk test statistic. Subsequently, a p-value that indicates
the probability of significance is calculated for each gene-set. The latter metric indicates the
distribution of genes in the gene-set located in the ranked gene list. For each gene-set, an
enrichment score based on the genes that are up or downregulated is calculated. Permutation
tests are used to evaluate the significance of the enrichment score for each gene-set and an false
discovery rate (FDR) value is calculated for a collection of sets of genes [283]. Ultimately,
identifying biological pathways that underlie the condition under investigation is more
meaningful than searching for individual genes for the following reasons: in a biological
system, genes function together in biological pathways as opposed to functioning in isolation;
the interpretation of a list of significantly enriched biological pathways based on a priori
knowledge of the biological functions is more intuitive than interpreting and data mining
individual genes; RNA-sequencing data is inherently noisy, as such, pathway analysis is well
suited for detecting subtle changes in gene expression that underlie a condition under
investigation as opposed to using individual gene analysis. Finally, the identification of
significantly enriched biological pathways is more reproducible across different platforms in
todays’ dynamic and fast paced clinical research that seeks to translate research into clinical
practice. Therefore, the overarching aim behind computational pathway analysis tools is to
identify pathways that are over- or under- represented in a phenotype of interest. We used the
C2 canonical Hallmark gene-set from Molecular Signature Database (MSigDb) and Reactome
database which currently contain 50 curated gene-sets which add up to over 4500 genes [284-

286].
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3.16.1.1 Computing the gene level statistic

The required input for computing GSEA includes a pre-ranked list of differentially abundant
transcripts derived from DESeq2 or any other statistical tool with synonymous functionality.
Transcripts were pre-ranked by log2fold change (LFC) metric. The LFC values indicate the
direction and magnitude of the change in gene expression. The p-value indicates whether the
change in gene expression is significant or not. The calculated statistic is known as a gene level
or the local statistic. The top and bottom of the ranked gene list contain all the significantly
upregulated and downregulated genes respectively; the middle of the ranked gene list contains

the genes with no significant change in gene expression.

3.16.1.2 Computing the global statistic.

The algorithm used to calculate global statistic is over-simplistic but the underlying statistical
approach for summarising genes into biological pathways is complex. To calculate the global
statistic, two inputs are required, the pre-ranked gene list and candidate gene sets from a curated
database. The Human MSigDB collections C2 canonical pathway (CP) candidate gene-sets
from Reactome were used in conjunction with a pre-ranked gene list to establish gene
membership [286]. The enrichment score which is the global statistic for each candidate gene-

set was subsequently calculated.

3.16.1.3 Computing random walk test statistic

GSEA employs a permutation-based approach using Kolmogorov Smirnov statistic to
determine if a pre-defined gene-set is differentially expressed between the two tested
conditions [283]. In a curated database, GSEA evaluates a single gene-set candidate at a time
against a ranked gene list to establish gene membership. The iteration begins at the top of the
rank containing upregulated transcripts. If a gene constitutes a member of the candidate gene
set, it is added to a running sum, otherwise, it is subtracted. The value that is added or subtracted
is called the running sum and is proportional to the quantitative value of each gene that was
used for ranking. This process is repeated for each gene in the ranked list. The enrichment score
(ES) for each candidate gene-set is calculated as the largest absolute value that the running sum

achieved. Therefore, the enrichment score plot depicts how the running sum changes as one
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iterates from the top of the ranked gene list to the bottom. The ES is one of the most important
features of the ES plot. The ES is the height or the maximum point on the plot. It is defined as
the maximum deviation from zero and it indicates the extent to which the gene set is at the top
or the bottom of the ranked gene list. A positive ES indicates upregulated genes or gene-sets

that are at the top of the ranked gene list and conversely for a negative ES [283].

3.16.1.4 Leading edge subset

The leading edge genes is a subset of candidate gene members that contribute most to the ES.
These appear in the ranked gene list before the peak of the ES. Because these influence the ES
dramatically, they are highly associated with the phenotype in question [283].

3.16.1.5 Computing the statistical significance level of the global statistic

The statistical significance of the ES was determined by calculating a p-value using the
Kolmogorov-Smirnov test (KS-test). This entails performing a minimum of 1000 permutations
of the phenotype labels. Following this, the statistical significance of each gene set is evaluated
by comparing the ES to the 1,000 permuted ES values. The KS-test essentially evaluates
normality of the generated ES. For instance, if the ES follows normal distribution then the KS
is greater than 0.05. Alternatively, the KS generates a p-value of less than 0.05. This means
there is a significant difference from normal distribution. Therefore, the null hypothesis is

rejected [283].

3.16.1.6 Adjusting for multiple hypothesis testing

After calculating the ES for different gene sets and determining their level of significance, the
differences in gene set sizes were adjusted for. This made possible the comparison of the results
across different gene sets. The outcome was a new score called the normalized enrichment
score (NES). The NES is calculated by dividing the corresponding observed ES (for each gene
set) by the average of ES over all permutations. An adjusted p-value was calculated to infer

statistical significance when comparing different gene sets, a process known as estimating the

78



false discovery rate (FDR). The FDR represents the expected proportion of gene sets falsely
identified as significant. The Benjamini Hochberg (BH) test was used to calculate the FDR,
which computes the ratio of two percentages: the numerator containing NES from all the
permutations of all gene sets; and the denominator containing NES from only significant gene
sets and multiplied by a chosen threshold [287]. Typically a threshold of 20% is used, which
has an assumption that 20% of all positive findings are potentially false positives. However, in

our analyses, a more stringent threshold of 10% was used.

3.17 Biological Networks

Biological networks are graphical depictions of associative or probabilistic interactions
between components of a biological system such as genes, proteins, or metabolites. Different
types of networks such as directed and undirected networks exist. In this study, weighted
directed networks with edges between genes that represent co-expression associations between
the nodes were used as exploratory tools to analyze system level gene topology and

functionality [288].

3.17.1 Co-expression gene networks

A gene co-expression network consists of gene expression profiles, depicted as nodes (also
known as vertices) and gene connections depicted as edges (or arcs) [289]. Edges occur
conditionally when two genes are significantly correlated or co-expressed. A co-expression
gene network can be undirected or directed. In an undirected co-expression network, each node
is connected to another node with at least one edge. In contrast, a directed co-expression
network has nodes that are connected together where all edges are directed from one node to
another [288]. With expression profiles from several RNA samples, co-expression similarity
for each gene pair can be computed. Co-expressed genes are biologically meaningful because
nodes in a co-expression network may represent biological functions or pathways. Numerous
computational methods and tools have been developed to construct co-expression gene
networks [288, 290]. Such methods measure the expression similarity between each gene pair
in the data by ranking correlations that are represented in a topology overlap matrix (TOM)

(e.g. by using Pearson or Spearman), where weak (i.e., non-significant) correlations are
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removed. We explored one such method known as weighted gene co-expression network

analysis.

3.17.1.1 Weighted gene co-expression network analysis (WGCNA)

When constructing a weighted gene co-expression network, a soft threshold is applied to assign
each pair of genes a connection weight. This helps identify genes that are upregulated and
downregulated, respectively. In WGCNA, highly correlated nodes form clusters, which are
characterized by highly interconnected genes, also collectively known as modules. Within each
module, module eigengenes are identified as representative of the module’s overall gene
expression pattern. A module eigengene is technically defined as the first principal component
of that module, capturing the largest proportion of the variance in gene expression within the

module, thus serving as a generalizable gene expression pattern of the given module [288].

3.17.1.1.1 Sample pre-processing

Normalized and variance stabilized expression counts that were filtered for low counts were
provided as input for WGCNA using the R statistical language. Hierarchical clustering
approaches were used to identify and exclude outlier samples from both the expression
matrix and the database containing information pertaining to the samples. This was done for

analyses conducted at week 0 and week 2 on ART.

3.17.1.1.2 Network construction- from a gene expression matrix to a similarity matrix

The gene expression matrix was transformed into a similarity matrix. This was achieved by
computing the absolute value of the Pearson correlation between each gene pair. The resulting
similarity matrix provides a measure of the level of similarity between gene expression profiles

across genes otherwise known as co-expression [288].
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3.17.1.1.3 From a similarity matrix to an adjacency matrix

An adjacency function was used to transform a similarity matrix containing co-expression
similarity values into an adjacency matrix. The choice of the adjacency function depends on
the weight properties of the network. The term weight properties reflects whether a network is
weighted or unweighted. For WGCNA, soft thresholds were applied to the similarity matrix to
generate a weighted adjacency matrix. The application of soft thresholds helps to identify genes
that are either up or downregulated. Soft thresholding is used to define a power for the
adjacency function, where power or beta values that allows for the generation of a network that

satisfies scale free topology are calculated [288, 291].

3.17.1.1.4 Scale-free Topology

An important characteristic of a scale-free network is that the frequency of node connectivity
follows the power law. In a power-law distribution, scale-free topology is directly related to
the growth of the network, where new nodes prefer to connect with existing nodes. As a result,
a network with scale-free topology is characterized by nodes with high connectivity. The
Pearson correlation measures the strength of the linear relationship between two variables, and
in this instance, gene pairs. The square of the Pearson correlation (R?) is used to illustrate the
extent to which a network satisfies scale-free topology [288]. An R? approaching 1
approximates a straight line which signals a good fit for the data, thus signifying a scale-free
network. Trade-offs exist between maximizing R? and retaining a high mean number of
connections. Only adjacency function parameter values leading to a scale-free topology fitting
index of R? > 0.80 should be considered. The mean connectivity should also be high enough to
contain enough information for module detection [288]. Therefore, an R? value above 80%
with a corresponding mean connectivity was chosen as the power or beta value. The similarity
matrix was raised to this Beta value to generate a weighted adjacency matrix which contains
the connection strengths between node pairs. The topology of scale-free networks is largely
controlled by highly connected nodes called hubs . One of the implications of scale-free
topology is that relatively few hubs exist in the network. Less-connected nodes are linked to
the hub, forming a network. An important characteristic of scale-free networks is that they have

a relatively large error tolerance [292].
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3.17.1.1.5 Selecting Adjacency Function Parameters

Several factors are accounted for when determining the parameters of the adjacency function.
These include sensitivity and specificity since they define the gene pair connection strengths.
The connectivity of a node is defined as the number of its direct connections with other nodes.
The resulting weighted adjacency matrix was transformed into a topological overlap matrix
(TOM) which is another important measure of node connectivity which has been shown to be
superior to other standard measures. Finally, the TOM was transformed into a dissimilarity
matrix which was subsequently used for unsupervised hierarchical linkage clustering of genes

[288, 291].

3.18 Gene Module Identification

Subsequent to network construction is module detection. Modules are clusters of closely
interconnected nodes (i.e. genes with high overlap). A weighted topological overlap measure
has been shown to deliver more interconnected modules than an unweighted measure. The
WGCNA package uses unsupervised clustering to identify gene modules. Using a TOM-based
dissimilarity, average linkage hierarchical clustering is performed using the standard R
function Aclust. Modules are depicted as dendrogram branches, and cutting is performed using
the dynamic hybrid tree cut algorithm [288]. A TOM plot is a color-coded matrix representation
of a summary of the co-expression network, which depicts the values of the dissimilarity
matrix. Rows and columns are sorted by the hierarchical clustering dendrogram. Red and
yellow indicate low and high dissimilarity respectively (see Figure 5). Modules are described
as red squares along the diagonal. Of note, the TOM plots are symmetric along the diagonal
because they are graphical representations of the topological overlap matrix which is also

symmetric.

3. 19 Intramodular Connectivity and Module Membership

Network connectivity can also be defined with respect to each individual module. The
intramodular connectivity and the TOM-based intramodular connectivity can be defined
similarly to whole-network connectivity. Intramodular connectivity measures have been shown
to be more biologically significant than whole-network connectivity. Hierarchical clustering

results in a binary module assignment. Each gene is either in a particular module, or not in that
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module. Therefore, it can be beneficial to define a continuous measure of uncertainty of module
assignment. This is valuable for genes that are near module boundaries. The module
membership of each gene in a module is the expression profile of the gene and is the module

eigengene of that module [288, 291].
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3.20 Investigation of inhibitors targeting Inflammasome related targets

3.20.1 Background

Work by Lai and colleagues previously reported that hypercytokinemia in TB-IRIS is
contributed by the activation of canonical and non-canonical inflammasomes, in which
inhibition of inflammasomes by non-selective pan-Caspase inhibitor can significantly reduce
the production of pro-inflammatory cytokines including IL-la and IL-1fB [25]. To better
understand whether specific inhibition of inflammasomes or its downstream effectors (e.g. IL-
1 cytokines or eicosanoids) can confer better protection in TB-IRIS than a non-specific anti-
inflammatory agent such as prednisolone, a panel of anti-inflammasome inhibitors were
assessed in comparison to prednisolone. The optimal concentrations of the experimental
inhibitors were first determined with antigen-stimulated peripheral blood mononuclear cells
(PBMC) from healthy donors, then their effect tested on PBMC collected from patients from
the Pred-ART trial. Prednisolone, and a vehicle mock (e.g. DMSO) were used for
benchmarking. Cell culture supernatants were collected for Luminex assay to measure secreted
concentrations of pro- and anti-inflammatory cytokines and chemokines. A cell death assay

(lactate dehydrogenase quantification) was performed to assess drug induced cytotoxicity.

3.20.2 Broth culture of Mycobacterium tuberculosis (H37Rv)

Mtb is classified as a class 3 pathogen that can cause severe disease for which therapeutic
intervention is available. Due to its capacity to spread via aerosol and cause disease, its
handling requires strict measures under biosafety level (BSL) III conditions where air flow is
tightly regulated. The surface of the biosafety level II cabinet (BSCII) was decontaminated
with 10% Incidin and 70% ethanol. All the material that was handled inside the BSC II
including pipettes, pipette boxes, and culture flasks were decontaminated prior to being
transported inside the BSCII. A pre-culture of H37Rv was prepared by inoculating a freezer
stock in 7H9 with proper supplementation to a final volume of 10 mL in a 50 mL culture flask.
The surface of the culture flask was decontaminated with 70% ethanol and carefully placed in
a secondary container which was sealed in leak proof autoclavable waste bag. The double
contained flask was carefully remove from the hood and incubated at 37 °C without shaking.
The cultures were monitored daily for growth by measuring the ODsoo using a
spectrophotometer until it reached a value of 1. Approximately 0.5 mL of the pre-culture was
inoculated in 10 mL sterile broth of properly supplemented 7H9 media. The culture flask was

contained and incubated as previous and allowed to reach a final concentration (ODsoo) of 0.5.
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A total of 1 mL Mtb-H37Rv culture was aliquoted in sterile1.5 mL Eppendorf tubes and sealed
with parafilm inside the BSCII.

3.20.3 Heat killing of Mtb-H37Rv

The parafilm sealed aliquots were safely transported outside the BSCII to a uniformly heated
water bath. The cultures were heat killed at 80 °C for 2 hour and subsequently plated for
colonies to ensure that there was no viable colonies. The heat killed cultures were safely
transported out of the BSL III laboratory in an upright position and additionally contained in
sterile double ziplock bags and stored at -80 °C in the BSL II laboratory for subsequent

stimulation experiments.

3.20.4 Multiplicity of infection (MOI) determination

A titration of 3 different PBMC to Mtb-H37Rv ratios were set up to determine the optimal
multiplicity of infection (MOI) that could induce a detectable cytokine response. Cells were
recovered from cryopreservation as previously described and resuspended to a final
concentration of approximately 250,000 cells/200 puL and stained for viability. Cells were
seeded in a 96 well plate and four conditions were tested as follows: unstimulated cells and
cells incubated with the different ratios of Mtb-H37Rv for 12 hours as follows: MOI of 1, 2
and 5, respectively. After 12 hours of incubation, the cells were sedimented by gradient
centrifugation at 1200 rpm for 6 min and the supernatant collected and transferred to a sterile
plate. The supernatants were tested for cytokine production using a custom 7-plex Luminex

panel (Table 3.15).

Table 3.15. Tabular list of 7-multiplexed analytes measured by Luminex, their class and
function. Multiplexed analytes were measured by Luminex assay for optimization purposes
following ex vivo cell culture of and stimulation of peripheral blood samples obtained at week
2 on ART from patients who developed paradoxical tuberculosis immune reconstitution
inflammatory syndrome while enrolled in the TB-ART cohort study. Analytes represented
proinflammatory cytokines, chemokine and proteases that were previous associated with

paradoxical TB-IRIS.

Analytes Class Function

IL-1a Cytokine Modulates inflammation
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IL-1PB Cytokine Modulates inflammation
IL-8 Cytokine Chemo-attractant

IL-10 Cytokine Activate CD4 lymphocytes
IL-18 Cytokine Modulates inflammation
IFNy Cytokine Activate innate immune cells
TNFa Cytokine Modulates inflammation

3.20.5 Cell number titration

PBMCs from one healthy participant were recovered from cryopreservation as previously
described. A total of 200 pL of either 10 million cells/mL or in subsequent re-optimization,
1.25 million cells/mL which corresponds to 250,000 cells/200 pL. were seeded for 5 different
conditions. A total of 100 uL of RPMI supplemented with 2% FCS was added to the remaining
wells. A 2-fold dilution series was performed by mixing 100 pL of the cells with 100 pL of
properly supplemented RPMI. Similarly, heat killed Mtb-H37Rv was titrated in a sterile 96
well plate in a 1:1 ratio based on the highest cell concentration (250 000 cells/200 pL). The
last four conditions were stimulated with a 1:1 dose of heat killed Mtb-H37Rv and treated with
5 nM optimized drug concentration of candidate drugs. The suspension was incubated for 12
hours, and the supernatant harvested by gradient centrifugation at 1800 rpm for 3 min. The
cells were transferred to a new sterile plate and tested for drug mediated cytokine reduction by

Luminex.

3.20.6 Optimization of the minimum amount of time required to induce a detectable cytokine
response.

Participant PBMC were seeded in a sterile 96 well plate and allowed to recover from
cryopreservation as previously described (see section 3.3). To determine the optimal time
required to induce cytokine production, cells were stimulated with heat-killed Mtb-H37Rv for
either 6 or 12 hours. Cells were sedimented by gradient centrifugation at 1800 rpm for 3 min.
The supernatants were collected and stored in a sterile 96 well plate and used for multiple

analyte detection by Luminex.

3.20.7 Determining dose dependent drug responses.
A total of 8 drugs were screened (7 FDA approved) including 2 pan-Caspase anti-inflammatory

inhibitors (Z-VAD-FMK; Ac-VAD-CMK), 2 inflammatory lipids/eicosanoid inhibitors
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(Naproxen; Celecoxib), 2 inflammasome inhibitors (Vx-765; Parthenolide-not FDA approved)
and Anakinra - an IL-1 receptor antagonist which acts downstream of the inflammasome to
block effector molecules. The capacity of the candidate drugs to reduce markers that are
associated with inflammation was evaluated and compared to prednisolone which is the current

drug of choice for treating inflammatory disorders including paradoxical TB-IRIS.

Briefly, cryopreserved PBMC from one healthy individual were rapidly thawed at 37 °C and
subjected to two washes in RPMI media containing 20% FCS by gradient centrifugation at
1600 rpm for 6 min. PBMC were rested overnight (~12 hours) and were subsequently seeded
to approximately 250 000 cells/200 puL. Dose responses were determined by stimulating PBMC
with an optimized MOI of 1:1 of heat killed Mtb-H37Rv grown to ODeoo 0.5. The cultures
were subsequently treated with a panel of drugs at 6 standardized concentrations ranging from
1 uM; 500 nM; 100 nM; 50 nM; 25 nM and 5 nM for all drugs. Plates were incubated for 12
hours at 37 °C in the presence of 5% CO. Plates were subsequently spun down at 1800 rpm
for 3 min for cell supernatant harvesting. A total of 180 uL of cell culture supernatants were
stored at -80 °C for downstream detection of multiplexed analytes by Luminex, ELISA and the
detection of the marker of cell death by lactate dehydrogenase assay. Cell pellets were
resuspended in 200 pL Trizol and frozen at -80 °C for RNA extractions. Only two drugs
showed competitive anti-inflammatory capacity (Table 3.16, parthenolide and anakinra)

relative to prednisolone (Figure 3.4).

Table 3.16. Inflammasome-related Inhibitors used in the ex vivo cell culture and stimulation
of peripheral blood samples obtained at week 2 on ART from patients who developed
paradoxical tuberculosis immune reconstitution inflammatory syndrome while enrolled in the

Pred-ART trial.

Inhibitors Final concentration used (nM) | Function

Anakinra 5 IL-1 receptor blocker

Parthenolide 5 Anti-inflammatory agent derived from
herb

Prednisolone 5 Anti-inflammatory agent with broad
effects
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Both parthenolide and anakinra were subsequently tested for the capacity to reduce markers of
inflammation in PBMC samples obtained at week 2 on ART from patients that were enrolled

in the Pred-ART trial

| 1 2 3 4 65 6 7 8 9 10 1 12

- e A @OOOOO®OON
] Tl e000e0e0ens
et @O0 OO@O@CN

! r ©OOOOOOOO I

e (@OOO@O@O@C ) )

et {OOOO@O®
L3 _

) —0——o —>» — o
TB-IRIS Patients £ & & £ & ¥ > o
c,&\o S é_@‘ _\"ao xq's @\ < f i>°é f
S
Non-IRIS Patients @t’ @'9 f o v.éb ol
] ¢ § @9

Figure 3.4. Schematic of the experimental design for the ex vivo cell culture of patient
peripheral blood mononuclear cell (PBMC). Patient PBMC were stimulated with heat-killed
H37Rv and subsequently treated with drugs including parthenolide and anakinra.

Prednisolone was used for benchmarking capacity to reduce markers of inflammation.

3.21 Assays for downstream detection of analytes

3.21.1 Luminex

3. 21.1.1 Sample preparation

Cell culture supernatants were diluted 2-fold in RD6-52 prior to use.

3. 21.1.2 Reagent preparations

All reagents were brought to ambient temperature before use.
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3. 21.1.3 Wash buffer preparation
To prepare 500 mL of wash buffer, 20 mL of wash buffer concentrate was thoroughly mixed

with 480mL of deionized or distilled water.

3. 21.1.4 Preparation of standards

The custom 15-multiplex kit (Table 3.17) of pro-inflammatory cytokines and chemokines and
metalloproteinases was procured from R&D biosystems and contained six standards (B, E, R,
A, X and C), magnetic beads/microparticle, calibrator diluent (RD6-52), sample-diluent (RD2-
1), Biotinylated antibody, and PE streptavidin and plate sealers and a sterile, clear, flat bottom

plate.

Table 3.17. Tabular list of multiplexed analytes measured by luminex and their class and
function. Multiplexed analytes were measured by Luminex assay following ex vivo cell culture
of and stimulation of peripheral blood samples obtained at week 2 on ART from patients who
developed paradoxical tuberculosis immune reconstitution inflammatory syndrome while
enrolled in the Pred-ART trial. Analytes represented proinflammatory cytokines, chemokine

and proteases that were previous associated with paradoxical TB-IRIS.

Analytes Class Function

GM-CSF Cytokine Promotes innate cell differentiation
IL-1a Cytokine Modulates inflammation

IL-1PB Cytokine Modulates inflammation

IL-6 Cytokine Modulates inflammation

IL-8 Cytokine Chemo-attractant

IL-10 Cytokine Role in anti-inflammation

IL-12 Cytokine Activate CD4 lymphocytes

IL-17 Cytokine T cell and neutrophil activation
IL-18 Cytokine Modulates inflammation

IFNa Cytokine Stimulate/inhibit immune function
IFNB Cytokine Stimulate/inhibit immune function
IFNy Cytokine Activate innate immune cells
MMP 9 Protease Remodels extracellular matrix
MMP 10 Protease Remodels extracellular matrix
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TNFa Cytokine Modulates inflammation

Standards were prepared in duplicate as follows: the standards were reconstituted in 275, 225,
225, 250, 250 and 275 volumes (uL) of calibrator diluent RD6-52 respectively. The standards
were allowed to equilibrate to ambient temperature for 15 minutes with gentle agitation at 300
rpm. A total of 100 pL of each reconstituted standard was added to a sterile 1.5 mL Eppendorf
tube labelled S1 and topped up to 1 mL. A 1:3 dilution series was prepared by transferring
100puL of S1 to a sterile 1.5 mL Eppendorf tube labelled S2 containing 200 uL. RD6-52 diluent

and subsequently up to S7 as illustrated in the schematic below. Of note, standards were used

within 1 hour of preparation.

Figure 3.5. Diagrammatic illustration of preparation of standards for the 7-plex and 15-plex
Luminex assay. Standards were prepared by reconstituting in recommended calibrator diluent
(RD6-52) and 100 uL of each standard transferred to a tube labelled S1 which was topped up
to a final volume of 1 mL. A serial dilution was performed by transferring total volume of 100

uL of S1 to S2 and down to S7 to produce a 1:3 dilution.

3. 21.1.5 Preparation of microparticle cocktail
The microparticle cocktail vial was centrifuged for 30 seconds at 1000 xg to pull down the
mixture and subsequently vortexed for a minimum of 120 seconds to mix the contents of the

vial. The microparticle cocktail was diluted in RD2-1 buffer according to the table below:
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Table 3.18. Required volumes for the preparation of microparticle or beads solution. Beads

were prepared for 20 samples with 5 conditions per sample

Number of wells used Streptavidin-PE concentrate (uL) Wash buffer (mL)
96 500 5
72 375 3.75
48 250 2.50
24 125 1.25

3. 21.1.6 Preparation of antibody cocktail
The antibody cocktail vial was centrifuged for 30 seconds at 1000 xg to pull down the mixture
and subsequently vortexed for a minimum of 120 seconds to mix the contents of the vial. The

antibody cocktail was diluted in RD2-1 buffer according to the table below:

Table 3.19. Required volumes for the preparation of the antibody cocktail solution. The

antibody cocktail was prepared for 20 samples with 5 conditions per sample

Number of wells used Streptavidin-PE concentrate (uL) Wash buffer (mL)
96 500 5
72 375 3.75
48 250 2.50
24 125 1.25

3. 21.1.7 Preparation of Streptavidin PE
Streptavidin PE vial was centrifuged for 30 seconds at 1000 xg to pull down the mixture and
subsequently vortexed for a minimum of 120 seconds to mix the contents of the vial. The

Streptavidin PE mixture was diluted in wash buffer solution according to the table below:

Table 3.20. Required volumes for the preparation of streptavidin-phycoerythrin (PE) solution.

Streptavidin PE was prepared for 20 samples with 5 conditions per sample

Number of wells used Streptavidin-PE concentrate (uL) Wash buffer (mL)
96 220 5.35
72 165 4
48 110 2.65
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24 55 1.35

Approximately 50 uL of blank (RD6-52) standards and cell culture supernatants were added
to appropriate wells of a sterile, flat and clear bottom 96 well plate. Approximately 50 uL of
the microparticle cocktail was added to each well containing the blank, standards and diluted
cell culture supernatants. The plate was covered with a plate sealer and incubated for 2 hours
at ambient temperature in a horizontal orbital microplate shaker adjusted to 840 rpm. The plate
was subsequently washed 3X in a magnetic automated microplate washer using approximately
100 pL wash buffer solution. Approximately 50 pL of the diluted biotin antibody cocktail was
added to all wells and covered with a plate sealer and incubated for 1 hour at ambient
temperature with shaking as previous. Washing was repeated as previous. A total of 50 pL of
the diluted streptavidin-PE was added to each well and cover with a plate sealer and incubated
for 30 minutes at ambient temperature with shaking as previous. Washing was repeated as
previous and the microparticles were resuspended in 100 pL. of wash buffer solution and
incubated for 2 minutes with shaking as previous. The plate was acquired using Bio-Rad plate

reader immediately.

3.22 Enzyme linked immunosorbent assays (ELISA) for Caspase-1, Azurocidin 1,
Human neutrophil peptidel-3, Neutrophil elastase, and Myeloperoxidase.

ELISA for various analytes including caspase-1, azurocidin, human neutrophil peptide,
neutrophil elastase and myeloperoxidase was conducted using blood plasma samples collected
from participants that were enrolled in the Pred-ART study. Of note, all reagents and samples

were brought to room temperature prior to use.

3.22.1 Preparation of Caspase-1 wash buffer solution.
A total of 20 mL of wash buffer concentrate was thoroughly mixed with 480 mL of distilled

water to prepare 500 mL of wash buffer solution.

3.22.2 Preparation of Caspase-1 standards.
Caspase-1 standard was reconstituted in 1 mL volume of distilled water to generate a stock
solution of 4000 pg/mL. The stock solution was allowed to stand for 15 minutes with gentle

agitation to facilitate proper mixing. A dilution series of the standards was prepared as follows:
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seven sterile1.5 mL Eppendorf tubes labelled Standard 1 to Standard 7 were prepared. Standard
1 (S1) was prepared by mixing 100 pL of the stock solution with 900uL of diluent RD5-5 to
generate a 1:10 dilution. A total of 500 pL of the RD5-5 diluent was aliquoted to the remaining
sterile 1.5 mL Eppendorf tubes labelled standard (S) 2-7, as illustrated below. The contents of
S1 were thoroughly mixed prior to generating a 2-fold dilution series by transferring 500 pL
of S1 to a tube labelled S2 and to each subsequent tube up to S7. Calibrator diluent RD5-5 was

used as a blank. Of note, the standards were used within 30 minutes of preparation.

Figure3.6. Diagrammatic illustration of preparation of standards for the Caspase-1 enzyme
linked immunosorbent assay. Standards were prepared by reconstituting in recommended
volume of calibrator diluent (RD5-5) and 100 uL of the standard transferred to a tube labelled
S2. 82 was mixed thoroughly and 500 uL was transferred to a tube labelled S3 up to S7 to

produce a 1:2 dilution series.

3.22.3 Substrate solution

The kit contained color reagents A and B which are light sensitive and were mixed in equal
volumes within 15 minutes of use. Briefly, approximately 50 uL of assay diluent (RD1W) was
aseptically added to each well of the Caspase-1 coated plate. Approximately 100 puL of the
blank, standards, and double filtered cell free supernatant for each experimental condition were
added to appropriate wells that were pre-determined. The plate was covered with a plate sealer
and incubated in the dark for 1.5 hours at ambient temperature without agitation. The plate was
washed 3X in an automated plate washer in 100 pL wash buffer (20 mL wash buffer
concentrate + 480 mL distilled water). Approximately 100uL of caspase-1 anti-serum was
subsequently added to each well and the plate was subsequently covered with a sealer and

incubated for 30 min at room temperature without agitation at 300 rpm. Washing was repeated
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as previous and 100 pL of human caspase-1 conjugate was added to each well. The plate was
secured with a sealer and incubated for 20 min at room temperature without agitation. Washing
was repeated as previous and 200 pL of substrate solution was added to each well. The plate
was sealed and protected from light and incubated for 20 minutes at ambient temperature.
Approximately 50 uL of stop solution was added to each well following which the optical
density was determined immediately using a Bio-RAD colorimetric microplate reader set at a

wavelength of 450 nm.

3.22.4 Preparation of human neutrophil peptide (HNP)1-3 wash buffer solution.
A total of 30 mL of 40X wash buffer concentrate was thoroughly mixed with 1170 mL of

distilled water to prepare 1200 mL of wash buffer solution.

3.22.5 Preparation of HNP1-3 dilution buffer.

Dilution buffer was prepared according to the manufacturer’s instructions. Briefly, a total of 20 mL of
10X dilution buffer concentrate was mixed with 180 mL distilled water to generate 200 mL dilution

buffer.

3.22.6 Preparation of HNP1-3 sample dilution buffer.

Sample dilution buffer was prepared according to manufacturer’s instructions. Briefly, a total volume
of 15 mL of 10X sample dilution buffer concentrate was thoroughly mixed with 135 mL of dilution
buffer.

3.22.7 Preparation of HNP 1-3 standard solution.

Standard solution was prepared as directed in the instruction manual. Briefly, the standard
was reconstituted in 581 uL of sample dilution buffer and labelled S1. Seven Eppendorf
tubes labelled S2-S7 were aliquoted with 225 pL of sample dilution buffer. A total volume of
225 pL from S1 was serially diluted from S2-S7 to produce a 1:2 dilution series. Sample

dilution buffer was used as a blank.
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3.22.8 Preparation of HNP1-3 tracer solution.
The tracer solution was reconstituted in 1 mL of de-ionized water and subsequently diluted 1

part (mL) in 11 mL of dilution buffer.

3.22.9 Preparation of HNP1-3 streptavidin-peroxidase solution.
The streptavidin-peroxidase were spun down prior to use. A total of 250 uL of 100X

streptavidin-peroxidase concentrate was mixed with 25 mL of dilution buffer.

3.22.10 Detection of plasma soluble HNP1-3 using enzyme linked immunosorbent assay.

The human neutrophil peptide (HNP)-1-3 enzyme linked immunosorbent assay (ELISA) kit was
procured from Hycult Biotech™ and utilized for the quantitation of HNP1-3 in plasma samples (diluted
in 10X in sample dilution buffer) from patients with paradoxical TB-IRIS and TB-non-IRIS controls
prior to the initiation of ART (week 0) and at week 2 on ART. The HNP1-3 ELISA kit is a ready to use
solid phase assay that is based on the sandwich principle. The assay was performed according to
manufacturer’s instructions. All reagents were equilibrated to ambient temperature prior to use;
standards, dilution of samples, and all buffers were prepared according to the manufacturer’s
instructions. Briefly, a total volume of 100 pL of standards and samples were added to appropriate wells
coated with the primary antibody and the plates were subsequently incubated for 1 hour at room
temperature. The plates were washed four times in 400 pL wash buffer using an automated plate washer.
A total volume of 100 uL of prediluted tracer solution was added to all the wells. The plates were sealed
and incubated for 1 hour at room temperature and washing repeated as previous. A total volume of 100
pL of 3,3',5,5'-Tetramethylbenzidine (TMB) — a substrate for horseradish peroxidase (HRP), was added
to all the wells; the plates were sealed and incubated in the dark at ambient temperature for 30 min. The
reaction was stopped by adding 100 pL of stop solution and the solution gently mixed by swirling the
plates. The absorbance was determined by reading the plate in an automated plate reader at absorbance
wavelength 450 nm. The data was quality checked by an independent investigator and analyzed by

plotting concentration values.

3.22.11 Preparation of azurocidin wash buffer solution.
A total of 20 mL of 20X wash buffer concentrate was thoroughly mixed with 380 mL of

distilled water to prepare 400 mL of wash buffer solution.
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3.22.12 Preparation of azurocidin assay diluent.

Assay diluent (5X) was diluted 5-fold in distilled water prior to use.

3.22.13 Preparation of standards for azurocidin.

The standard was reconstituted with approximately 400 pL of 1X assay diluent and labelled
as Slas directed in the instruction manual. Seven Eppendorf tubes labelled S2-S7 were
aliquoted with 270 pL of assay diluent. A total volume of 180 uL of dissolved S1 was

serially diluted from S2-S7 to produce a 2.5 dilution series. Assay diluent was used as a

blank.

3.22.14 Preparation of azurocidinl streptavidin-HRP solution.
The streptavidin-HRP solution was spun down prior to use. The streptavidin-HRP solution
was diluted 1000-fold by mixing 50 pL of streptavidin-HRP concentrate with 50 mL assay

diluent.

3.22.15 Detection of plasma soluble azurocidin (Azul) using enzyme linked immunosorbent
assay.

A total volume of 100 pL of standards or 1:3 pre-diluted plasma samples (in assay diluent) were
added to the Azul coated 96 well plate. The plates were sealed and left to incubate a room
temperature with gentle agitation (650 rpm) for 2.5 hours. The plates were washed four times in
400 pL of wash buffer using an automated plate washer. A total of 100 uL of prepared biotin
conjugate was added to each well; the plates sealed and the incubated for 1 hour as previous.
The plates were washed as previous and 100 pL of streptavidin-HRP was added to each well;
the plates were sealed and incubated for 45 min as previous. The plates were washed as
previous and 100 pL of TMB substrate was added to each well; the plates were sealed and
incubated in the dark for 30 min until the solution turned blue. A total volume of 50 pL stop
solution was added to all wells to stop the reaction. The absorbance of each well was measured

in an automated plate reader at 450 nm.
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3.22.16 Preparation of neutrophil elastase wash buffer solution.
A total of 50 mL of 10X wash buffer concentrate was thoroughly mixed with 450 mL of

distilled water to prepare 500 mL of neutrophil elastase wash buffer solution.

3.22.17 Preparation of standards for neutrophil elastase detection.

Standards were prepared according to the manufacturer’s directions as follows: Seven
Eppendorf tubes were labelled S2-S7 and 225 pL of provided assay diluent was aliquoted
into each tube. A total volume of 225 pL of human neutrophil standard, reconstituted with 1
mL of assay diluent was added to S2 and serially diluted up to S7 to produce a 1:2 dilution

series.

3.22.18 Detection of plasma soluble neutrophil elastase (NE) using enzyme linked
immunosorbent assay.

A total volume of 100 pL of standards or 1:100 pre-diluted plasma samples (in assay diluent)
were added to the NE coated 96 well plate. The plates were sealed and left to incubate a room
temperature with agitation (900 rpm) for 1 hour. The adhesive strips were gently removed, and the
plates were washed four times in 400 pL of wash buffer using an automated plate washer. A total of
150 uL of ready-made horse-reddish peroxidase (HRP) conjugate was added to all wells; the
plates sealed and the incubated for 1 hour as previous. The adhesive strips were removed; and
the plates were washed as previous and 200 uL of TMB substrate was added to all wells; the
plates were sealed and incubated for 30 min as in the dark without shaking. A total volume of
50 uL stop solution was added to all wells to stop the reaction. The absorbance of each well

was measured in an automated plate reader at 450 nm.

3.22.19 Preparation of myeloperoxidase wash buffer solution.
A total volume of 25 mL of 20X wash buffer concentrate was thoroughly mixed with 475 mL

of distilled water to prepare 500 mL of myeloperoxidase wash buffer solution.
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3.22.20 Detection of plasma soluble myeloperoxidase (MPO) using enzyme linked
immunosorbent assay.

Human myeloperoxidase (MPO) ELISA kits were procured from Thermo-Fischer Scientific™ and
employed for the in vitro quantitation of MPO in plasma samples from patients with paradoxical TB-
IRIS and TB-non-IRIS controls prior to the initiation of ART (week 0) and at week 2 on ART. The
ELISA Kkits are a ready to use solid phase assays that are based on the sandwich principle. The assays
were performed according to manufacturer’s instructions. All reagents were equilibrated to ambient
temperature prior to use; standards, dilution of samples, and all buffers were prepared according to the
manufacturer’s instructions. Briefly, a total volume of 100 puL of distilled water was added to the sample
wells and 50 pL of prediluted samples (1:50) were added to the appropriate wells. Plates were sealed
and subsequently incubated with gentle shaking for 3 hours at room temperature. The plates were
washed four times in 400 uL of wash buffer using an automated plate washer. A total volume of 100
pL of TMB substrate was added to all the wells; the plates were sealed and incubated in the dark at
ambient temperature for 10 min. The reaction was stopped by adding 100 uL of stop solution and the
solution gently mixed by swirling the plates. The absorbance was determined by reading the plate in an
automated plate reader at absorbance wavelength 450 nm. The data was quality checked by an

independent investigator and the data analyzed by plotting concentration values.

3.23 Lactate dehydrogenase (LDH) assay

Dying cells have a compromised duplex membrane and as a result release LDH which is an
enzyme that is often used as a proxy to quantify cell death. The LDH assay kit was procured
from Roche technologies and contained two components-vial 1 containing the catalyst and vial
2 containing the dye solution. Vial 1 was reconstituted in 1 mL of double distilled water and
allowed to equilibrate to room temperature with gentle agitation for 10 minutes. A total of 50
uL cell free supernatant for all tested conditions was seeded into a 96 well plate. Approximately
250 pL of vial 1 was mixed with 11.25 mL of vial 2 shortly before use and 100 uL of the LDH
solution was added to the supernatants and incubated in the dark at room temperature for 30
minutes. Cell death was quantified by reading the plate at a wavelength of 490 nm using a

BioRad colorimetric plate reader.

3.24 Statistical analyses
For analyses, samples from TB-IRIS and TB-non-IRIS groups were classified into four

categories based on sample timing in relation to ART: baseline (BL) include samples
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collected within seven days before or on the day of ART initiation, Week 2 (W2)-samples
collected between day 1 and 14 on ART, Week 4 (W4)-samples collected between day 15
and 30 on ART, Week 6 (W6) samples collected between day 31 and 65 on ART. Paired
samples were analysed using the paired Wilcoxon ranked Student T test while the Mann-
Whitney U test was used to compare unpaired samples for all time points between TB-IRIS
and TB-non-IRIS groups. A p-value of 0.05 or less was considered statistically significant.
All statistical analyses were performed using Prism (v8.0.2, GraphPad Software Inc, San

Diego, CA, USA)

3.25 Software
3.25.1. Linux command line prompt
Command-line prompt scripting was used to upload raw data to the UCT servers and process

it through the nf-core rnaseq pipeline.

3.25.2. R and R-studio
R studio was used to load the processed read count data, manipulate, and visualize it using

various base and third-party packages from Bioconductor, GitHub and CRAN [276].

3.25.3. Graphpad Prism

Graphpad Prism was used for importing and visualizing data
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Chapter 4 summary: Phenotypic profile of Mtb-specific Interferon-gamma producing
CD4 T cells in HIV-immunosuppressed patients with paradoxical TB associated
immune reconstitution inflammatory syndrome.

This chapter investigated the contribution of Mtb-specific interferon-gamma producing CD4 T
cells to the immunopathology of paradoxical TB associated immune reconstitution
inflammatory syndrome. This is done by characterizing the frequencies and phenotype of
Mtb300-specific interferon gamma producing CD4 T cells and bulk CD4 T cells in peripheral
blood of patients with HIV associated TB, who developed paradoxical TB-IRIS compared to
those who did not (TB-non-IRIS controls).
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4. BACKGROUND

Although antiretroviral therapy (ART) has substantially reduced HIV-1 related morbidity and
mortality in people with HIV(PWH) and tuberculosis (TB) [293], TB-immune reconstitution
inflammatory syndrome (TB-IRIS) frequently complicates management [12, 163]. TB-IRIS has

an estimated incidence of 18% across cohorts and an attributable mortality rate of 2% [294].

Two forms of TB-IRIS are recognised: 1) Unmasking TB IRIS which occurs in patients with
undiagnosed TB who present with severe inflammatory features of TB during the first 3 months
of ART and 2) Paradoxical TB-IRIS which occurs in patients started on TB treatment before
ART who experience recurrent, new or worsening symptoms and signs of TB within the first
months of initiating ART [26, 295]. The major risk factors for paradoxical TB-IRIS include a
low CD4 count prior to ART initiation, higher HIV-1 viral load, a short interval between TB
treatment and ART initiation and disseminated TB [89, 296].

Innate immune responses including inflammasome activation [28, 30], monocyte and natural
killer cell activation [235, 297], neutrophilia [297, 298] and dysregulation of the complement
system in monocytes [236] have been associated with TB-IRIS. Elevated concentrations of
proinflammatory cytokines [32, 299] and matrix degrading metalloproteinases [300] have been
described at TB-IRIS onset. Moreover, monocyte subset frequency and circulating
inflammatory mediators can independently predict TB-IRIS [182, 301]. Expansion of
pathogen-specific CD4+ T cells has been observed in association with TB-IRIS [39, 302-304].
Pathogen-specific CD4+ T cells from patients with IRIS have been reported to be highly
activated [305] and polyfunctional [306]. Recently, it was reported that immunosuppressed
PWH, who were coinfected with Mycobacterium avium complex (MAC) and subsequently
developed MAC-IRIS had higher expression of Eomesodermin (Eomes) compared with Tbet
in MAC-specific IFNy+CD4+ T cells at the onset of IRIS [307]. Eomes and Tbet are members
of the T-box DNA binding family of transcription factors with structural similarities and
overlapping expression [308]. Eomes is involved in the development of cytotoxic T lymphocyte

activity [308] while Tbet is a Th-1 lineage-defining transcription factor [309].

Th-1 responses have been implicated in a mouse model of MAC-IRIS [302, 303].
Consequently, we capitalized on the existing mouse model of IRIS to investigate phenotypic
CDA4 T cell features that may be associated with IRIS in mice and compare these with findings
in patients developing TB-IRIS in a prospective cohort study of immunosuppressed PWH and
TB, initiating ART.
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4.1 Methods

4.1.1 M. avium-IRIS induction in mice

C57BL/6J-[KO] TCRalpha mice (6-8 weeks old) were intravenously infected with 1x10°
colony-forming units of M. avium (strain SmT 2151). After at least 40 days, CD4 T cells were
isolated from C57BL/6, B6.129S6-Tbx21tm1Glm/J mice (The Jackson Laboratory, Bar
Harbor, ME), or eomes”CD4-CRE" uninfected mice using positively selecting microbeads
(Miltenyi Biotec, Auburn, CA), and 1x10° cells were intravenously transferred into chronically
infected T cell deficient mice. All mice were maintained and bred at NIAID, NIH, Bethesda,
MD. All animals were housed at an Association for the Assessment and Accreditation of
Laboratory Animal Care-approved facility at the NIAID according to the National Research
Council’s Guide for the Care and Use of Laboratory Animals

4.1.2 Participants in clinical study

Samples were obtained from PWH and TB initiating ART enrolled in a prospective
observational study conducted at Brooklyn Chest Tuberculosis Hospital between May 2009
and November 2010 in Cape Town, South Africa [6]. All patients were ART naive and those
with rifampicin-resistant TB were excluded. TB diagnosis was based on smear, culture or
clinical diagnosis. The first TB episode was treated with standard first line regimen of
rifampicin (R), isoniazid (H), pyrazinamide and ethambutol for two months followed by four
months of RH regimen. In patients with subsequent episodes, streptomycin was added for 2
months. TB-IRIS was diagnosed per International Network for the Study of HIV-associated
IRIS (INSHI) criteria [26]. HIV-1 treatment included lamivudine and efavirenz with stavudine

or tenofovir depending on guidelines at the time.

4.1.3 Patient Consent Statement

Written informed consent was obtained from all participants. The study design was approved
by the Human Research Ethics Committee (HREC : 049/2009 and 809/2018) of the University
of Cape Town. Clinical and other immunological findings from this cohort have been published

[6, 27, 28].
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4.1.4 PBMC isolation and stimulation

PBMC were isolated by Ficoll-Hypaque density gradient centrifugation (GE Healthcare®
ALC-PK121R), cryopreserved and stored. Cryopreserved PBMC were thawed and rested at 37
°C in RPMI 1640 containing 10% heat-inactivated FCS for 4 hours prior to antigen stimulation.
PBMC (2x10% cells) were stimulated with a peptide pool constituted of 300 Mtb-derived
peptides (Mtb300, 1.5 pg/mL) [310] in the presence of anti-CD28 and anti-CD49d antibodies
(both at 1 ug/ml, BD, Franklin Lakes, New Jersey) and brefeldin-A (10 pg/ml, Sigma, St Louis,
Missouri) for 6 hours. Unstimulated cells, incubated with co-stimulatory antibodies and

Brefeldin A only, were used as controls.

4.1.5 Cell staining and acquisition

Samples with a cell count of less than one million or a viability score of less than 20% were
excluded. After stimulation, cells were washed, stained with a viability marker (Live/Dead®
Fixable Near-InfraRed marker, Invitrogen, Carlsbad, California) for 10 minutes at room
temperature and subsequently surface stained with the following antibodies: CD4-PerCP-
cyS.5, PD1-BV421, HLA-DR-BV605, CD14-Allophycocyanin/H7, CD19-
Allophycocyanin/H7 (all from Biolegend, San Diego, California) and CD8-Alexa700 (BD,
Franklin Lakes, New Jersey) for 30 minutes at room temperature. Cells were fixed and
permeabilized using the eBioscience Foxp3 fixation buffer for 30 minutes at room temperature
and stained with IFNy-BV711 (Biolegend), TNFa-FITC (Biolegend), granzyme B-BV510
(BD), Eomes-eFluor 660 (e-Bioscience, San Diego, California), Tbet-PEcy7 (e-Bioscience)
and CD3-BV785 (Biolegend), for 45 minutes at 4 °C. Cells were washed and resuspended in
1% formaldehyde in PBS. Samples were acquired in the BD LSRII and data were analysed

using FlowJo software version 9.9.6 (BD). The gating strategy is presented in Figure 4 below.
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Figure 4. Representative gating strategy for the phenotypic characterization of IFNy+CD4+
T cells. To phenotype Mtb-specific IFNy+CD4+ T cell responses, we gated on singlets (FSC-
H vs FSC-A), lymphocytes (SSC-A vs FSC-A), live CD3+ cells(dead cells vs live CD3+) and
on total CD4+ T cells.

A positive Mtb-specific [IFNy response was defined as three-fold higher than the background
measured in the presence of co-stimulatory antibodies without antigen. For the phenotypic
analyses of Mtb-specific [IFNy+CD4+ T cells, only Mtb responses with more than 20 events
were considered. Protocols were compliant with the guidelines for flow cytometry in
immunological studies [311]. Although we analysed immunological characteristics of live
cells, our cohort included 8 samples with a viability below 50% (median: 67%, [range: 96-
22%]). Prior to assessing immunological phenotypic characteristics of our cohort, we
ascertained whether sample viability affected immunological expression of markers
(particularly Tbet and Eomes) in our cohort. There was no correlation between sample viability

and the expression of Tbet and Eomes at all measured time points (data not shown).

4.1.6 Statistical analyses
For analyses, samples from TB-IRIS and non-IRIS groups were classified into four categories
based on sample timing in relation to ART: Baseline (BL) include samples collected within

seven days before or on the day of ART initiation, Week 2 (W2)-samples collected between
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day 1 and 14 on ART, Week 4 (W4)-samples collected between day 15 and 30 on ART, Week
6 (W6) samples collected between day 31 and 65 on ART. Paired samples were analysed using
the paired Wilcoxon ranked Student T test while the Mann-Whitney U test was used to compare
unpaired samples for all time points between TB-IRIS and non-IRIS groups. A p-value of 0.05
or less was considered statistically significant. All statistical analyses were performed using

Prism (v8.0.2, GraphPad Software Inc, San Diego, CA, USA).
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4.2 RESULTS

4.2.1 Role of Eomes and Tbhet in CD4 T cells during experimentally-induced IRIS
To model IRIS, T cell deficient (TCRa-/-) mice were infected with M. avium. This reproduced
a lymphopenic host harbouring a mycobacterial infection. After 40-60 days, the mice were

injected with CD4 T cells to mimic the reconstitution of T cells that occurs after ART (Figure
4.1A).
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Figure 4.1. CD4 T cell expression of eomesodermin promotes mycobacterial IRIS in a
murine model. A. To model IRIS in mice, TCRa-/- mice harboring a chronic M. avium infection
were injected with purified CD4 T cells from uninfected donor mice. B. M. avium infected
TCRa-~/- mice were injected with WT, Tbet-deficient or eomes-deficient CD4 T cells. The donor
CD4 T cells (CD4+TCRpS+CD3+) were analyzed in the PBMC on day 10 post infection for the
expression of Thet and eomesodermin (plots are concatenated from n=8 mice/group). C. M.
avium infected TCRo-/- mice were injected with either WT or Tbet-deficient CD4 T cells and
monitored for weight loss (n=5 mice/group). D. M. avium infected TCRo-/- mice were injected
with no T cells, WT or eomes-deficient CD4 T cells and monitored for weight loss. E. Survival
of mice receiving WT or eomes-deficient CD4 T cells. n=4 to 5 mice/group. Error bars

represent the standard deviation. Data are representative of at least 4 independent experiments

each.

106




To examine the expression of Eomes and Tbet in CD4+ T cells and their potential involvement
in the murine model of IRIS, we injected mice with WT, Tbet”", and Eomes deficient CD4 T
cells and examined the donor CD4 T cells ten days post injection. We found that during murine
IRIS, CD4 T cells surprisingly expressed little Tbet. Instead, a significant population of
Eomes+ CD4+ T cells was observed (Figure 4.1B). WT and Tbet”- CD4+ T cells induced
similar levels of weight loss (Figure 4.1C). In contrast, recipients of Eomes deficient CD4+ T
cells displayed less weight loss and longer survival compared to mice injected with WT CD4+
T cells (Figure 4.1D, E). We concluded that, CD4+ T cells utilize Eomes but not Tbet, to drive
M. avium IRIS in this animal model. These findings prompted us to next examine the role of

Eomes expressing CD4+ T cells in human TB-IRIS.

4.2.2 Clinical characteristics of the cohort

Sufficient samples for immunological analyses were available for 43 HIV-1 infected inpatients
being treated for TB when starting ART: 25 patients developed TB-IRIS and 18 patients did
not (non-IRIS controls). The demographic and clinical characteristics of the two groups are

summarized in Table 4.

Table 4. Clinical characteristics of patients who developed tuberculosis immune
reconstitution inflammatory syndrome (TB-IRIS, n=25) and those who did not (non-IRIS,
n=18). TB: Tuberculosis, PTB: pulmonary TB , EPTB: extrapulmonary TB, IQR: interquartile

range, ART: antiretroviral treatment, Hb: hemoglobin. The Wilcoxon rank sum test was used
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to compare all continuous variables and the Mann-Whitney

categorical variables.

test was used to compare

TB-IRIS (n=25) Non-IRIS (n=18) p-value

Age [Median (IQR)] (years) 34 (22-52) 33 (24-55) ns
Female sex [n (%)] 13 (52%) 12 (66%)
Previous TB [n (%)] 15 (60%) 10 (55%)
TB type [n (%)]

PTB 4 (16%) 2 (11%)

EPTB 4 (16%) 5(27%)

EPTB and PTB 17 (68%) 11 (61%)
TB meningitis/neuroTB [n (%)] 7 (23%) 4 (21%)
TB confirmation [n (%)]

Cultured Mtb 9 (36%) 6 (33%)

Smear 6 (24%) 2 (11%)

Clinicoradiological 10 (40%) 10 (55%)
Hb [Median (IQR)] (g/dL) 9.1 (6.4-13) 9.4 (5.9-14.0) ns
CD4 nadir [Median (IQR)] 49 (11-209) 70 (4-272) ns
CD4 count (cells/mm?) at week 0 [Median (IQR)] 68 (21-521) 111 (4-662) 0.009

CD4 count (cells/mm?) at week 4 [Median (IQR)]
Log;o HIV VL at week 0 [Median (IQR)]

164 (23-556)
5.73 (3.96-7.78)

276 (21-514)
5.8 (4.21-7.15)

ns

ns

Logo HIV VL at week 4 [Median (IQR)] 2.72 (0-3.88) 2.68 (1.32-3.3) ns
Duration TB treatment to ART [Median (IQR)] (days) 37 (14-99) 32 (13-91) ns
Duration ART to TB-IRIS [Median (IQR)] (days) 15 (4-49)

On steroid treatment at week 0 [n (%)] 7(28) 4(22) ns

In both groups, over three-quarters of patients had evidence of extrapulmonary TB and around
20% had neurological TB, a common reason for TB patients in South Africa to be admitted to
a TB hospital. Notably, 7/25 (28%) of TB-IRIS and 4/18 (22%) of non-IRIS patients were on
treatment with corticosteroids at the time of starting ART, the most frequent indication being
neurological TB. We previously demonstrated that corticosteroid therapy had no significant
effect on the frequency of Mtb-specific CD4 T cells [33]. The median CD4 count at the start
of ART was lower in TB-IRIS patients (median: 68 cells/mm?) compared with non-IRIS
patients (median 111 cells/mm?) (p=0.009). The median duration of TB treatment before
initiation of ART was similar for the groups (median 37 days in TB-IRIS versus 32 days in
non-IRIS patients). The duration of ART prior to developing TB-IRIS symptoms was a median
of 15 days. Additional clinical data is presented in Table 4.1.
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Table 4.1. Individual patient duration to first TB-IRIS episode, symptom manifestation and
steroid management. Different patients were on different combination of ART regimen

including Stavudine (D4T), Lamivudine (3TC), Efavirenz (EFZ), Zidovudine (AZT) and

Tenofovir (TDF).
RIS ART Duration ART TB-IRIS Steroids to Duration from TF&-IRIS
patient Identifier regimen Start to system involvement Treat TB-IRIS onset to starting
TB-IRIS (days) steroids (days)
IR4011-3 DAT, 3TC, EFZ 6 o ff:s::;ﬂ::‘;y; l;]do:::i’nal Yes 9
IR 4035-1 AZT, 3TC, EFZ 42 Nodal, abdominal No
IR 4074-8 TDF, 3TC, EFZ 10 Pulmonary, nodal Yes 5
IR 4071-5 TDF, 37C, EFZ 8 Pulmonary, effusion, No
abdominal
IR 4075-9 DAT, 3TC, EFZ 12 Abdominal Yes na
IR 4076-0 TDF, 3TC, EFZ 9 Nodal No
IR 4081-7 TDF, 3TC, EFZ 10 Abdominal No
IR 4108-1 TDF, 3TC, EFZ 9 Pulmonary, abdominal No
IR 4018-0 DAT, 3TC, EFZ 13 Pulmonary Yes 4
IR 4020-4 DA4T, 3TC, EFZ 30 Nodal Yes 13
IR 4047-5 DAT, 3TC, EFZ 8 Pulmonary, abdominal Yes 5
IR4110-5 DAT, 3TC, EFZ 4 Pulmonary, abdominal No
IR 4052-2 TDF, 3TC, EFZ 13 Pulmonary, abdominal No
IR 4078-2 TDF, 3TC, EFZ 26 pulm'i:::;";i;a:;mal Yes 20
IR 4096-4 TDF, 3TC, EFZ 14 Pulmonary, abdominal No
IR4115-0 AZT, 3TC, EFZ 26 Pulmonary Yes 16
IR 4010-2 DAT, 3TC, EFZ 7 Nodal, abdominal Yes 56
IR 4015-7 DA4T, 3TC, EFZ 15 Pulmonary, abdominal Yes 20
IR 4021-8 DAT, 3TC, EFZ 5 Pulmonary Yes 2
IR 4036-2 DAT, 3TC, EFZ 7 Nodal, neurological Yes
IR 4080-6 TDF, 3TC, EFZ 11 Neurological Yes na
IR 4085-1 TDF, 3TC, EFZ 14 Articular Yes na
IR 4088-4 TDF, 3TC, EFZ 49 Neurological Yes 9
IR 4095-3 TDF, 3TC, EFZ 12 Pulmonary, abdominal Yes 3
IR4111-6 TDF, 3TC, EFZ 8 Abdominal Yes 8

4.2.3 Expansion of Mtb-specific CD4+ T cells at TB-IRIS onset

For phenotypic analyses, we first compared the magnitude of Mtb-specific IFNy+CD4+ T cell
responses between the patient groups before the initiation of ART (Baseline), at week 2, 4 and
6 on ART. Representative examples of IFNy production by CD4+ T cells following Mtb300

stimulation are presented in Figure 4.2A.
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Figure 4.2. Frequencies of Mtb-specific IFNy+CD4+ T cells in TB-IRIS and non-IRIS
patients. A, Representative flow plots of IFNy production in response to Mtb peptide pool
(Mtb300) and non-stimulated controls (NS) at baseline (BL, prior to initiation of antiretroviral
therapy, ART) and 2 weeks on ART (W2). B, Frequencies of IFNy producing CD4+ T cells in
TB-IRIS (red) from baseline (BL, n= 16), through 2 weeks (W2, n=9), 4 weeks (W4, n= 10)
and 6 weeks (W6, n=12) and non-IRIS (black) from BL= 11, through W2, n= 4, W4, n= 8 and
W6, n= 1 on ART. C, Fold change in the frequency of IFNy+CD4+ T cells in TB-IRIS and non-
IRIS patients between baseline (prior to ART) and 2 weeks on ART. The Wilcoxon ranked test
was used for the statistical comparison of paired samples and the Mann-Whitney-U test was
used for unpaired samples. Only statistically significant data with a p value of 0.05 or less are

indicated on graphs.

We observed no differences in the frequency of Mtb-specific [IFNy+CD4+ T cells between the
two groups in cross-sectional comparisons at any time point (Figure 4.2B). However, the fold
change in Mtb-specific IFNy+CD4+ T cell frequency between baseline and week 2 was
significantly higher in the TB-IRIS group compared to the non-IRIS group (median fold
change: 1.9 [IQR: 0.83-19.3]) and 0.9 [IQR: 0.25-1.6], respectively, p=0.04) (Figure 4.2C).

This significant increase was exclusively observed in TB-IRIS patients between baseline
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(median: 0.08% [IQR: 0.0-0.2]) and 2 weeks on-ART (median: 0.13% [IQR: 0.0-0.71])
(p=0.039) (Figure 4.3).
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Figure 4.3. Frequencies of IFNy producing CD4+ T cells in response to Mtb peptide pool
(Mtb300) stimulation in TB-IRIS (red) at baseline (BL, n= 16), 2 weeks (W2, n=9), 4 weeks
(W4, n=10) and 6 weeks (W6, n=12) and non-IRIS (black) at BL= 11, W2, n=4, W4, n=8§
and W6, n= 1 after ART initiation. The Wilcoxon ranked test was used for all statistical
comparisons. Only statistically significant data with a p value of 0.05 or less are indicated on

graphs.

We next investigated the phenotype of Mtb-specific IFNy+CD4+ T cell that could potentially

characterise the role of these cells in the pathogenesis of TB-IRIS in humans.

4.2.4 No differences in the expression of Eomes or Thet between patients with and without
TB-IRIS at any tested time point

Based on our mouse model data and a recent report by Hsu et al. reporting that Eomes was
significantly upregulated over Tbet in MAC-specific IFNy+CD4 T cells of MAC-IRIS patients
at disease onset [307], we determined whether these transcription factors were differentially

expressed between TB-IRIS and non-IRIS patients.
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Figure 4.4. Frequencies of Mtb-specific Eomes+IFNy+CD4+ T
cells in TB-IRIS and non-IRIS patients in response to Mtb
peptide pool (Mtb300) stimulation. A, Frequencies of Mtb-
specific Eomes+ IFNy+CD4+ T cells in patients with and without
TB-IRIS (red and black circles respectively) at baseline (BL, n=18,
and 13), 2 weeks (W2, n=13, and 6), 4 weeks (W4, n=14 and 13)
and 6 weeks (W6, n=13 and 2) on ART. B, Frequencies of IFNy
producing Eomes+CD4+ T cells in TB-IRIS (red) at baseline (BL,
n= 18), 2 weeks (W2, n= 13), 4 weeks (W4, n= 14) and 6 weeks
(W6, n=13) and non-IRIS (black) at BL= 13, W2, n=6, W4, n=13
and W6, n= 2 on ART. The Wilcoxon ranked test was used for all
statistical comparisons. Only statistically significant data with a p
value of 0.05 or less are indicated on graphs.
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We observed no differences in the frequency of Mtb-specific IFNy+Eomes+CD4+ T cells

between the two clinical groups at baseline or any time point on ART (Figure 4.4).

Eomes and Tbet expression in Mtb-specific [IFNy+CD4 T cells were highly variable between

patients but not statistically different between the two groups at baseline (Figure 4.5) or any

other time point (data not shown). The expression of Eomes in Mtb-specific IFNy+CD4 T cells

at baseline was approximately 50% and was comparable between the two groups (Figure

4.5B).
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Figure 4.5. Eomes and T-bet expression on Mtb-specific IFNy+CD4+ T cells in patients with
and without TB-IRIS prior to initiation of antiretroviral therapy (ART) (BL). A,
Representative flow plot of the expression of Eomes on Mtb-specific IFNy+CD4+ T cells (red)
and total CD4+ T cells (black) in one TB-IRIS and one non-IRIS patient at BL. B, Summary
plot of Eomes expression in Mtb-specific IFNy+CD4+ T cells between TB-IRIS (n= 6) and
non-IRIS patients (n= 6) at BL. C, Representative flow plot of the expression of differentiated
T-bet subpopulations on Mtb-specific IFNy+CD4+ T cells (red) and total CD4+ T cells (black)
in one TB-IRIS and one non-IRIS patient at baseline. D, Summary plot of the T-bet expression
in Mtb-specific IFNy+CD4+ T cells between TB-IRIS (n= 6) and non-IRIS patients (n= 6) at
BL. The Wilcoxon ranked test was used for all statistical comparisons. Only statistically

significant data with a p value of 0.05 or less are indicated on graphs.

Similarly, Tbet expression in Mtb-specific IFNy+CD4+ T cells was comparable between TB-
IRIS and non-IRIS groups; approximately 60% of cells expressed intermediate levels of Tbet
(Tbet dim, Tbet+) and 25% expressed high Tbet levels at baseline (Tbet high, Tbet++, Figure
4.5.C&D). Furthermore, Eomes expression on total CD4+ T cells in TB-IRIS patients was
comparable to non-IRIS controls at all-time points (Figure 4.6A&B).
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Figure 4.6. Eomes expression in total CD4+ T cells in patients with and without TB-IRIS A,
Representative flow plot of Eomes expression in one patient with TB-IRIS and one non-IRIS
patient in total CD4+ T cells two weeks post ART initiation. B, Cross sectional analyses of
Eomes expression in total CD4+ T cells in patients with and without TB-IRIS at baseline (BL,
n=18, and 13, respectively), 2 weeks (W2, n=13, and 6), 4 weeks (W4, n=14 and 13) and 6
weeks (W6, n=13 and 2) post-ART. C, Longitudinal analyses of the expression of Eomes in
total CD4+ T cells in patients with TB-IRIS (top panel) and non-IRIS controls (bottom panel)
from BL to 6 weeks post ART. The Wilcoxon ranked test was used for all statistical
comparisons. Only statistically significant data with a p value of 0.05 or less are indicated on

graphs.

However, we did observe a modest increase in the frequency of CD4+ T cells expressing
Eomes between baseline and week 2 (which corresponds to IRIS onset) in TB-IRIS patients
(medians: 4.48% vs 7.6%, respectively, p=0.03). This was not observed in non-IRIS controls
(Figure 4.6C). Previous studies have reported a higher frequency of both M. avium and Mtb-
specific effector memory CD4 T cells in unmasking and paradoxical TB-IRIS patients
compared to non-IRIS patients [305, 312]. Furthermore, a positive correlation between CD4+

T cell memory and Eomes expression is well established [308]. Therefore, it is possible that
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the increase in Eomes expression observed in total CD4 T cells could be related to an expansion

of effector cells.

Finally, Tbet expression on total CD4+ T cells was comparable between TB-IRIS and non-
IRIS patients at baseline with no significant differences observed longitudinally on ART (data

not shown).

In further analyses, we defined the co-expression of Eomes and Tbet, identifying five
Eomes/Tbet subsets: Eomes-Tbet-, Eomes-Tbet+, Eomes+Tbet+, Eomes-Tbet++ and
Eomes+Tbet++, as previously described [313] (Figure 4.7A). The distribution of these
subpopulations within Mtb-specific IFNy+CD4+ T cells was comparable between TB-IRIS
and non-IRIS groups prior to ART initiation (i.e. baseline) (Figure 4.7B) and longitudinally
on ART (data not shown).
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Figure 4.7. Eomes and T-bet expression profile in Mtb-specific IFNy+CD4+ T cells in TB-
IRIS and non-IRIS patients. A, Representative flow plot of Eomes and T-bet expression on
Mtb-specific IFNy+CD4+ T cells (red) and total CD4+ T cells (black) in one TB-IRIS and one
non-IRIS patient prior to ART initiation (BL). B, Distribution of Mtb-specific IFNy+CD4+ T
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cells amongst distinct Eomes and T-bet subsets: (Eomes- T-bet-; Eomes- T-bet+,; Eomes+ T-
bet+; Eomes- T-bet++; Eomes+ T-bet++) in TB-IRIS (red, n= 6) and non-IRIS patients
(black, n= 6) at BL. C, Evolution of Eomes and T-bet profile in Mtb-specific IFNy+CD4+ T
cells in TB-IRIS from BL, (n= 6), through 2 weeks (W2, n=135), 4 weeks (W4, n=7) and 6 weeks
(W6, n= 13) and non-IRIS patients (black) from BL, (n= 6), through 2 weeks (W2, n= 4) and
4 weeks (W4, n=38) on-ART. The Wilcoxon ranked test was used for the statistical comparison
of paired samples and the Mann-Whitney-U test was used for unpaired samples. Only

statistically significant data with a p value of 0.05 or less are indicated on graphs.

No significant changes in the distribution of Eomes and Tbet in Mtb-specific IFNy+CD4+ T

cells were observed over time within the two groups (Figure 4.7C).

However, in total CD4+ T cells there was a significant reduction in Eomes-Tbet- CD4+ T cells
between baseline (median: 79.0%, IQR: 21.2-93.1) and week 2 (median: 65.5%, IQR: 15.3-
84.4) (p=0.02) and baseline and week 4 (median: 54.5%, IQR: 21.8-94.5) (p=0.009) in TB-
IRIS patients. These changes were countered by a progressive and significant increase in the
proportion of Eomes-Tbet+ and Eomes+Tbet+ CD4+ T cells over the first 6 weeks of ART in
TB-IRIS patients.
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Figure 4.8. Eomes and T-bet co-expression in total CD4+ T cells in patients with and without
TB-IRIS. A, Representative flow plot of Eomes and T-bet co-expression in one patient with
TB-IRIS and one non-IRIS patient in total CD4+ T cells two weeks on ART initiation. B, Cross
sectional analyses of Eomes and T-bet co-expression in total CD4+ T cells in patients with and
without TB-IRIS at baseline (BL, n=18, and 13, respectively), 2 weeks (W2, n=13, and 6), 4
weeks (W4, n=14 and 13) and 6 weeks (W6, n=13 and 2) on ART. C, Longitudinal analyses of
the co-expression of Eomes and T-bet in total CD4+ T cells in patients with TB-IRIS (top panel)
and non-IRIS controls (bottom panel) from BL to 6 weeks on ART. The Wilcoxon ranked test
was used for all statistical comparisons. Only statistically significant data with a p value of

0.05 or less are indicated on graphs.

Conversely, no changes over time were observed in the distribution of any of the Eomes/Tbet

subsets in non-IRIS patients (Figure 4.8C).
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4.2.5 Elevated HLA-DR expression at the time of TB-IRIS onset compared to non-IRIS
controls

To further characterise the phenotype of Mtb-specific IFNy+CD4+ T cell responses, we
compared the activation profile (HLA-DR) and cytotoxic potential (Granzyme B) between TB-
IRIS patients and non-IRIS controls. We observed high pre-ART HLA-DR expression in TB-
IRIS (median: 71, [IQR: 45-78]) compared to non-IRIS patients (median: 39, [IQR: 23-58]),
however, this was not statistically significant (p=0.18). Responses were characterized by a
significantly higher expression of HLA-DR in TB-IRIS compared to non-IRIS patients at 2
weeks on ART (median: 79.3% [IQR: 66-96] and 40.9% [IQR: 27-56], respectively, p=0.016)
(Figure 4.9A&B).
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Figure 4.9. HLA-DR expression on Mtb-specific IFNy+CD4+ T cells in TB-IRIS and non-
IRIS patientsA, Representative flow plot of HLA-DR expression on Mtb-specific IFNy+CD4+
T cells (red) and total CD4+ T cells (black) in one TB-IRIS and one non-IRIS patient at two
weeks post ART initiation (W2). B, Expression of HLA-DR on Mtb-specific IFNy+CD4+ T
cells in TB-IRIS (red) from baseline (BL, n= 6), through 2 weeks (W2, n=15), 4 weeks (W4, n=
7) and 6 weeks (W6, n= 13) and non-IRIS patients (black) from baseline (BL, n= 6), through
2 weeks (W2, n=4), and 4 weeks (W4, n=_8) on-ART. C, Frequency of HLA-DR on Mtb-specific
IFNy+CD4+ T cells from baseline to 6 weeks on ART in TB-IRIS and non-IRIS patients. The

Wilcoxon ranked test was used for the statistical comparison of paired samples and the Mann-

118



Whitney-U test was used for unpaired samples. Only statistically significant data with a p value

of 0.05 or less are indicated on graphs.

No significant changes over time were observed when data were analysed longitudinally for
both groups respectively (Figure 4.9C). However, we observed an increase in HLA-DR
expression in total CD4+ T cells in TB-IRIS patients between baseline and week 2 (p=0.002)
and week 4 (p=0.0005) and non-IRIS patients between baseline and week 4 (p=0.0098) (Figure
4.10).

A Week 2 C
TB-IRIS Non-IRIS 100+

80+

60

40

20

T-bet ——

% of HLA-DR in total CD4+ T cells

B + 107 RIS 100
< -
a Non-IRIS R Non-IRIS
O g4 80
g R . p=0.0098 \
: ] 60 [ ] ® [ ] 60 ! .
= °
e O e o 4 o
O 401 ° ° 40
1 °
4 o o o0 20
5 Ll Vo
X 0- — s " L 0
BL w2 wa wé

Figure 4.10. HLA-DR expression in total CD4+ T cells in patients with and without TB-
IRIS. A, Representative flow plot of HLA-DR expression in one patient with TB-IRIS and one
non-IRIS patient in total CD4+ T cells two weeks post ART initiation. B, Cross sectional
analyses of HLA-DR expression in total CD4+ T cells in patients with and without TB-IRIS at
baseline (BL, n=18, and 13, respectively), 2 weeks (W2, n=13, and 6), 4 weeks (W4, n=14 and
13) and 6 weeks (W6, n=16 and 2) post-ART. C, Longitudinal analyses of the expression of
HLA-DR in total CD4+ T cells in patients with TB-IRIS from BL, n= 18, W2, n= 13, W4, n=
14, W6, n= 13 and non-IRIS controls, BL, n= 13, W2, n= 6, W4, n= 13 and W6, n= 2 post
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ART. The Wilcoxon ranked test was used for all statistical comparisons. Only statistically

significant data with a p value of 0.05 or less are indicated on graphs.

4.2.6 Elevated HLA-DR and granzyme B expression in Mtb-specific CD4 T cells co-
expressing Eomes and Tbet in patients with TB-IRIS compared to non-IRIS controls
Finally, we investigated the activation and cytotoxic potential of Mtb-specific IFNy+CD4+ T

cells in relation to their transcription factor profile at the time of IRIS onset (Week 2).
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Figure 4.11. Expression of HLA-DR and granzyme B on Eomes and T-bet expressing
subsets of Mtb-specific IFNy+CD4+ T cells two weeks on ART. A, Expression of HLA-DR
and B, granzyme B on Eomes and T-bet subsets (Eomes-, T-bet+, Eomes+, T-bet+, Eomes-, T-
bet++ and Eomes—+, T-bet++) of Mtb-specific IFNy+CD4+ T cells in TB-IRIS (red, n=15), and
non-IRIS patients (black, n= 4), 2 weeks on ART. The Mann-Whitney-U test was used for
statistical comparison of unpaired samples. Only statistically significant data with a p value of

0.05 or less are indicated on graphs.

While HLA-DR expression was comparable across the different Eomes and Tbet subsets in
both groups, HLA-DR expression was higher in TB-IRIS compared with non-IRIS patients in

specific Eomes/Tbet subsets, including Eomes+Tbet+ (median: 83.9% vs 57.9%, respectively;
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p=0.032) and Eomes- Tbet++ (median: 83.3% vs 36.4%, respectively; p=0.032) (Figure
4.11A).

Notably, no differences in Granzyme B expression were observed in IFNy+CD4 T cells

between the two groups in cross-sectional comparisons (Figure 4.12).

A Week 2 C %
TB-IRIS Non-IRIS

CD4+ 1
IFNy+ 30

&

12.1% 15.9%

Granzyme B—>

20

-'1@.

T-bet —>

10

o

% of granzyme B in Mtb-sp IFNy+CD4+ T cells

B « 100 100
3 ® IRIS

) Non-IRIS 80 Non-IRIS
+

U <

ES w 60

s £

T .

oo = 40 ° ° 40 °

5 2 .

X g 20 _ R o0 20
£ L % e e 3% N/A

BL w2 wa S oBL w2 wa We

Figure 4.12. Granzyme B expression in Mtb-specific IFNy+CD4+ T cells in TB-IRIS and
non-IRIS patients. A, Representative flow plot of granzyme B expression in Mtb-specific
IFNy+CD4+ T cells (red) and total CD4+ T cells (gray) in one TB-IRIS and one non-IRIS
patient prior to ART initiation (at Baseline, BL). B, Expression of granzyme B in Mtb-specific
IFNy+CD4+ T cells in TB-IRIS (red) at baseline (BL, n= 6), 2 weeks (W2, n=175), 4 weeks (W4,
n=7) and 6 weeks (W6, n= 13) and non-IRIS patients (black) at baseline (BL, n= 6), 2 weeks
(W2, n=4), and 4 weeks (W4, n=8) post-ART. C, Expression of granzyme B in Mtb-specific
IFNy+CD4+ T cells from Baseline to 6 weeks post ART in TB-IRIS and non-IRIS patients. The
Wilcoxon ranked test was used for all statistical comparisons. Only statistically significant

data with a p value of 0.05 or less are indicated on graphs.

However, Granzyme B expression was significantly higher in Eomes+Tbet+ Mtb-specific

IFNy+CD4+ T cells in patients with TB-IRIS compared to non-IRIS controls at week 2 on
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ART (median: 4.7% vs 0%, respectively; p=0.026). There was also a trend towards higher
Granzyme B expression in the Eomes+Tbet++ Mtb-specific [IFNy+CD4+ subset in patients
with TB-IRIS compared to non-IRIS controls at week 2 (median: 19.7% vs 2.9%, respectively;
p=0.063) (Figure 4.11B). This trend was not observed at other time points (data not shown).
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4.3 DISCUSSION

Hsu et al. recently reported that in HIV-1 and M. avium co-infected patients, M. avium-specific
IFNy+CD4+ T cells were characterized by higher expression of Eomes than Tbet at IRIS onset
[307], suggesting potential involvement of Eomes in mycobacterial IRIS pathogenesis. While
the functional role of Eomes is well established in CD8 T cells [308, 309], its role in CD4 T
cells is less clear. Some reports implicate its expression in the pathogenesis of chronic

inflammatory disorders [314-316], while others suggest a regulatory role in T cells [317].

Therefore, to define whether aberrant expression of transcription factors in CD4 T cell
associate with the development of IRIS, we investigated the role of Eomes and Tbet in a
experimentally-induced MAC-IRIS mouse model and compared the phenotype of Mtb-specific
IFNy+CD4+ T cells between HIV-associated TB patients who developed TB-IRIS and those
who did not.

The MAC-IRIS mouse model showed that mimicking T cell reconstitution using Eomes knock-
out CD4 T cells led to enhanced mice survival compared to wildtype, supporting the hypothesis
that Eomes expression in CD4 T cells could play a role in IRIS pathogenesis [307]. However,
while we demonstrated that Mtb-specific IFNy+CD4+ T cells from TB-IRIS patients expressed
high Eomes levels (~ 50%) that are comparable to those reported by Hsu et al. [307], we did
not observe any difference in Eomes expression between TB-IRIS and non-IRIS patients.
Several reasons could explain the disparity between our findings and the findings of Hsu et al.
One notable difference is that the HIV-infected patients studied in the Hsu study had
unmasking MAC-IRIS (10 out of 13) and were compared to HIV-uninfected patients with
MAC infection. In this study, all patients with IRIS had paradoxical TB-IRIS and the control
group was constituted of HIV-infected TB patients who did not develop TB IRIS after initiating
ART. It is possible that the immunopathology of unmasking versus paradoxical IRIS is
regulated by different mechanisms. It is also possible that differences in the underlying
pathogen (MAC versus Mtb) may have contributed, but we think that this is unlikely given the
considerable overlap in the inflammatory features and tissue pathology of IRIS related to these
pathogens. Moreover, HIV infection itself may alter the expression of lineage defining
transcription factor, as previously [318]. Hence, it would be of interest to define whether
differential Eomes expression in unmasking MAC-IRIS patients is still observed when
compared to HIV-infected matched control patients with MAC initiating ART. Nevertheless,
as limited samples were included in both studies, larger cohorts are necessary to define the

potential role of Eomes in unmasking and paradoxical IRIS.
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The expression profile of Tbet in CD4+ T cells in this cohort mirrors that described by Knox
et al. [319], where three distinct populations were discernible. Most Mtb-specific IFNy+CD4+
T cells expressed Tbet with ~ 65% being Tbet dim and ~ 25% Tbet bright. Moreover, we found
no significant differences in the co-expression profile of Eomes and Tbet in Mtb-specific
IFNy+CD4+ T cells at TB-IRIS onset or at other time points between the two clinical groups.
However, the distribution of Eomes and Tbet subsets in total CD4+ T cells were altered on
ART with increasing expression of both Tbet+ and Eomes/Tbet co-expressing CD4+ T cells in
TB-IRIS patients on ART. Further studies are needed to confirm these observations and define

their relevance.

In this cohort, TB-IRIS patients had significantly lower blood CD4 T cell counts compared to
non-IRIS patients at baseline, as previously described [296, 320] and we observed a significant
expansion in the frequency of Mtb-specific [IFNy+CD4+ T cells 2 weeks after the initiation of
ART. Recently, Vignesh et al. described elevated pre-ART frequencies of Mtb-specific CD4
T cell responses which further expanded in TB-IRIS patients at disease onset [320]. We did not
observe such differences at baseline in this or previous studies [304]. Clinical differences

between the cohorts might account for these discrepancies.

Several studies have demonstrated that TB-IRIS is characterized by an increase in
mycobacteria-specific CD4 T cell responses at disease onset [39, 320-323]. However, increased
mycobacterial-specific CD4 T cell frequencies following ART is not systematically observed
in all TB-IRIS patients, and pathogen-specific CD4 T cell expansion can also be observed in
some non-IRIS patients [304]. This suggests that Mtb-specific CD4 T cell reconstitution upon
ART is not the only mechanism involved in TB-IRIS pathogenesis. Current understanding
suggests that paradoxical TB-IRIS is also partly driven by Mtb-primed innate immune
responses, including inflammasome activation, being activated after ART initiation [28]. Mtb
specific CD4 T cells may provide activation signals to the already primed innate immune cells

resulting in a dysregulated inflammatory response

To further elucidate the contribution of Mtb-specific IFNy+CD4+ T cells in TB-IRIS
pathology, we characterised their phenotype in TB-IRIS patients. We demonstrated that Mtb-
specific IFNy+CD4 T cells of TB-IRIS patients had elevated HLA-DR expression prior to the
initiation of ART and this was significantly upregulated in TB-IRIS patients at week 2 on ART
compared to non-IRIS patients. Similarly, others have demonstrated that Mtb-specific CD4 T
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cells are activated [305], and polyfunctional [306, 321], compared to non-IRIS controls at IRIS

onset.

Consistent with our previous findings [304], we did not observe any significant differences in
the expression of HLA-DR in total CD4+ T cells between the two clinical groups over time in
a cross section analysis. However, like Antonelli et al, we observed increased HLA-DR
expression in total CD4+ T cells of TB-IRIS patients from baseline to week 2 and 4 [305].

Similar observations were reported by Haridas et al. at the time of IRIS onset [324].

Lastly, Granzyme B expression was enriched in Eomes/Tbet co-expressing Mtb-specific
IFNy+CD4+ T cells at 2 weeks on ART in TB-IRIS patients. Although this represents a modest
proportion of Eomes+Tbet+ cells, this is consistent with mouse data from experimental
autoimmune encephalitis showing the capacity of Eomes+ IFNy+CD4 T cells to acquire
cytotoxic attributes [314]. Moreover, our group has previously shown TB-IRIS to be associated
with increased transcript abundance and secretion of granzyme B by PBMC of TB-IRIS
patients at week 2 on ART [325].

In conclusion, while the mouse model data suggested that CD4 T cell expression of Eomes
promotes IRIS, there were no differences in the expression of Eomes or Tbet transcription
factor in Mtb-specific IFNy+ CD4 T cells between patients who developed TB-IRIS and non-
IRIS controls. We found that TB-IRIS was associated with an increase of Mtb-specific CD4 T
cells at onset. Moreover, increased expression of markers of immune activation and
cytotoxicity in Mtb-specific CD4 T cell subsets in TB-IRIS patients suggests these cells may
contribute to pathogenesis of TB-IRIS. Improved understanding of the pathophysiology of

IRIS should enable the development of new diagnostic tools and better targeted treatments.
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4.4 Study limitations

There were several limitations to this study. The number of samples analysed was limited,
consequently, larger cohort studies are needed to verify these findings. We assessed responses
in peripheral blood when clinical manifestations are often localized in tissue. Furthermore, the
cell viability of the analysed samples was highly variable. To mitigate this potential technical
issue, precautions were taken to include only live cells in our analysis, through stringent
application of gates, excluding dead cells. Several patients with severe disease received
corticosteroids prior to or while on ART, the main indications being neurological TB at TB
diagnosis or the development of TB-IRIS after initiating ART. However, our previous findings
suggest that corticosteroid treatment does not have a significant impact on ex vivo T cell
functional responses in TB-IRIS patients [326]. Finally, MAC-IRIS animal model is a good
model for studying the effects of reconstituting the immune system with MAC-specific CD4
lymphocytes. However, the model does not capture the complexity of the immunopathogenesis
underpinning IRIS-related pathology, such as various innate immune responses which might

be affected by ART, independently of CD4 lymphocyte reconstitution.

126



Chapter 5 summary: Functional transcriptomics of patients with paradoxical TB-IRIS

and appropriate controls prior to and during early antiretroviral therapy

This chapter seeks to understand the molecular pathogenesis of paradoxical TB-IRIS by
characterizing global gene expression in whole blood of patients who enrolled in the Pred-ART
intervention trial. The chapter details cross sectional and longitudinal evaluation of
differentially expressed genes in patients who were allocated either placebo or prophylactic
prednisone who developed paradoxical TB-IRIS and TB-non-IRIS controls prior to the
initiation of ART (week 0), at the median onset of inflammatory features (week 2) and post the
resolution of inflammatory features (week 12) on ART. Differentially expressed genes were
summarized into biological pathways using gene set enrichment analysis to decipher the
cellular mechanisms that precede, underlie or reflect the resolution of paradoxical TB-IRIS at

week 0, 2 and 12 respectively.
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5. The development of paradoxical TB-IRIS

In patients with advanced HIV infection, TB is often disseminated with hematogenous spread
to organs beyond the lungs [327]. Innate immune cells including macrophages, monocytes and
neutrophils serve as a remaining immunological defense against Mtb replication in the absence
of effective adaptive CD4 T cell mediated immune responses. This results in the activation of
tissue resident macrophages enabling an extent of control of Mtb growth [30, 37, 39]. It is also
common for Mtb to spread via the lymphatic system to the thoracic, cervical and mesenteric
lymph nodes and establish nodal disease [328, 329]. Phagocytic cells sequester Mtb in the
phagosome, where Mtb can subvert the immune responses by preventing phagosome

maturation thereby continuing to replicate [330-332]. This interaction triggers the production

of cytokines and chemokines resulting in the activation of the endothelial vessel wall and a
chemokine gradient which causes the trafficking of immune cells to sites of Mtb infection [333,
334]. Immune cells in the vasculature follow the chemokine gradient and cross the endothelium
to the site of infection to cause inflammation [335]. In advanced HIV, because of CD4 T cell
deficiency and resultant impairment of multiple components of the immune response, Mtb
infection is poorly controlled with high bacillary burden in tissues often accompanied by ill-

formed granulomas and non-specific inflammation.

The initiation of ART results in the reversal of immune suppression over time, including the
restoration of Mtb-specific CD4 immune cells [29, 39]. The production of interferon gamma
by Mtb-specific CD4 T cells leads to the activation of already Mtb primed innate immune cells.
In a context of high levels of Mtb antigen levels in infected tissues, this results in exaggerated
inflammatory immune responses that manifest clinically as new or recurrent or worsening signs

and symptoms of TB termed paradoxical TB-IRIS [29, 162].

Paradoxical TB-IRIS is the most common complication of combined ART and anti-TB
treatment [6]. Paradoxical TB-IRIS is characterized by excessive inflammation and tissue
damage [162]. Although it is usually a self-limiting disease, paradoxical TB-IRIS is potentially
fatal with an attributable mortality rate of 2% [9]. Approximately 25% of patients with
paradoxical TB-IRIS require hospitalization for diagnostic work-up and management [19].
This underscores its prominence as a public health concern. The diagnosis of paradoxical TB-
IRIS is empiric, relying on the presence of inflammatory features and the exclusion of other
causes for clinical deterioration [22]. Corticosteroids are the preferred treatment intervention
for cases of paradoxical TB-IRIS with significant symptoms [21, 258, 336-339]. A major

challenge associated with corticosteroids is that they result in immune suppression [340, 341].
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For this reason, corticosteroids are prescribed with caution owing to their proclivity to cause
Kaposi’s sarcoma, especially in the context of advanced HIV induced immune suppression
[339]. This highlights the need for safer drug options with alternative mechanisms of action to

treat paradoxical TB-IRIS.

Recently, HIV clinical guidelines have shifted to advise early ART in patients with TB and
low CD4 T-cell counts [160, 169]. This is projected to increase the incidence of paradoxical

TB-IRIS, particularly in countries where HIV and TB are endemic.

5.1 Rationale

The incomplete understanding of the immunopathogenesis of paradoxical TB-IRIS is a
bottleneck in the design of improved diagnostic, preventive and therapeutic strategies. This
knowledge gap underscores the need for developing new research strategies that account for

the complex and dynamic nature of biological systems.

Systems biology is one such strategy that integrates genome wide scale (omics) analysis such
as DNA (genomics), RNA (transcriptomics), proteins (proteomics), lipids (lipidomics) and
metabolites (metabolomics) with phenotypes [342, 343]. Systems biology is based on high
throughput technology and high-performance computing [343]. This discovery approach
improves on methods in which a single gene or an isolated linear molecular pathway is studied
in isolation to understand its contribution to disease pathogenesis. Instead, systems biology
hinges on the foundation that normal bodily function and/or malfunction, consists of a
coordinated system that involves dynamic cross talk between a plethora of genes, proteins and

metabolites that are spatially and temporally regulated.

This chapter describes the application of transcriptomics workflows to investigate the
complexity of paradoxical TB-IRIS pathogenesis. This unbiased hypothesis-generating
approach was also used to identify biological processes modulated by prednisone shown to be
partially effective in TB-IRIS prevention in the placebo-controlled Pred-ART trial. RNA
extracted from whole blood of participants in this trial was used including those who developed
paradoxical TB-IRIS and controls who had HIV-associated TB but did not develop TB-IRIS
after starting ART. This work aimed to better characterize the dysregulated hyper-

inflammatory immune response that characterizes paradoxical TB-IRIS.
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5.2 Objectives

o In those receiving placebo in the trial, to characterize the gene expression profile
associated with TB-IRIS. To do this, significantly enriched biological pathways and
their associated genes were identified in TB-IRIS cases compared to TB-non-IRIS
control patients at baseline (week 0) and week 2 on ART.

o To identify biological pathways and genes modulated differentially by prednisone at
week 2 on ART, in all patients and in the subgroup who developed TB-IRIS.

o To identify longitudinal changes in gene expression profile on ART in TB-IRIS cases
by comparing profile at week 0 to that at week 2 on ART.

o To identify longitudinal changes in gene expression profile on ART in TB-non-IRIS
controls by comparing profile at week 0 to that at week 2 on ART.

5.3 Materials and Methods

5.3.1 Patient recruitment and enrolment

This study was nested within the Pred-ART randomized-controlled trial for which the study
protocol has been published and findings have been reported [21, 258]. The protocol for the
Pred-ART trial was approved by the Human Research Ethics Committee of the Faculty of
Health Sciences of the University of Cape Town. The Pred-ART trial enrolled HIV-positive
patients with confirmed or probable drug susceptible TB starting ART with a CD4 count < 100
cells/uL. The population demographic included adult patients aged 18 and above recruited
from four clinic sites in Khayelitsha, Cape Town, South Africa between August 2013 and
February 2016. All patients provided written informed consent. A total of 240 patients were
enrolled and randomized in a 1:1 ratio to receive either placebo or moderate dose prednisone
for 4 weeks. This was a phase 3 trial which assessed the efficacy and safety of prednisone in
preventing paradoxical TB-IRIS [21, 258]. At enrolment, patients had not initiated ART and
73% had microbiologically confirmed TB; the remainder had been empirically started on TB
treatment. Patients were on standard first line antitubercular treatment for a median of 16 and
17 days for those allocated to received either prednisone or placebo respectively. A total of 120
patients were randomized to 40 mg/kg of prophylactic prednisone for 2 weeks which was then
tapered down to 20 mg/kg for 2 weeks. The remaining 120 patients received identical placebo
for 4 weeks from the initiation of ART [21, 258]. Both the participants and trial staff in the
clinic were blinded to treatment allocation. Paradoxical TB-IRIS was defined according to the

international network for the study of HIV associated IRIS (INSHI) criteria [22, 164, 344-346].
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The incidence of TB-IRIS was 32.5% in the prednisone arm compared to 46.7% in the placebo

arm. Further, no serious complications were recorded in the prednisone arm [21].

Peripheral blood samples were collected prior to ART initiation (week 0) and at 2, 4 and 12
weeks on ART in all consenting participants. Biological material including ribonucleic acid
(RNA) and peripheral blood mononuclear cells (PBMCs) were extracted and cryogenically
preserved for long term storage. RNA-sequencing technology was exploited for sequencing
RNA samples available at week 0, 2 and 12 on ART. Computational biology and related
workflows were applied on sequenced data to address several related objectives (refer to

section 5.5).

Ethical approval for this sub-study was granted by the Human Research Ethics Committee of
the Faculty of Health Sciences of the University of Cape Town (HREC ref: 136/2013).

5.3.2 Blood collection and processing

Whole blood was collected in PAXgene tubes from all consenting participants at week 0, 2,
and 12 study visit and immediately transported at ambient temperature to the laboratory at the
University of Cape Town for processing. Blood was stored at — 80 °C until extraction was

performed.

5.3.3 RNA extraction procedure

The PAXgene 96 Blood RNA Kit offers high-throughput purification of cellular RNA in a
manual format. RNA was extracted following manufactures guidelines and specifications. The
blood samples (2.5 ml) had been collected in PAXgene Blood RNA Tubes (available from BD,
cat. no. 762165). The PAXgene blood RNA tubes were centrifuged to pellet nucleic acids. The
pellet was washed, and proteins were digested using proteinase K. Alcohol was added to adjust
binding conditions. Lysates were applied to the PAXgene 96 filter plate and centrifuged to
remove cell debris. The lysate was then applied to a PAXgene 96 RNA Plate. RNA extracts
were shipped in dry ice by air to Francis Crick Institute, London, United Kingdom for library

preparation and sequencing.

131



5.3.4 RNA library preparation

Sequencing libraries were constructed according to a standard next generation sequencing
(NGS) protocol. Total RNA extracted from patient whole blood was constructed into short
fragment length sequencing libraries using Ovation Universal Human Blood RNA-Seq
preparation kit (Tecan Genomics, UK; product now discontinued) according to manufacturer’s
recommendations. RNA was reverse transcribed into cDNA before being fragmented
mechanically using a Covaris E220 Focused Ultrasonicator and end paired to prevent re-
ligation. Unique adapter indexes were conjugated to each fragment per sample to allow
multiplexing. To enhance sequencing capacity on highly represented regions of the
transcriptome, rRNA and globin RNA were depleted as part of the library construction step.
The quantity and quality of the prepared library was assessed with Qubit fluorometer and

TapeStation 2000, respectively.

5.3.5 RNA sequencing

High quality libraries were sequenced on the Illumina HiSeq 4000 platform at Francis Crick
Institute, London, UK. To reduce batch effects, high throughput sequencing of samples
collected prior to the initiation of ART (week 0), and samples collected at week 2 and 12 on
ART were performed at once (refer to chapter 2 for comprehensive methods). A hard drive
containing the raw data was shipped to the University of Cape Town, South Africa for bio-

informatic analysis.

5.3.6 Handling raw data
Raw reads were uploaded to the UCT high performance computing (HPC) cluster network

facility using command line shell scripting.

5.3.7 RNA sequencing analytical pipeline
Using Linux based command-line scripting, the Next-Flow RNA-sequencing (NFcore-RNA-
seq) pipeline was used to quantify transcript expression across patient samples as outlined in

more detail in chapter 3.
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5.3.8 Data quality control
The nextflow core-RNA-seq pipeline has in-built quality control (QC) check points for each
process. After running to completion, the pipeline produced a multi-QC report which was

scrutinized for pipeline errors.

5.3.9 Downstream data analysis
Data was downloaded from UCT servers to a local computer where further downstream
functional analyses of the gene expression data was performed using the R programming

statistical language.
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5.4 Results

The study design allowed for cross sectional and longitudinal data analyses of differentially
abundant transcripts in samples from patients with paradoxical TB-IRIS and TB-non-IRIS
controls prior to and during concurrent ART and prednisone or placebo intervention.
Differential gene expression analysis was performed at each time point (week 0, 2, and 12).
Transcripts were ranked by the differential gene expression score and subsequently
summarized into biological pathways with the aid of gene set enrichment analysis (GSEA).
Weighted gene co-expression network analysis was subsequently used to identify module
eigengenes which significantly correlated with paradoxical TB-IRIS. Over representation

analysis was then utilized to verify the GSEA findings.

5.4.1 Clinical characteristics of the cohort

Sufficient mRNA samples for differential gene expression analyses (DGEA) were available at
week 0 (prior to ART initiation) for 225 of the 240 ambulatory, HIV-positive patients being
treated for TB. Of the 225 participants, 92 developed paradoxical TB-IRIS and 133 did not
(TB-non-IRIS controls). The demographic and clinical characteristics of the two groups are

summarized in Table 5.

Table 5. Clinical characteristics of patients who developed tuberculosis-associated immune
reconstitution inflammatory syndrome and controls (TB-IRIS, n=92) and those who did not (TB-
non-IRIS, n=133).

Clinical TB-IRIS TB-non-IRIS p-value
characteristics (n=92) (n=133)
Age median[IQR] 34[21-57] 38[18-65] 0.007
Gender (Male) n(%) 56(61) 79(59) 0.31
TB confirmation
Empirical n(%) 25 (27) 37 (27) -
Smear n(%) 3(3) 1 (0.8) -
Culture n(%) 45 (48) 68 (51) -
Xpert n(%) 22(23) 30 (22) -
CD4 count week 0 median = 47[3-189] 53[1-233] 0.26
[IQR]( cells/mm?)
LoglO HIV VL at week 0  5.66 5.48 0.16
Hb (week 0) 9.8[6.5-13.7] 9.6[7.1-15] 0.61
Neutrophil count (week 0)  1.98[0.73-9.63] 2.22[0.49-5.75] 0.84
Median time to TB-IRIS 12 [5-17.75] NA
onset in days [IQR]
On steroid treatment from  36(39) 75(56) -
week 0 (%)
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Hb: Haemoglobin, HIV VL: Human immunodeficiency virus viral load, IQR: interquartile range,
n: number (absolute count), %: Percentage, NA: not applicable. Non-parametric analysis (Mann-

Whitney T-test) was used to compare unpaired discrete and categorical data.

Patients with paradoxical TB-IRIS were significantly younger than TB-non-IRIS controls.
Thirty-nine percent of patients who developed paradoxical TB-IRIS received prednisone
prophylaxis compared with 56% of controls. The median CD4 count and HIV viral load at the
start of ART were similar in the two groups. Neutrophil counts and haemoglobin at baseline
were also similar for the two groups. The median duration on ART prior to the development

of paradoxical TB-IRIS was 12 days.

After analyzing the clinical characteristics of the Pred-ART sub-population, we characterized
the gene expression signature of patient samples in both clinical groups at different time points.
In this study, we had access to cryogenically preserved clinical material such as RNA extracted
from peripheral blood of consenting patients that were enrolled in the Pred-ART clinical trial.
The availability of samples prior to the onset of paradoxical TB-IRIS, at disease onset and post
disease, provided a snapshot at every stage of the disease; thus enabling us to glean new
understanding relating to the molecular events that occur in patients with paradoxical TB-IRIS.
We leveraged the power of high throughput RNA sequencing technology. Finally, with the aid
of this discovery approach, we uncovered the molecular processes modulated by prophylactic
prednisone in all patients; as well as in patients who either developed TB-IRIS or did not while
on prednisone prophylaxis. Of note, this is the largest transcriptomics study conducted in
patients with paradoxical TB-IRIS to date. Discussed below are the findings from these

analyses.

5.4.2 Placebo Week 0: TB-IRIS vs TB-non-IRIS

Characterizing early immunological processes that pre-exist ART initiation in patients who
develop paradoxical TB-IRIS could be of benefit in aiding the development of novel targeted
prevention strategies by identifying people at high risk of developing paradoxical TB-IRIS and
in the rationale design of such prevention strategies. Recent gene expression studies have
helped define biological processes involved in TB pathogenesis [342, 347]. Similar

transcriptomics approaches and frameworks were applied in samples collected prior to the
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initiation of ART (week 0) to investigate the gene expression signature and biological pathways

that predict subsequent paradoxical TB-IRIS.

5.4.2.1 Differential gene expression analysis

Differential gene expression analysis (DGEA) was performed on samples collected from
patients who developed paradoxical TB-IRIS and TB-non-IRIS controls at week 0. To model
raw gene count data, a statistical count-based workflow called DESeq2 was adapted to derive
and describe differentially expressed transcripts in samples from a total of 114 participants who
received placebo, 56 of whom developed paradoxical TB-IRIS subsequently on ART (see
Table 5.1).

Table 5.1: Summary of the number of the samples that were available by patient outcomes at
different study visits, prior to ART initiation (week 0) up to week 12 on ART in patients

allocated to either the placebo or prednisone arm.

Time-point Number of samples Number of samples Total

(weeks) Placebo/Prednisone (TB-IRIS) Placebo/Prednisone (TB-non-IRIS) (Placebo/Prednisone)
Week 0 56/36 58/75 114/111
Week 2 44/26 51/69 95/95
Week 12 42/34 50/62 92/96

5.4.2.2 Exploratory analysis

Variance stabilized, normalized expression data, were assessed for quality and explored for
patterns using principal component analysis (PCA). A total of 114 eigenvectors or principal
components (PC) corresponding to the patient samples were generated. In Figure SA the first
3 PCs or dimensions, which accounted for 99% of the cumulative variance, are shown. The
figure also depicts the relative contribution of the first 10 samples to each PC, where the scale
represents the proportion of variance contributed by each sample to each PC. PCI1 accounted

for 89.9% of the variance across all the samples (Figure SB).
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Figure 5. Principal component analysis (PCA) in a total of 114 samples collected from placebo
allocated patients who later developed paradoxical TB-IRIS and TB-non-IRIS controls prior to
the initiation of antiretroviral therapy (ART) (week 0). A. The relative contribution of each sample
to the cumulative variance across the first three principal components (PC) in an illustrative group
of 10 samples. B. Scree plot showing the proportion of variance explained by each principal

component (PC).

PC1 and PC2 contributed 96.6% of the cumulative variance for all the samples (Figure 5B).
Given this understanding, PCA was performed using the first 2 PCs for the 500 most variable
genes between the two clinical groups across all samples at week 0 (Figure 5A). PCI
represents the linear combination of the Euclidean distances (eigenvalue) between transcripts
across all 114 samples. PC1 maximizes the variability of the data when projected in the x-axis
(42%). PC2 is orthogonal to PC1, and it describes the residual variance of PC1 (10%) (Figure
5A&B).
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Figure 5.1. Exploratory data analysis for 114 samples collected from placebo-allocated patients who later developed paradoxical TB-IRIS and TB-
non-IRIS controls prior to the initiation of antiretroviral therapy (ART). A. Principal component analysis for the top 500 variable genes. PCI
contributed most of the variance. PCI1 is a cluster predominated by samples from patients with paradoxical TB-IRIS, suggesting that there is more

variation in gene expression in samples of patients with paradoxical TB-IRIS. B. Differential gene expression analysis to explore the distribution of
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differentially expressed genes (DEGs)across a spectrum of normalized base mean counts. DEGs were identified across the range of normalized base

mean counts.
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Since the axes of a PCA plot are ranked by order of importance (% of contributed variance),
PC1 accounted for the most variance compared to PC2. PC1 is a cluster predominated by
samples from patients with paradoxical TB-IRIS (Figure 5.1A). This suggests that patients
with paradoxical TB-IRIS had more perturbations in gene expression at week 0, compared to
TB-non-IRIS patients whose samples were used for benchmarking. Some samples from
patients with paradoxical TB-IRIS clustered with some from patients who did not develop
paradoxical TB-IRIS (TB-non-IRIS controls). This indicates the proximity of the eigenvalues
and therefore, the similarities in gene expression in some patients between the two clinical
groups at week 0. Additionally, despite the application of thresholds to exclude observations
with low normalized base mean counts to reduce noise, several outliers were observed, and

these typically had high variance (Figure 5.1A).

Following the evaluation of the similarities in gene expression between the samples, the
magnitude of change in gene expression was assessed in relation to transcript abundance after
adjusting for multiple hypothesis testing (FDR = 0.1) (Figure 5.1B). Each point represents a
single gene; where blue shaded circles depict differentially expressed genes between patients
who later developed TB-IRIS compared to those who did not; grey shaded circles depict genes
with no change in gene expression and triangles represent gene expression values beyond the

log2 fold change scale which ranged between [-1.8 and 2.5].

Figure 5.1B depicts the relationship between transcript abundance (base mean counts) and
change in gene expression (log2foldchange). The figure illustrates the distribution of log2fold
change values across a wide range of normalized base mean counts. Using differing thresholds
to include transcripts based on large changes in gene expression (effect size threshold) leads to
the loss of other significantly DEGs that do not satisfy the defined thresholds. This information
was instrumental in choosing the functional analytical approach that factors in transcripts with
small changes in gene expression that might nonetheless be important in the context of a
coordinated immune response in a biological system. This pattern of transcript abundance and
change in gene expression was also observed for DEGs identified at both week 2 and 12 on
ART. The same relationship in gene expression and effect size has been reported in several

RNA-seq studies [275].

Next, conventional false discovery rate (FDR = 0.05) thresholds were used to investigate gene
expression profiles between the two clinical groups at week 0. A total of 1325 differentially

expressed transcripts were identified in samples from patients with paradoxical TB-IRIS

140



compared to TB-non-IRIS controls at week 0. Of these, 978 transcripts were upregulated in
samples collected from patients who later developed paradoxical TB-IRIS when compared to
TB-non-IRIS controls. A total of 347 transcripts that were significantly downregulated in
patients who later developed paradoxical TB-IRIS relative to TB-non-IRIS controls were also
identified (Figure 5.2A). Collectively, DEGs were representative of genes encoding proteins
in 3 subcellular compartments: genes encoding proteins that localize to the nucleus of cells;
genes encoding mainly coding proteins and intracellular receptors that localize to the
cytoplasm; and genes encoding transmembrane proteins and cell surface receptors. Many of
the upregulated genes were those encoding proteins with diverse functions and localized to the
cytoplasm. These included many genes that encode ribosomal proteins, mitochondrial proteins
involved in the generation of ATP and the oxidation of Fe’* containing proteins, genes
encoding proteins that bind oxidized proteins, genes encoding defensins and antimicrobial
peptides, genes encoding proteins involved in heme biosynthesis and porphyrin metabolism,
and those encoding proteins involved in the transport of gas molecules. Lastly, interferon
inducible genes and those involved in megakaryocyte differentiation were identified. Genes
encoding proteins that localize to the nucleus included those involved in DNA repair and genes
involved in the epigenetic regulation of gene expression. Among the genes that were
downregulated were those encoding proteins involved in the process of inflammation and those

that degrade aberrant proteins.
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Figure 5.2. Differential gene expression analysis in 114 samples collected from placebo-allocated patients who later developed paradoxical TB-IRIS
and TB-non-IRIS controls at week 0 prior to the initiation of antiretroviral therapy (ART). A, Volcano plot showing differentially expressed genes
(DEGs) in patient samples collected from the placebo arm at week 0. DEGs were defined by an adjusted p-value of less than or equal to 0.05. B,
Visualization of the top 100 DEGs identified in samples from patients with paradoxical TB-IRIS (pink) and TB-non-IRIS control(green) at week 0. A
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total of 1325 transcripts were differentially expressed between the 2 clinical groups at week 0, with 978 genes being upregulated while 347 genes were
downregulated in patients with paradoxical TB-IRIS.
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Next, the top 100 of the 1325 DEGs were visualized using a heatmap to explore the gene
expression profiles in the placebo allocated samples at week 0 based on paradoxical TB-IRIS
outcome (Figure 5.2B). Figure 5.2B shows the top 100 DEGs in samples of patients who later
developed paradoxical TB-IRIS (salmon) and TB-non-IRIS (green) controls at week 0. The
rows represent the DEGs (red= upregulated, white = no change in gene expression, and blue =

downregulated) and the columns represent deidentified patient sample (n =114).

In the context of clinical disease, these exploratory findings suggest that there is more
perturbation in gene expression from samples of patients who eventually develop paradoxical
TB-IRIS compared to TB-non-IRIS controls at week 0. Additionally, data were quite
instructive with regards to choosing a well-suited workflow for subsequent functional
enrichment analysis that could potentially include all the genes regardless of effect size

contribution.

5.4.2.3 Gene set enrichment analysis

To identify and describe significantly enriched biological processes preceding the onset of
paradoxical TB-IRIS, DEGs were ranked by log2fold change and summarized into biological
pathways by conducting functional enrichment analysis using a threshold free statistical
algorithm known as gene set enrichment analysis (GSEA) [282]. The GSEA algorithm
accommodates a pre-ranked gene list and a curated gene set to functionally classify DEGs into
biological pathways. The Reactome database provides gene sets that are curated based on
multiple features including gene function. Described below, are the significantly enriched
biological pathways and their attendant genes that precede the clinical onset of paradoxical TB-

IRIS, at week 0 before ART was initiated.

5.4.2.3.1 Genes related to hypoxic stress and metabolic dysfunction were upregulated in
samples collected from placebo-allocated patients who later developed paradoxical TB-IRIS
compared to TB-non-IRIS controls prior to the initiation of ART.

Several biological pathways were identified that were significantly enriched in samples
collected at week 0 from patients who later developed paradoxical TB-IRIS compared to TB-
non-IRIS controls. 4 priori thresholds to define statistical significance including a normalized
enrichment score (NES) greater or less than 0 and an FDR cut-off, of less or equal to 0.1, were

used to define statistically enriched biological pathways as determined by the Kolmogorov-
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Smirnov test [348]. In Figure 5.3, the 20 most significantly upregulated and downregulated
biological processes at week 0 are shown. The biological pathways are discussed below largely
in the context of the Reactome database from which they were curated and in relation to

relevant published literature.

The top 5 biological pathways (eukaryotic translation elongation, eukaryotic translation
initiation, response of eif2ak4 to amino acid deficiency, seleno-amino acid metabolism and
nonsense mediated decay) largely represented upregulated genes encoding ribosomal proteins
which are accessory to the 60S subunit of the eukaryotic ribosome (Figure 5.3). Ribosomes
and their accessory proteins are confined to the cytoplasm of the cell where they facilitate the
translation of mature mRNA into polypeptides; the elongation of the polypeptides and
subsequent posttranslational modifications (i.e folding) into functional proteins [349]. rRNA
constitute 90% of the total RNA species in the blood. Therefore, the abundance of the
ribosomal proteins at week 0 in samples from patients who later developed paradoxical TB-
IRIS and those who did not (TB-non-IRIS controls) likely reflects this fact. Consequently, we

do not emphasize these findings although they were statistically enriched.
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Figure 5.3.Gene set enrichment analysis in samples from placebo-allocated patients who later develop paradoxical TB-IRIS and TB-non-IRIS
controls prior to the initiation of antiretroviral therapy (ART). Significantly enriched pathways were defined by a normalized envichment score greater

than or less than 0 and an adjusted p-value of less or equal to 0.05. The right panel shows an enrichment plot for the heme biosynthetic pathway which
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is suggestive of adaptation to hypoxia in patients with paradoxical TB-IRIS compared to TB-non-IRIS controls at week 0. The red line depicts the

enrichment score and the vertical black bars represent individual genes.
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Several other biological pathways including heme biosynthesis, the transportation of oxygen
and carbon dioxide, porphyrin metabolism and mitochondrial encoded proteins involved in the
oxidation of Fe*" containing proteins, were the most significantly upregulated in samples from
patients who later developed paradoxical TB-IRIS compared to TB-non-IRIS controls at week
0 (Figure 5.3). The bottom right panel of Figure 5.3 depicts an enrichment plot for the heme
biosynthesis biological pathway; the green line depicts the running enrichment score, while the
red dotted line depicts the enrichment score which is defined as the maximum deviation of the
running sum from zero [282, 350, 351]. The top right panel depicts the DESeq2 derived gene
list that is ranked by the log2fold change metric. Each vertical bar represents an individual gene
which add up to a gene set of 140 genes that comprise this biological pathway. The closely
packed upright bars to the left of the enrichment score are the most upregulated genes that
contribute significantly to the enrichment score. These are known as the leading-edge subset.
Among the top 10 leading edge subset was ferrochelatase which catalyses the conversion of

protoporphyrin IX to heme B [352].
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Figure 5.4. Gene expression of the top 9 transcripts identified with DESeq2 in samples from
patients with paradoxical TB-IRIS and TB-non-IRIS controls at week 0. glutamate-cysteine
ligase catalytic subunit (GCLC), PITH domain containing 1 (PITHDI), lysine acetyltransferase
2B (KAT2B), forkhead box O3 (FOXO3), Ring finger protein 11 (RNFI11), uroporphyrinogen
decarboxylase (UROD), clathrin light chain B(CLTB), MOB kinase activator 2 (MOB2),
hemoglobin subunit gamma 2 (HBG2)

Figure 5.4 depicts the first 9 normalized expression counts that were stabilized for variance in
samples collected at week 0 from patients who later developed TB-IRIS compared to those
who did not. A short list of the significantly enriched genes and functions are listed in Table
5.2 below.
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Table 5.2.Gene names and function identified as part of heme biosynthesis and antimicrobial

peptide pathways showing the leading edge subset that were significantly enviched (FDR = 0.1) in

patients who later developed paradoxical TB-IRIS compared to TB-non-IRIS controls prior to the

initiation of antiretroviral therapy.

Gene name

Symbol

Function

Heme biosynthesis leading edge subset

Ferro chelatase FECH Encodes protein that catalyzes the insertion of iron into protoporphyrin IX in the heme
biosynthesis pathway

ATP blndlng cassette subfamily G ABCG2 Encodes a protein that transports various molecules across extra- and intra-cellular
membranes.

member 2

Hydroxy-methyl-biIane-synthase HMBS Encodes a member of the hydroxymethylbilane synthase superfamily, a third enzyme in the
heme biosynthesis pathway

Amino Ievulinate synthase 2 ALAS2 Encoded gene catalyzes the first step in the heme biosynthetic pathway

Urod porphyrinogen deca rboxylase UROD Encoded protein catalyses the conversion of urod-porphyrinogen to coproporphyrinogen
through the removal of four carboxymethyl side chains

Protoporphyrinogen oxidase PPOX Encoded protein catalyzes the 6-electron oxidation of protoporphyrinogen IX to form
protoporphyrin IX

Transmembrane protein 210 TMEM?210 Predicted to be integral component of membrane

Uroporphyrinogen m synthase UROS Encoded protein catalyzes the fourth step of porphyrin biosynthesis in the heme
biosynthetic pathway

Coproporphyrinogen oxidase CPOX Encoded protein catalyzes the stepwise oxidative decarboxylation of coproporphyrinogen

11l to protoporphyrinogen IX, a precursor of heme

Antimicrobial peptide leading edge subset

protein

Defensin alpha 1B DEFA1B Encoded protein is an antimicrobial and cytotoxic peptide, abundant in granules of
neutrophils

Cathepsin G CTSG Encoded protein is a member of the peptidase S1 protein family, is found in azurophil
granules of neutrophilic polymorphonuclear leukocytes

Defensin alphal DEFA1 Encoded protein is a member of the family of antimicrobial and cytotoxic peptides
abundant in granules of neutrophils

Defensin alpha3 DEFA3 Encoded protein is a member of the family of antimicrobial and cytotoxic peptides
abundant in granules of neutrophils

Defensin alpha4 DEFA4 Encoded protein is a member of the family of antimicrobial and cytotoxic peptides
abundant in granules of neutrophils

Elastase neutrophil expressed ELANE Elastases form a subfamily of serine proteases that hydrolyze many proteins in addition to
elastin

Proteinase 3 PRTN3 Encoded protein is involved in mature conventional dendritic cell differentiation;
membrane protein ectodomain proteolysis; and neutrophil extravasation

Intelectin 1 ITLN 1 Encoded protein enables calcium ion binding activity, involved in positive regulation of
glucose transport, protein phosphorylation

Cathelicidin antimicrobial peptide CAMP Encoded protein is a member of the antimicrobial peptide family contained in neutrophilic
granules

Lipocalin 2 LCN2 A neutrophil encoded gelatinase that transports small hydrophobic molecules such as
lipids, steroid hormones and retinoids

Lactotransferrin LTF Encoded protein is a member of the transferrin family of genes and its protein product is
found in the secondary granules of neutrophils

Bactericidal permeability increasing BPI Gene encodes a lipopolysaccharide binding protein. It is associated with human neutrophil

granules and has antimicrobial activity
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The identified biological pathways largely reflect differential neutrophil gene expression and
adaptation to metabolic stress and alterations in iron homeostasis in patients who later develop
paradoxical TB-IRIS compared to TB-non-IRIS controls. The identified biological pathways
reflect the physiologic and immunologic profile of patients at risk of developing paradoxical
TB-IRIS. It is well established that patients with more advanced HIV-related immune
suppression and more disseminated and severe TB before ART are at highest risk for
developing paradoxical TB-IRIS [160]. The identified pathways likely reflect a consequence
of these disease states. The upregulation of mitochondrial genes that are involved in the
generation of ATP via the electron transport chain is consistent with increased oxidation of
reduced metabolic equivalents that input protons across the cytoplasmic space for ATP
synthesis [292, 353, 354]. ATP is the preferred metabolic currency of cells enabling them to
maintain viability and execute their physiologic roles [355, 356]. Additionally, mitochondrial
genes encoding proteins that catalyze the oxidation of Fe*" containing proteins were
upregulated in samples from patients who later developed paradoxical TB-IRIS compared to
TB-non-IRIS controls. These findings likely reflect heightened metabolic and physiologic
stress related to more severe immunosuppression and disseminated TB in the group who later

developed paradoxical TB-IRIS.

The link between metabolic dysfunction and iron homeostasis is well established [357]. Iron is
central to many biological processes including but not limited to DNA replication, and ATP
synthesis via the electron transport chain which is resident in the phospholipid bilayer of
mitochondria [357]. However, its main function is in the synthesis of hemoglobin to support
the efficient delivery of oxygen to tissues [357]. Hypoferremia has been reported in TB disease
[358]. Although potentially detrimental, hypoferremia is a host adaptation mechanism that
deprives the invading Mycobacterium tuberculosis bacterium of reduced iron which is vital to
its physiology [359-362]. The undesirable effect of hypoferremia is anemia, which can
contribute to hypoxic stress [363]. Additionally, the loss of iron can occur through various
physiological processes. Notably, most of the iron in the human body exists in complex within
the prosthetic groups of hemoglobin which is a component of red blood cells [363]. As a result,
the loss of iron can occur through the senescence of RBCs [364-366]. Additional iron reservoirs
exist in RBC progenitors found in the bone marrow, the senescence of which leads to

hypoferremia [364].

Tight regulation between iron availability in the context of infection and inflammation and the

physiological response to hypoxia could both contribute to the gene expression profile
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observed in patients who are at higher risk of developing paradoxical TB-IRIS related to more
severe disseminated TB. As part of a possible coordinated response to tissue hypoxia, there
was increased expression of genes encoding proteins involved in heme biosynthesis, porphyrin

metabolism, and concomitant O2/CO2 uptake/release to maintain metabolic homeostasis.

Furthermore, we identified two biological pathways including antimicrobial peptides (AMPs)
and defensins which were more significantly upregulated in patients who later developed
paradoxical TB-IRIS compared to those who did not. The genes associated with these
biological pathways are expressed preferentially in neutrophils and encode proteins involved
in the innate host immune response to pathogens including Mycobacterium tuberculosis. The
Reactome database defines the curated genes in these two pathways as coding for proteins with
low molecular weight and broad antimicrobial spectrum against pathogenic microbes. These
two pathways were significantly enriched in samples from patients who later developed
paradoxical TB-IRIS compared to TB-non-IRIS controls prior to the initiation of ART.

Increased expression of neutrophils in the context of hypoxia is well documented [367, 368].

Hypoxia triggers a physiological response involving transcriptional regulation to maintain
oxygen levels through iron regulation under homeostatic conditions [369]. Tissue hypoxia may
occur in the context of acute and/or chronic inflammation such in the case of HIV/TB co-
infection, where two interacting disease states can cause severe inflammation resulting in

hypoxia [370-373].

In TB disease, focal lesions of inflammation are known to be hypoxic and beneficial for Mtb
survival [3, 374, 375]. Inflammation and tissue damage are triggers for neutrophil infiltration
[376-378]. Neutrophils are a subset of innate immune cells that are found in circulation and
rapidly traffic and extravasate to sites of infection, inflammation or tissue damage [379, 380].
Circulating innate immune cells (including monocytes and neutrophils) that extravasate to sites
of inflammation where the gradient of oxygen is low are well adapted to function under reduced
oxygen tension [381]. In this regard, infiltrating neutrophils have the capacity to directly
increase their oxygen consumption to aid in the assembly of the nicotinamide adenine
dinucleotide phosphate (NADPH) oxidase complex, superoxide dismutase and
myeloperoxidase (MPO) to generate reactive oxygen species (ROS), hydrogen peroxide
(H202) and hypochlorous acid (HCIO), thereby depleting oxygen levels [381, 382].

Therefore, prior to the initiation of ART, there appears to be broad themes that describe the

physiologic and immune state in the blood of patients who later develop paradoxical TB-IRIS
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compared to TB-non-IRIS controls which include hypoxic stress, neutrophil activation and

increased production of mediators of neutrophil microbial killing.

Three biological pathways were significantly downregulated in samples from patients who
later developed paradoxical TB-IRIS compared to TB-non-IRIS controls: chondroitin sulfate

biosynthesis, interleukin 6 family signaling and regulation of glycolysis metabolism.

Chondroitin is a linear heteropolysaccharide which consists of repeating disaccharide units of
glucuronic acid and galactosamine. The latter is commonly sulfated at carbon 4 or 6 to form
chondroitin sulfate (CS). This sugar moiety covalently attaches to proteins to form
proteoglycans which are ubiquitous in animal tissue surfaces as well as vital components of
the extracellular matrix. Proteoglycans are involved in a variety of biological processes
including cell proliferation, cell migration and trafficking. Their activity is modulated by
bioactive proteins including growth factors, morphogens, and cytokines. This implies that
patients that are likely to develop paradoxical TB-IRIS might have impaired immune cell

function including proliferation, mobility and signaling.

Although the chondroitin sulfate biosynthesis pathway is not sufficiently described in the
Reactome database, this sulfated compound coats soft tissues and is a monomer of cartilaginous
tissue in humans. The genes comprising the chondroitin sulfate biosynthetic gene set includes
genes that encode proteins that function both in the cell nucleus and cytoplasm. Some of the
genes that were downregulated included various genes encoding DNA polymerases that are
central to the process of cell division and implications for epigenetic regulation of gene
expression. Other downregulated genes encode cytoplasmic ubiquitinases which regulate other
proteins such as proteins with high turn-over kinetics and aberrant proteins. These findings

have not been reported previously in the context of paradoxical TB-IRIS.

Furthermore, the glycolytic energy generation pathway and associated genes were significantly
downregulated in samples from patients who developed paradoxical TB-IRIS compared to TB-
non-IRIS controls at week 0. Glycolytic reactions have been reported to be the main energy
producing pathway in HIV-infected patients with severe pulmonary TB disease and in cases of

pediatric tuberculous meningitis IRIS in what is known as the Warburg effect [214].

Lastly, IL-6 expression was significantly downregulated in patients who later developed
paradoxical TB-IRIS compared to TB-non-IRIS controls. This may reflect impairment of
certain proinflammatory responses in patients who develop paradoxical TB-IRIS prior to ART

initiation. This is possibly due to the depletion of CD4 T cell immunity due to HIV-1 mediated
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immune suppression, more so in patients who later develop paradoxical TB-IRIS. Mtb-specific
CD4 T cell responses are critical for the activation of innate immune cells which are the

remaining barrier of immunity during TB disease in advanced HIV [383, 384].

5.4.2.4 Weighted Gene Co-expression Network Analysis (WGCNA)

Next, we constructed gene networks using weighted gene co-expression network analysis from
an expression matrix of samples collected prior to the initiation of ART in placebo allocated
patients who later developed paradoxical TB-IRIS and those who did not (TB-non-IRIS
controls). The strength behind WGCNA is in identifying transcripts with similar expression
profiles and clustering them together to identify hub genes. These highly correlated genes are
assumed to share overlapping functionality and as a result are very likely involved in the same
biological pathway. We used the resulting modules that were highly correlated with genes that
are predictive of paradoxical TB-IRIS to corroborate our initial findings using over

representation analysis.

5.4.2.4.1 Network construction with WGCNA identified five module eigengenes that are
significantly correlated with paradoxical TB-IRIS

Unsupervised learning approaches were used to identify and exclude a single outlier sample
from a single TB-non-IRIS control at week 0 (Figure 5.4A). We constructed a network that
satisfied the criteria for scale free topology by converting a gene expression matrix into a
correlation matrix. A soft threshold (B value) of 12 was applied to the correlation matrix to
generate a weighted adjacency matrix that was used for network construction (Figure 5.4

B&CO).
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Figure 5.5. Weighted gene co-expression network analysis (WGCNA) in the placebo allocated samples from patients who
later developed paradoxical TB-IRIS and TB-non-IRIS controls prior to the initiation of antiretroviral therapy (ART) at

week 0. A, Hierarchical clustering analysis identified one outlier sample (Red circles = excluded sample. B, Beta values for
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the network construction which satisfies scale free topology criteria. C, Network construction with unsupervised hierarchical

clustering of genes. Similar modules were merged (red box). D, heatmap cluster of the identified module eigengenes (ME).
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Next, a topological overlap matrix (TOM) and dissimilarity TOM (dissTOM) were created
using TOM similarity and dissimilarity modules. Finally, module identification was performed
by dynamic tree cutting, defining the minimum module size as 30. A threshold of 0.25 was
used to merge modules with high similarity scores (Figure 5.4 C). Moreover, the values of
gene significance (G.S) were used to calculate the association of individual genes with
paradoxical TB-IRIS. Module Membership (M.M) was defined as the ME correlation as well

as the gene expression profile for each module (Figure 5.4 D).

We identified 19 ME in this analysis, 3 of which were significantly predictive of paradoxical
TB-IRIS (Figure 5.5 A). Three MEs in the following order, were highly and significantly
correlated with paradoxical TB-IRIS, ME-blue (r = 0.96), ME-mid-night blue (r = 0.53) and
ME-cyan (r = 0.45) (Figure 5.5 A). The number of genes comprising the turquoise, lightcyan
and grey60 MEs are 1228, 148, and 221 respectively. The transcripts were largely involved in
heme biosynthesis, neutrophil antimicrobial peptides, and O2/CO2 gas transport. These
findings curated from the org.Hs.eg.db database, corroborated the similar pathways involved
in hypoxic stress, neutrophil activation and epigenetic regulation which were identified by

GSEA at week 0 in patients with paradoxical TB-IRIS compared to controls.

5.4.2.4.2 Identification of overrepresented pathways in samples from patients with
paradoxical TB-IRIS

Next, three ME that were significantly correlated (FDR = 0.05) with paradoxical TB-IRIS were
selected (ME-turquoise, ME-lightcyan and ME-grey60) and their associated genes (n = 425)
and overrepresentation analysis (ORA) was performed to investigate the biological pathways
that were significantly overrepresented in samples from patients who later developed

paradoxical TB-IRIS (Figure 5.5 A&B).
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Figure 5.6. Over representation analysis (ORA) of transcripts belonging to the blue
module eigengene (ME-blue) which was significantly correlated with paradoxical TB-
IRIS. ORA identified several pathways that corroborated our initial GSEA finding in
patients with paradoxical TB-IRIS.

The 3 biological pathways that were overrepresented in samples from patients who later

developed TB-IRIS included detoxification of hydrogen peroxide which highlights the

involvement of neutrophilic responses (Figure 5.5). This in part corroborates our initial GSEA

findings. The identified pathways were involved in antimicrobial defense. The transcripts that

formed part of these pathways were neutrophil genes involved in the upregulation of hydrogen

peroxide and antimicrobial peptides.
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5.4.2.5 Summary of findings for these analyses

Functional whole blood transcriptomics in samples from placebo-allocated patients who later
developed paradoxical TB-IRIS compared to TB-non-IRIS controls identified DEGs prior to
the initiation of ART (week 0).

Functional enrichment analysis using GSEA identified several biological processes that were
enriched in samples from patients who later developed paradoxical TB-IRIS compared to TB-
non-IRIS controls prior to the initiation of ART. Genes encoding neutrophil-related secondary
granules which are released by exocytosis were upregulated in patients who later developed
paradoxical TB-IRIS compared to those who did not. Additionally, over-representation
analysis, which is more stringent in its method of identifying highly represented pathways,
identified biological processes involving the detoxification of hydrogen peroxide, signaling the
involvement of neutrophils and corroborating the GSEA findings. Additionally, transcripts
involved in mediating homeostasis to hypoxic stress were other important biological processes
that were significantly upregulated in samples from patients who later developed paradoxical
TB-IRIS compared to those who did not. Hypoxic stress in the context of HIV-TB coinfection
is likely by induced systemic inflammation and relates to innate immune cell trafficking
including neutrophils. There was significant downregulation of genes in the IL-6 pathway in
patients who later developed paradoxical TB-IRIS perhaps reflecting more severe pre-ART
immune suppression in those who later developed paradoxical TB-IRIS. Lastly, chondroitin
sulfate biosynthesis which is disaccharide that interacts with proteins to form proteoglycans
which are components of the extracellular matrix which regulates many of the cell’s activity
was downregulated in patients who later developed paradoxical TB-IRIS compared to those
who did not. The implication for this is many of the cell’s functions such as proliferation,
maturation and trafficking might be altered more so in patients that are predisposed to

developing paradoxical TB-IRIS.
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5.5 Placebo Week 2: TB-IRIS vs TB-non-IRIS

To gain better insight into the molecular events that are prominent at the time of the onset of
paradoxical TB-IRIS symptoms, the gene expression profile of patients allocated to placebo
who developed paradoxical TB-IRIS was compared to TB-non-IRIS controls allocated to
placebo in samples collected at week 2 on ART, which is coincided with the median time of
paradoxical TB-IRIS onset [21]. Subsequently, DGEA and functional enrichment analysis were

conducted.

5.5.1 Differential gene expression analysis

Raw count data were modelled using DESeq2 to identify differentially abundant transcripts
from a total of 95 samples collected from patients allocated to placebo in the Pred-ART trial
who either developed paradoxical TB-IRIS or did not at week 2 on ART (see Table 5.1).

5.5.2 Exploratory analysis

Variance stabilized, normalized expression data, were assessed for quality and explored for
patterns using PCA. A total of 95 eigenvectors or principal components (PC) corresponding to
the patient samples were generated. Shown below are the first 3 PC which accounted for 98%
of the cumulative variance (Figure 5.7A). Figure 5.7A depicts the relative contribution of each
of the first 10 samples to each PC. The scale represents the proportion of variance contributed
by each sample to each PC. Most importantly, PC1 accounted for 91.7% of the variance
explained by all the samples (Figure 5.7B). PC1 and PC2 contributed almost 97% of the
cumulative variance for all the samples (Figure 5.7B). Therefore, PCA was performed using
the first 2 PCs for the 500 most variable genes between the two clinical groups across all

samples (Figure 5.8A).
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Figure 5.7. Principal component analysis (PCA) in a total of 95 samples collected from placebo
allocated patients with paradoxical TB-IRIS and TB-non-IRIS controls at week 2 on ART. A.
The relative contribution of each of 10 selected samples to the cumulative variance across the first
three principal components (PC). B. Scree plot showing the proportion of variance explained by

each principal component (PC) across all samples.

PC1 represents the linear combination of the Euclidean distances (eigenvalue) between
transcripts across all 95 samples. It maximizes the variability of the data when projected in the
x-axis (25%). PC2 is orthogonal to PC1, and it describes the residual variance of PC1 (13%)
(Figure 5.8A).
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Figure 5.8. Exploratory data analysis for 95 samples collected from placebo allocated patients with paradoxical TB-IRIS and TB-non-IRIS
controls at week 2 on ART. A. Principal component analysis for the top 500 variable genes. PC1 contributed most of the variance. PCI is a
cluster predominated by samples from patients with paradoxical TB-IRIS, suggesting that there is more variation in gene expression from samples
of patients with paradoxical TB-IRIS. B. Volcano plot showing differentially expressed genes (DEGs) in patient samples collected from the placebo
arm at week 2 on ART. DEGs were defined by an adjusted p-value of less than or equal to 0.05 and log?2 fold change greater than or equal to I or

less than or equal to -1.
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PC1 accounted for most of the variance compared to PC2. PCI1 is a cluster predominated by
samples from patients who developed paradoxical TB-IRIS. This suggests that patients with
paradoxical TB-IRIS had more perturbations in gene expression at week 2 on ART, compared
to TB-non-IRIS patients. However, it is worth noting that some samples from patients who
developed paradoxical TB-IRIS clustered with some from the TB-non-IRIS controls,
indicating the proximity of the eigenvalues and therefore, the similarities in gene expression
between the two clinical groups. Additionally, despite the application of thresholds to exclude
observations with low normalized base mean to reduce noise, several outliers were observed,

and these typically had high variance (Figure 5.8A).

Following the evaluation of the similarities in gene expression between the samples,
differential gene expression analysis was performed to identify significantly upregulated and
downregulated DEGs in samples from patients who developed paradoxical TB-IRIS and TB-
non-IRIS control at week 2 on ART after adjusting for multiple testing (FDR = 0.05). A total
of 2061 transcripts that were differentially expressed were identified. Of these, 1211 transcripts
were upregulated while 850 were downregulated (Figure 5.8B). To explore the data further,
we tested more conservative thresholds incorporating log2 fold change greater than or equal to
1 or less than or equal to -1 to identify a minimal biosignature. This dramatically collapsed the
number of DEGs to 29 genes. A total of 21 transcripts were upregulated while 8 were
downregulated in patients who developed paradoxical TB-IRIS (Figure 5.9). Many of the
upregulated genes were directly linked to neutrophil activation & degranulation and caspase
secretion. The downregulated genes were diverse in function and included, but were not limited
to, immunoglobulin (Ig) like encoded proteins involved in pathogen recognition, Ig-like

encoded proteins involved in the transport of insulin, and interferon alpha inducible genes.
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Figure 5.9. Differential gene expression analysis in 95 samples collected from placebo allocated patients with paradoxical TB-IRIS and TB-non-
IRIS controls at week 2 on ART. A, Visualization of 29 DEGs identified in samples from patients with paradoxical TB-IRIS (pink) and TB-non-IRIS
control(green) at week 2 on ART. A total of 21 transcripts were upregulated and 8 transcripts were downregulated in samples from TB-IRIS patients.
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Next, we visualized the 29 DEGs using a heatmap to explore the gene expression profiles in
the samples from placebo allocated patients collected from all patients at week 2 on ART
(Figure 5.9). Clustering by columns (samples), did not reveal interesting patterns between TB-
IRIS and TB-non-IRIS samples. However, in the clustering of rows (transcripts) there were
mixed clusters that revealed 3 gene expression patterns: transcripts (n= 21) that were highly
expressed (upregulated) predominantly in samples collected from patients who developed
paradoxical TB-IRIS but not in samples from TB-non-IRIS controls; 8 transcripts that were
upregulated in samples from TB-non-IRIS controls but were downregulated in most samples
from patients who developed paradoxical TB-IRIS; and a small number of transcripts from

both clinical groups that showed modest change in gene expression. (Figure 5.9).

When relating these findings to the Pred-ART clinical data, these exploratory findings were
rational: paradoxical TB-IRIS patients in this cohort had a spectrum of severity of clinical
symptoms ranging from severe to mild with many of the patients having mild inflammatory
features that were not markedly distinct from the TB pathology which afflicted TB-non-IRIS
individuals. Of note, patients who developed severe paradoxical TB-IRIS symptoms were

prescribed prednisone for treatment, but almost always after the week 2 visit.

Data from previous studies is different to what was observed in this study [15, 177]. The
differences in the clustering patterns between this study and the findings reported by Lai and
colleagues could potentially be due to the differences in the number of patient samples and the
sequencing depth, but more likely due to the severity of inflammatory manifestations
experienced by the paradoxical TB-IRIS patients enrolled in the TB-ART trial who were all
hospitalized for TB treatment [177].

In this study, around three-times the number of samples using RNA-seq technology were
analyzed compared to the previous study by Lai and colleagues, in which samples from the
TB-ART observational study were analyzed using microarray technology [177]. Additionally,
the hospitalized patients in that observational study were more severely ill with clinical
manifestations involving multiple organ systems compared to the patients in this cohort [177].
This is consistent with the findings from a cohort of pediatric cases of paradoxical TB

meningitis IRIS described by Rohlwink and colleagues [385].
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5.5.3 Gene set enrichment analysis

To determine the functionality of the DESeq2 derived DEGs in patients who developed
paradoxical TB-IRIS relative to TB-non-IRIS controls at week 2 on ART, all transcripts were
pre-ranked by effect size. Functional enrichment analysis was computed with GSEA [282].

Described below, are the significantly enriched biological pathways and their attendant genes.

5.5.3.1 Neutrophil degranulation gene set is significantly upregulated in samples from

patients with paradoxical TB-IRIS compared to TB-non-IRIS controls at week 2 on ART.

Several biological pathways were significantly enriched in samples collected from patients
who developed paradoxical TB-IRIS compared to TB-non-IRIS controls at week 2 on ART. A
normalized enrichment score (NES) greater or less than 0 and a false discovery rate (FDR) less
or equal to 0.1 were used to define the level of statistical significance as determined by the
Kolmogorov-Smirnov test. Shown in Figure 5.11 are the 20 most upregulated and
downregulated biological processes that are likely involved in paradoxical TB-IRIS
pathogenesis. The neutrophil degranulation gene set was the most significantly enriched
biological pathway in samples from patients who developed paradoxical TB-IRIS compared to
TB-non-IRIS controls at week 2 on ART (Figure 5.11). The bottom panel of Figure 5.11
depicts an enrichment plot for the neutrophil degranulation gene set; the green line depicts the
running enrichment score, while the red dotted line depicts the enrichment score which is
defined as the maximum deviation of the running sum from zero [282, 350, 351]. The top panel
depicts the DESeq?2 derived gene list that is ranked by the log2fold change metric. Each vertical
bar represents individual genes which add up to a gene set of 452 genes that comprise this
biological pathway. The closely packed upright bars before the enrichment score are the most
upregulated genes that contribute significantly to the enrichment score. These are known as the
leading-edge subset. Among the top 10 leading edge subset was CD177 which is a neutrophil

specific glycoprotein involved in the activation of neutrophils (Figure 5.10) [386].
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Figure 5.10. Gene expression of the top 9 differentially expressed transcripts identified with
DESeq? in samples comparing patients who developed paradoxical TB-IRIS and those who
did not (TB-non-IRIS controls) at week 2 on ART. From left to right AP3B2, IRF1, WDR36,
CASPS5, FCERIG, GBP2, RP1-232L22 Bl, ZNF678, NUDTI6.

Other biological pathways that were significantly upregulated which are relevant to the
pathogenesis of paradoxical TB-IRIS included antigen cross presentation, innate immune
responses, interferon gamma signaling, interleukin-1 signaling and regulated necrosis (Figure

5.11). These findings are discussed in the context of peer reviewed literature below.

One of the key events that occurs early during the acute inflammatory response is the migration
of leukocytes from the blood to the tissue at the site of infection or inflammation [204, 387-
389]. Neutrophils and monocytes are the first innate immune cells to traffic to the site of
infection and/or inflammation. The mechanism of this migration is a complex biological
process involving inflammatory cytokines and kinases, chemokines and other chemotactic
factors, and adhesion molecules [390]. All the three elements defined in Table 5.3 have distinct
roles but function in concert to orchestrate the process of inflammation. Inflammatory
cytokines such as TNFa, IL-1 family of cytokines, nitric oxide, and IL-6 activate the

endothelium of the vessel wall, causing vasodilation and increased vascular permeability [391-
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393]. The four cardinal signs of inflammation, heat, redness, swelling, and pain may
characterize the onset of paradoxical TB-IRIS, especially when it involves peripheral lymph
nodes. The first three are due to vasodilation and increased vascular permeability and can be

explained by the action of the inflammatory cytokines on the vessel wall [392, 393].

Chemokines and other chemotactic factor such as IL-8, complement receptor 5a (C5A) and N-
Formylmethionyl-leucyl-phenylalanine (FMLP), induce neutrophil and monocyte migration,
while adhesion molecules such as selectins and integrins are important in promoting the

adhesion of neutrophils and monocytes to the vascular endothelium [394-398]. Once immobile,

the infiltrating leukocytes produce collagenase to disrupt the basement membrane resulting in

trans-endothelial passage and extravasation [399, 400].
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Table 5.3.Gene names, symbols and function identified as part of neutrophil degranulation leading
edge subset that was significantly enviched (FDR = 0.1) in patient samples with paradoxical TB-
IRIS compared to TB-non-IRIS controls week 2 on antiretroviral therapy (ART)

Gene name Symbol Function

Neutrophil Degranulation leading edge subset

Gene encodes a glycosyl-phosphatidylinositol (GPI)-linked cell surface glycoprotein

CD177 molecule CD177
that plays a role in neutrophil activation
Involved in specific calcium-dependent signal transduction pathways and its
i indi i regulatory effect on cytoskeletal components may modulate various neutrophi
$100 calcium binding protein A12 S100A12 | ff keletal dul hil
activities.
Involved in specific calcium-dependent signal transduction pathways and its
S$100 calcium blndlng protein A09 S100A09 regulatory effect on cytoskeletal components may modulate various neutrophil
activities.
Mast cell expressed membrane Encoded gene involved in regulating mast cell differentiation or immune responses.
MCEMP1
protein 1
. Elastases form a subfamily of serine proteases that hydrolyze many proteins in
Elastase neutrophil expressed ELANE
addition to elastin
Haptoglobin HP The protein encoded also functions to bind free plasma hemoglobin and exhibits
antimicrobial activity against bacteria
Vaninl VNN1 Encoded protein involved in hematopoietic cell trafficking
Heat shock protein famlly Al Protein stabilizes existing proteins against aggregation and mediates the folding of
HSPA1A newly translated proteins in the cytosol and in organelles
member A
Involved in specific calcium-dependent signal transduction pathways and its
S$100 calcium blndlng protein AO08 S100A08 regulatory effect on cytoskeletal components may modulate various neutrophil
activities
Involved in specific calcium-dependent signal transduction pathways and its
S$100 calcium blndlng protein All S100A11 regulatory effect on cytoskeletal components may modulate various neutrophil
activities
. Encoded protein is a member of the family of antimicrobial and cytotoxic peptides
Defensin alpha4 DEFA4
abundant in granules of neutrophils
. Encodes a heme protein synthesized during myeloid differentiation that constitutes
Myeloperoxidase MPO
the major component of neutrophil azurophilic granules
TNF alpha induced protein 6 TNFAIP6 Encoded gene is important in the protease network associated with inflammation
Involved in specific calcium-dependent signal transduction pathways and its
S$100 calcium blndlng protein P S100P regulatory effect on cytoskeletal components may modulate various neutrophil

activities

T .. . . Encoded protein is a member of the antimicrobial peptide family contained in
Cathelicidin antimicrobial peptide CAMP

neutrophilic granules

Matrix metalloprotease 9 MMP9 Encoded protein remodels extracellular matrix
Matrix metalloprotease 8 MMPS8 Encoded protein remodels extracellular matrix
Azurocidin 1 AZU1 Azurophil granules, specialized lysosomes of the neutrophil, contain at least 10

proteins implicated in the killing of microorganisms

Adaptors of the NLRC4 Inflammasome which function as intracellular pattern

PYD and CARD domains PYCARD
recognition receptor
A transcription regulator that is activated by various intra- and extra-cellular stimuli
Nuclear factor kappa beta 1 NFKB1 such as cytokines, oxidant-free radicals, ultraviolet irradiation, and bacterial or viral
products
Gasdermin D GSDMD Modulates the process of pyroptosis
Complement receptor 5a C5AR1 Facillitates the migration and activation of neutrophils
ADAMS metallopeptidase domain ADAMS Encoded protein breaks down extracellular matrix
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Previous studies have identified biological processes upstream of antigen presentation such as
the upregulation of pattern recognition receptors (PRRs) in immune cells in samples of patients
with paradoxical TB-IRIS at symptom onset [177]. PRRs recognize highly conserved structures
of micro-organisms known as pathogen associated molecular patterns (PAMPs) such as
components of the cell wall and nucleic acids [401, 402]. The main class of PRR is that of the
toll like receptors (TLRs) which are found on cell membranes or intracellularly on the
endosomal membrane [194, 403]. This endows them with the ability to recognize diverse
extracellular and intracellular PAMPs [194, 404]. In a normal functioning cell, PRR-PAMP
interaction leads to the internalization of Mtb through a process called phagocytosis [405, 406].
In the phagosome, the intact Mtb is digested into small peptides which are subsequently
presented to CD4 T cells to activate adaptive immune cell responses [407]. Notably, although
they are not professional phagocytes, neutrophils have the capacity to engulf Mtb, and present

processed antigens to CD4 T cells to trigger an adaptive immune response [408-412]. This could

potentially explain why some individuals develop paradoxical TB-IRIS as early as two days
after initiating ART, while others develop paradoxical TB-IRIS weeks later. The differential
onset of paradoxical TB-IRIS could be related to the half-life of neutrophils which is extended
up to 11 days beyond the normal range during disease [413].

The process of antigen presentation leads to the production of interferon gamma (IFNy) by
CD4 T cells. Interestingly, IFNy production was one of the biological pathways which was
significantly upregulated in patients who developed paradoxical TB-IRIS compared to TB-
non-IRIS controls at week 2 on ART (Figure 5.11). Several studies have reported higher
frequencies of Mtb-specific CD4 T cells that produce interferon gamma in patients who
developed paradoxical TB-IRIS compared to TB-non-IRIS controls at the onset of disease [29,
39]. Furthermore, once engaged, PRRs initiate a signaling cascade that culminates in the
activation of transcription factors such as the NF-Kf which mediates the process of

inflammation as described previously [162, 177].
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of less or equal to 0.05. The right panel shows an enrichment plot for the neutrophil degranulation pathway with the red line showing the

enrichment score and the vertical black bars representing individual genes.
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Additionally, Tadokera and colleagues reported statistically significant expression and serum
secretion of IFNy in patients with paradoxical TB-IRIS compared to TB-non-IRIS patients at
TB-IRIS onset [162]. Evidence in the literature suggests that prior to the initiation of ART, TB-
IRIS patients fail to mount adaptive immune responses due to HIV mediated CD4 T cell
depletion [212]. The upregulation of interferon gamma signaling following the initiation of
ART reported here is due to ART mediated HIV suppression, which results in in CD4 T cell
recovery [39]. This leads to the activation of the Mtb primed innate immune cells culminating
in an aberrant proinflammatory immune response [39, 162, 177]. To support this, previous
reports detailed significant expression and secretion of proinflammatory cytokines including
but not limited to IL-6, TNFoa and IFNy in patients with paradoxical TB-IRIS compared to TB-

non-IRIS controls at the onset of symptoms [162].

Furthermore, the process of inflammation can be triggered and/or exacerbated by the release
of danger associated molecular patterns (DAMPs) [414, 415]. DAMPs make up a broad
category that include lipids originating from the nucleus, nucleic acids, and intracellular
proteins, and other macromolecules originating from membrane enclosed organelles in the
cytoplasm of cells [292, 414, 416]. Neutrophils can release DAMPs in a passive or active
manner [417, 418]. They trap and kill Mtb through the release of their unpacked chromosomal
DNA [414]. The extracellular chromosomal DNA is embedded with histones and often
associates with antimicrobial proteins originating from neutrophil extracellular vesicles [419].
These are called neutrophil extracellular traps (NETs) and their passive release is toxic to Mtb
[420]. Furthermore, the exocytosis of neutrophil vesicles through a process known as neutrophil

degranulation exemplifies the active release of DAMPs by neutrophils.

Neutrophil degranulation was significantly enriched in patients who developed paradoxical
TB-IRIS compared to TB-non-IRIS controls at week 2 on ART after correcting for multiple
hypothesis testing (FDR = 0.1). In fact, this was true even with a much stringent FDR of 0.05
which assumes that 5% of the significantly enriched findings are false positives. The release of
DAMPs activate intracellular PRRs which culminates in the upregulation of proinflammatory

cytokines in a NF-«xf3 dependent manner [402, 421].

The NLRC4 inflammasome is an intracellular PRR that requires two stimuli for activation;
typically, a priming signal such as a PAMP (i.e LPS) and an activation signal such as a DAMP
[422]. The NLRC4 inflammasome was identified as one of the 800 transcripts that comprise

the innate immune gene set which was significantly upregulated in samples of patients who
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developed paradoxical TB-IRIS compared to TB-non-IRIS controls at week 2 on ART [162,
423]. The mature NLRC4 inflammasome recruits and activates caspase-1 which leads to the
maturation of the IL-1 family of cytokines such as IL-1a, IL-1p and IL-18 which are potent
mediators of inflammation [15, 177, 422]. In this way, inflammasomes amplify the
inflammatory cascade in patients with paradoxical TB-IRIS [15, 30]. Therefore, it is likely that
the active release of DAMPs through the process of neutrophil degranulation drives and/or

exacerbates paradoxical TB-IRIS pathology.

Moreover, there is more evidence to suggest that the involvement of neutrophils is important
in the pathogenesis of paradoxical TB-IRIS [239]. Some reports have described significantly
higher proportions of neutrophils at TB-IRIS onset in patients who developed paradoxical TB-
IRIS compared to TB-non-IRIS controls [239]. Others have characterized neutrophils and have
shown that they have a variety of surface receptors which enable them to interact with various
immune cells [424]. The implication is that they can alter their target cell and thereby modify
its function. This can be beneficial or detrimental depending on the interaction and the cytokine
milieu [386, 412, 425]. One study experimentally demonstrated the effect neutrophils have on
macrophage function, stimulating production of proinflammatory cytokines and matrix
metalloproteinases by macrophages [425]. Notably, a spectrum of proinflammatory cytokines
and matrix metalloproteinases were reported to be significantly higher in samples from patients
who developed paradoxical TB-IRIS compared to TB-non-IRIS controls at week 2 on ART
[162]. Finally, the immunohistochemistry of clinical specimens from patients with paradoxical
TB-IRIS supports the hypothesis that neutrophils are central to TB-IRIS immunopathology.
Staining of markers of degranulation revealed the presence of neutrophil elastase in the pus

exudates collected from patients with paradoxical TB-IRIS [239].

Similarly, several biological pathways that were significantly downregulated at week 2 on ART
in samples from patients who developed paradoxical TB-IRIS compared to TB-non-IRIS
controls were identified. TRNA modification in the nucleus and cytosol was the most
significantly downregulated biological pathway at week 2 on ART. The leading-edge subset
was largely representative of the genes involved in the complement pathway. This is in contrast
with other findings reported in the literature [208]. Tran et al. reported the significant
upregulation of the complement pathway at the time of paradoxical TB-IRIS onset. Notably, a

smaller sample size compared to ours was analyzed by microarray technology by Tran et al.
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Furthermore, other biological pathways reflected the downregulation of immune regulatory or
check point cascades. Genes that encode serine/threonine kinases that mediate protein
activation through phosphorylation which enable protein-protein interactions such as LIMK?2
were significantly downregulated. In addition, genes that encode protein phosphatases such as
PPPIR12B, PPPIRI2B and PPPICB that regulate the activity of other proteins by
dephosphorylation were also significantly downregulated (Figure 5.11). Lastly, genes that
encode proteins that belong to the RAS subfamily which belong to the RHO family of GTPases
and localize to the membrane and cytosol to mediate intracellular signal transduction were
among the genes that were downregulated in patients who developed paradoxical TB-IRIS

compared to TB-non-IRIS patients at week 2 on ART.

5.5.4 Longitudinal gene expression analysis in patients with paradoxical TB-IRIS.

To follow up on the cross-section analysis, longitudinal changes in gene expression in patients
who developed paradoxical TB-IRIS and in TB-non-IRIS controls respectively were
investigated. This was achieved by performing pairwise comparisons in samples collected at

week 0 and 2 on ART.

5.5.4.1 Differential gene expression analysis using DESeq?2 at week 2 versus 0 in samples
from patients with paradoxical TB-IRIS.

Differential gene expression analysis was performed on 100 samples from placebo allocated
patients who developed paradoxical TB-IRIS between week 2 on ART and at week 0 prior to
the initiation of ART with the aid of DESeq?2 as previously described (see Page 109, section
3.21.14). We identified a total of 5912 DEGs between week 2 and week 0, after correcting for
multiple hypothesis testing (FDR = 0.05). A total of 2614 genes were upregulated while 3298

were downregulated at week 2 compared to week O (Figure 5.12A).
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gene expression analysis showing changes in gene expression in samples from patients with paradoxical TB-IRIS comparing gene expression at
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week 2 to that at week 0 in pairwise comparison. B, Pathway analysis with gene set enrichment analysis identified enriched biological pathways

in samples from patients who developed paradoxical TB-IRIS at week 2 on ART compared with week 0.
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Additionally, a more stringent threshold incorporating log2foldchange greater or equal to 1 or
less or equal to -1 were explored to identify a minimal biosignature. This substantially reduced
the number of DEGs to 834 genes. A total of 298 genes were upregulated while 536 genes were

downregulated.

Among the genes that were significantly upregulated in the reduced DEG pool was CD177
which is an activation cell surface marker expressed chiefly on neutrophils. Other identified
transcripts included IL-1 family of cytokines and receptors and the NLRC4 inflammasome that
were differentially expressed at week 2 compared to week 0 in samples from patients who

developed paradoxical TB-IRIS (Figure 5.12).

Among some of the genes that were downregulated were those encoding proteins involved in

the shuttling of oxygen and carbon dioxide.

5.5.4.2 Functional enrichment analysis with GSEA

The DESeq2 derived gene list from samples of placebo-allocated patients who developed
paradoxical TB-IRIS comparing week 2 on ART to week 0 were summarized into biological
pathways using GSEA [282] (Figure 5.12 B). Several biological pathways were significantly
enriched. As with previous analysis, biological pathways with a NES greater or less than 0, and
an FDR of less or equal to 0.1 were of interest. Of the top 5 biological pathways with a NES
above 2, neutrophil degranulation, antigen cross presentation, interferon gamma signaling,
interleukin-1 signaling and regulated necrosis were among the highly enriched. Generally,
these reflected innate and adaptive immune responses and their cytokine and chemokine
effectors with a neutrophil theme. For more detail, these were previously discussed in detail

above under the cross-sectional comparisons where the findings were similar.

Furthermore, there were several biological pathways that were significantly downregulated in
samples collected from patients with paradoxical TB-IRIS at week 2 on ART compared to
week 0 prior to the initiation of ART (Figure 5.12B). These generally reflected adaptation to
hypoxic stress and metabolic homeostatic imbalance at week 2 compared to week 0. To the
best of our knowledge, this is the first report to detail the longitudinal changes that occur in
paradoxical TB-IRIS patients. Particularly as it relates to the biological processes that are

downregulated at the time of TB-IRIS onset.
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5.5.5 Longitudinal gene expression analysis in patients allocated placebo who did not
develop paradoxical TB-IRIS.

Next the gene expression signature associated with “protection” in HIV-TB patients who were
allocated placebo and did not develop paradoxical TB-IRIS upon initiating ART was
investigated. This was achieved by conducting differential gene expression analysis
longitudinally in samples collected at week O prior to the initiation of ART and at week 2 on

ART in patients who did not develop paradoxical TB-IRIS (TB-non-IRIS controls).

5.5.5.1 Differential gene expression analysis using DESeq?2 at week 2 versus 0 in samples
from TB-non-IRIS patients.

Differential gene expression analysis was conducted on 109 samples derived from placebo
allocated patients who did not develop paradoxical TB-IRIS (TB-non-IRIS controls) collected
between week 2 (n=51) on ART and at week 0 (n = 58) prior to the initiation of ART with the
aid of DESeq2 as previously described (see Page 109, section 3.21.14). A modest number of
DEGs (n = 52) were identified between week 2 and week 0 in samples from TB-non-IRIS
controls after adjusting for multiple hypothesis testing (FDR = 0.05) (Figure 5.13). A total of
14 transcripts were upregulated while 39 were downregulated at week 2 compared to week 0

(Figure 5.13 A).

Among the genes that were significantly upregulated was defal which encodes a neutrophil
antibacterial defensin protein. Other genes that were downregulated included siglec I which is
mainly expressed in various subtypes of macrophages and is associated with several
inflammatory diseases; hes4 which is a transcription factor and usp 18 (Figure 5.13A). The
modest change in gene expression in TB-non-IRIS controls following ART initiation probably

reflects minimal immune activation. This is supported by previous experimental data [29].
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Figure 5.13. Longitudinal changes in gene expression in samples from TB-non-IRIS patients at week 2 on ART. A, Differential gene expression

analysis showing modest changes in gene expression in patients who did not develop paradoxical TB-IRIS comparing gene expression at week 2
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to that at week 0 in a pairwise comparison. B, Pathway analysis with gene set enrichment analysis identifies enriched biological pathways in

samples from TB-non-IRIS patients at week 2 on ART compared with week 0.
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5.5.5.2 Functional enrichment analysis with GSEA
The gene list derived from DESeq2 for samples collected from TB-non-IRIS patients
longitudinally comparing week 2 on ART to week 0 were summarized into biological pathways

using GSEA [282].

Several biological pathways were significantly enriched (Figure 5.13 B). As with the previous
analysis, biological pathways with a NES above or below 0 and a FDR of less or equal to 0.1
were considered when comparing DEGs at week 2 on ART relative to week 0 in patients who
did not develop paradoxical TB-IRIS. Many of the biological pathways that were significantly
upregulated included those involved in protein synthesis of the 60S subunit of the eukaryotic
ribosomal RNA. Fibrin formation was among the biological pathways that were significantly
upregulated in TB-non-IRIS patients at week 2 compared to week 0. Fibrin plays a role in the
coagulation cascade and is a major component in the synthesis of the extracellular matrix. This
implies that patients who did not develop paradoxical TB-IRIS are likely characterized by
biological process involved in the biosynthesis and remodeling of the extracellular matrix
which indicates tissue healing. Other notable pathways that were upregulated in these patients
were neutrophil responses and there was notable absence of the genes that encode both adaptive
immune responses and robust proinflammatory cytokine effectors which were detected in

patients who developed paradoxical TB-IRIS.

Furthermore, there were several biological pathways that were significantly downregulated in
samples collected from TB-non-IRIS patients at week 2 on ART versus week 0 (Figure 5.13B).
The most predominant included interferon alpha/beta signaling, interferon signaling, interferon
gamma signaling, antiviral mechanism by interferon stimulated genes and antiviral responses.
These generally reflected the downregulation of antiviral responses, in the context of
suppression of HIV replication by ART. To the best of my knowledge, this is the first report to
detail the longitudinal changes that occur in TB-non-IRIS patients. Particularly as it relates to
the biological processes that are downregulated in TB-non-IRIS patients at week 2 on ART.
These findings could potentially point towards a protective biosignature in patients who do not

develop paradoxical TB-IRIS.

Lastly, to identify the transcripts that are potentially associated with paradoxical TB-IRIS
pathology or protection from it, DEGs between week 2 and week 0 were compared between
the patients who developed paradoxical TB-IRIS and those who did not (TB-non-IRIS
controls) respectively (Figure 5.14).
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Week: 2 versus 0

TB-IRIS TB-non-IRIS
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(99.1%)

Figure 5.14. Overlap of differentially expressed genes in samples from patients with
paradoxical TB-IRIS and TB-non-IRIS controls at week 2 on ART compared to week 0 prior
to ART. A total of 5875 and 32 transcripts were mutually exclusive in samples from patients
with TB-IRIS and TB-non-IRIS controls respectively. A total of 38 differentially expressed

genes were shared between the two clinical groups.

A total of 5592 DEGs were identified between week 0 and week 2 in TB-IRIS patients
compared to 53 DEGs in TB-non-IRIS controls, which indicated greater transcriptional
perturbation in patients who developed paradoxical TB-IRIS at week 2 on ART (Figure 5.14).
A total of 5574 differentially expressed transcripts were exclusively found in patients who
developed paradoxical TB-IRIS compared to only 15 in TB-non-IRIS controls. A total of 38
transcripts were common in samples from patients with paradoxical TB-IRIS and TB-non-IRIS
controls (Figure 5.14). The 15 genes that were mutually exclusive to TB-non-IRIS patients

included among others several transcription factors and macrophage-specific surface markers.
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5.5.6 Weighted Gene Co-expression Network Analysis (WGCNA)

Weighted gene co-expression networks were constructed from an expression matrix of patients
who were allocated placebo who developed paradoxical TB-IRIS and those who did not at
week 2 on ART. The strength behind WGCNA is identifying transcripts with similar
expression profiles and clustering them together to identify hub genes. These highly correlated
genes are assumed to share overlapping functionality and are consequently involved in the
same biological pathways. The highly correlated modules were used to corroborate our initial

findings using functional enrichment analysis with GSEA.

5.5.6.1. Network construction with WGCNA identifies five module eigengenes that are
significantly correlated with paradoxical TB-IRIS

Unsupervised learning approaches were used to identify and exclude a single outlier sample
from a patient with paradoxical TB-IRIS at week 2 on ART (Figure 5.10A). A network that
satisfied the criteria for scale free topology was constructed by converting a gene expression
matrix into a correlation matrix. A soft threshold (p value) of 12 was applied to the correlation
matrix to generate a weighted adjacency matrix that was used for network construction (Figure

5.10B&C).
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Figure 5.15. Weighted gene co-expression network analysis (WGCNA) in the samples from patients on placebo with paradoxical TB-IRIS and

TB-non-IRIS controls on placebo at week 2 on ART. A, Hierarchical clustering analysis identifies outlier sample (Red circles = excluded sample.

B, Beta values for the construction of network which satisfies scale free topology criteria. C, Network construction with unsupervised hierarchical
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clustering of genes. Similar modules were merged (red box). D, heatmap cluster of the identified module eigengenes (ME). E, Correlation matrix

of each ME with paradoxical TB-IRIS and the top genes in the blue module which had a significant correlation with TB-IRIS.
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Next, a topological overlap matrix (TOM) and dissimilarity TOM (dissTOM) were created
using TOM similarity and dissimilarity modules. Finally, module identification was performed
by dynamic tree cutting, defining the minimum module size as 30. A threshold of 0.25 was
used to merge modules with high similarity scores (Figure 5.15 C). Moreover, the values of
gene significance (G.S) were used to calculate the association of individual genes with TB-
IRIS. Module Membership (M.M) was defined as the ME correlation as well as the gene

expression profile for each module (Figure 5.15 D).

A total of 15 ME were identified in this analysis, of which 5 were strongly associated with
paradoxical TB-IRIS (Figure 5.15 E). Three MEs in the following order, had the highest
correlation with paradoxical TB-IRIS: ME-blue (r = 0.96), ME-mid-night blue (r = 0.53) and
ME-cyan (r = 0.45) (Figure 5.15 E). The number of genes comprising the blue, mid-night blue
and cyan ME were 1228, 148, and 221, respectively. The transcripts in these MEs were largely
involved in pathogen recognition, immune activation, innate intracellular immune cell
signaling and the inflammatory cascade. ME-purple and ME-magenta were the remaining MEs
that were significantly correlated with paradoxical TB-IRIS (r = 0.25 and 0.21 respectively)
and had 94 and 131 genes respectively. The genes comprising these MEs were largely involved

in adaptive immune responses, immune activation and the inflammatory signaling cascade.

5.5.6.2 Identification of overrepresented pathways in samples from patients with paradoxical
TB-IRIS

Next, ME-blue and its attendant genes were selected and subjected to overrepresentation
analysis (ORA) to investigate the biological pathways that were significantly overrepresented

in samples from patients with paradoxical TB-IRIS at week 2 on ART (Figure 5.16).
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Figure 5.16. Over representation analysis (ORA) of transcripts belonging to the blue module
eigengene (ME-blue) which was significantly correlated with paradoxical TB-IRIS. ORA
identified several pathways that corroborated the initial GSEA findings in patients with
paradoxical TB-IRIS at week 2 on ART.

Several biological pathways that were enriched in TB-IRIS patients at week 2 on ART were
identified. These pathways included both innate and adaptative immune responses (Figure
5.16). This analysis corroborated our initial GSEA findings which identified significantly
higher expression of transcripts involved in innate immune signaling, the involvement of
neutrophil effector responses and transcripts involved in adaptive immune responses in patients
who developed paradoxical TB-IRIS at week 2 on ART. Additionally, these findings are

consistent with previous experimental observations which have been corroborated by others

[15].
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Following this, the interacting partners of T-Cell Activation WD Repeat-Containing Protein
(TA-WDRP/134430) were investigated. TA-WDRP/134430 was the most significantly
expressed transcript in MEblue (Figure 5.17). This revealed several proteins that interact with
TA-WDRP and these included proteins such as nucleolar complex associated 4 homolog
(NOC4L), exosome component 1 (EXOSC1), BOPI ribosomal biogenesis factor and UTP4
small subunit processome component. Validation studies are needed to confirm this

interactome findings.

@ ppx27 @ EXOSC L s

134430 @ HEATRI

NOP5
‘ ‘ Nopse - @) EMG1

@ MPHOSPHI0

Figure 5.17. Network analysis of the top gene T-Cell Activation WD Repeat-Containing
Protein (TA-WDRP/134430) that was correlated with paradoxical TB-IRIS identified several

interacting partners

5.5.7 Summary of findings for these analyses
Using bulk RNA-sequencing, our exploratory analysis identified DEGs in whole blood

samples comparing patients who developed paradoxical TB-IRIS to TB-non-IRIS controls at
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week 2 on ART (which is the median time to symptom onset). Functional enrichment analysis
was employed to identify biological processes that the pre-ranked gene list arising from
DESeq2 were involved in. Findings revealed heightened cellular immune responses in patients
with paradoxical TB-IRIS compared to TB-non-IRIS controls at disease onset. Importantly,
responses were characterized by the upregulation of neutrophilic transcripts that are
inflammatory and the downregulation of regulatory responses characterized by the genes that
encode proteins that regulate other genes through phosphorylation, dephosphorylation or
degradation. Such phosphoproteases and phosphatases act along the intracellular signaling
cascade to modulate the inflammatory response. Furthermore, TB-IRIS patients had substantial
changes in gene expression at week 2 compared to TB-non-IRIS patients. Samples from TB-
non-IRIS patients showed modest changes in gene expression at week 2 on ART compared to
week 0, unlike patients with TB-IRIS where substantial changes were noted, reflecting
increased immune activation in patients with paradoxical TB-IRIS. Notably, there was a
depletion of viral specific responses in TB-non-IRIS patients as indicated by the
downregulation of interferon associated pathways and their attendant genes. Immune responses
in these patients were characterized by the upregulation of genes encoding proteins that
mediate wound healing and matrix formation. WGCNA analysis corroborated the gene set
enrichment analysis and identified hub genes in the module eigengenes that were strongly
correlated with paradoxical TB-IRIS. It is plausible that targeting the proteins related to these
hub genes for therapeutic purposes could potentially alter the clinical course of patients at risk

for developing TB-IRIS.
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5.6 Placebo Week 12: TB-IRIS vs TB-non-IRIS

Paradoxical TB-IRIS is a self-limiting disease in most patients. In patients with mild disease,
most will have symptom resolution without the need for hospitalization or therapeutic
intervention [19]. A total of 92 samples from placebo allocated patients were collected at week
12 on ART from patients who had developed paradoxical TB-IRIS (n = 42) and those who had
not (TB-non-IRIS controls, n = 50). Notably, a proportion of patients who were allocated
placebo and developed paradoxical TB-IRIS (56/120) received prednisone for syndromic
management. These samples were used to investigate the gene expression signature at week 12

on ART between cases and controls.

5.6.1 Differential gene expression analysis

Patient samples collected at week 12 on ART coincided with the median time to the resolution
of the signs and symptoms associated with paradoxical TB-IRIS. Differential gene expression
analysis (DGEA) was conducted using DESeq2 on all patient samples collected at week 12 on
ART to study their gene expression signature (see Table 5.1).
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Figure 5.18. Exploratory data analysis in a total of 92 samples collected from placebo allocated patients with paradoxical TB-IRIS and TB-
non-IRIS controls at week 12 on ART. A. The relative contribution of each sample to the cumulative variance across the first three principal
components (PC). B. Scree plot showing the proportion of variance explained by each principal component (PC). C. Principal component analysis
for the top 500 variable genes. PCI contributed most of the variance. PC1 is a mixed cluster of both TB-IRIS and TB-non-IRIS samples. D. Volcano
plot showing differentially expressed genes in patient samples collected from the placebo arm at week 12 on ART. DEGs were defined by an

adjusted p-value of less than or equal to 0.05.

194



5.6.2 Exploratory analysis

The data were explored by computing principal component analysis (PCA) to assess patterns
in gene expression across all samples using variance stabilized, normalized expression data. A
total of 92 eigenvectors or principal components (PC) corresponding to the patient samples
were generated. Shown above is the first 3 PC which accounted for 97% of the cumulative
variance (Figure 5.18A). Figure 5.18A depicts the relative contribution of the first 10 samples
to each PC. The scale represents the proportion of variance contributed by each sample to each
PC. Most importantly, PC1 accounted for 87.1% of the variance explained by all the samples
(Figure 5.18 B). Collectively, PC1 and PC2 contributed 96.3% of the cumulative variance for
all the samples (Figure 5.18B).

PCA was subsequently computed using the first 2 PCs for the 500 most variable genes across
all samples (Figure 5.18C). PC1 represents the linear combination of the Euclidean distances
(eigenvalue) between transcripts across 92 samples. PC1 maximizes the variability of the data
when projected in the x-axis (29%) and accounted for most of the variance compared to PC2.
PC2 is orthogonal to PC1, and it describes the residual variance of PC1 (9%) (Figure 5.18C).
PC1 is a mixed cluster of TB-IRIS and TB-non-IRIS, similarly for PC2. This indicates the
proximity of the eigenvalues and therefore, the similarities in gene expression between the two

clinical groups at week 12 on ART. (Figure 5.18C).

Following the evaluation of the similarities in gene expression between the samples, the
differentially abundant transcripts were visualized between the two clinical groups at week 12
on ART. A total of 9 differentially expressed transcripts were identified in all samples at week
12 on ART after correcting for multiple hypothesis testing (FDR = 0.05). All the transcripts
were upregulated in samples from patients with paradoxical TB-IRIS and were largely
representative of the genes encoding proteins involved in extracellular matrix organization

(Figure 5.18D).

5.6.3 Gene set enrichment analysis
To determine the functionality of the DESeq2 derived DEGs in patients with paradoxical TB-

IRIS relative to the TB-non-IRIS controls at week 12 on ART, functional enrichment analysis

195



was conducted using GSEA [282]. Described below are the biological pathways and their

attendant genes that were differentially expressed at week 12.

5.6.3.1 No differences in gene expression pathways in samples collected from patients who
had developed paradoxical TB-IRIS and TB-non-IRIS controls at week 12 on ART.

Using GSEA, several upregulated biological pathways were identified in samples collected
from patients with paradoxical TB-IRIS compared to TB-non-IRIS controls at week 12 on
ART. However, none were statistically enriched between the two clinical groups after
correcting for multiple comparisons (FDR = 0.1). This suggests disease resolution and
similarities in gene expression between the two clinical groups by week 12 on ART. Several
pathways such as collagen chain trimerization were upregulated but were not significantly
enriched. This gene expression data coincides with the clinical progression by week 12 on ART
when most paradoxical TB-IRIS patients had symptom resolution, either spontaneously or after
treatment with prednisone. A substantial proportion of patients (46%) who developed acute
inflammatory reactions were administered prednisone for syndromic management, and as such
the effect of prednisone may have contributed to the narrowing of differences in gene
expression by week 12. Prednisone is an anti-inflammatory corticosteroid that is used for the
management of inflammatory diseases, including paradoxical TB-IRIS [19]. Prednisone may
alter the course of paradoxical TB-IRIS by modifying gene expression in inflammation-related

pathways.
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Figure 5.19. Gene set enrichment analysis in samples from placebo allocated patients with
paradoxical TB-IRIS and TB-non-IRIS controls at week 12 on ART. Significantly enriched
pathways were defined by a normalized enrichment score greater than or less than 0 and
adjusted p-value of less or equal to 0.05. None of the identified pathways were significantly
enriched in patients who had developed paradoxical TB-IRIS compared to those who had not
at week 12 on ART.

Similarly, several downregulated biological pathways were identified at week 12 on ART in
samples collected from patients who had developed paradoxical TB-IRIS and TB-non-IRIS

controls (Figure 5.19). However, none were significantly enriched. This implies that there are
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no major differences in the gene expression signature between patients who had developed

paradoxical TB-IRIS and TB-non-IRIS controls at week 12 on ART.

5.6.4 Summary of findings for these analyses

Differential gene expression analysis and functional enrichment analysis were successfully
computed in samples from patients who had developed paradoxical TB-IRIS and TB-non-IRIS
controls at week 12 on ART. Exploratory analysis and functional enrichment analysis of bulk
RNA-sequencing data revealed no significant differences in the molecular signatures between
patients who had paradoxical TB-IRIS disease and TB-non-IRIS controls at week 12 on ART.
Based on clinical findings this is expected because for most patients significant paradoxical
TB-IRIS symptoms have resolved either spontaneously or after initiation of corticosteroids for
treatment, particularly those with severe manifestations. As such prednisone as treatment for
paradoxical TB-IRIS could confound these findings, thereby rendering it a challenge to

conclude if remission was part of natural history or due to prednisone treatment.
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5.7 Prednisone Week 2: TB-IRIS vs TB-non-IRIS

The incidence of paradoxical TB-IRIS was reduced by 30% in the prednisone arm compared
to the placebo arm in the Pred-ART clinical trial. Furthermore, prednisone prophylaxis was
associated with decreased symptom severity in patients who developed paradoxical TB-IRIS
[21]. However, prednisone prophylaxis did not offer complete protection from the development
of paradoxical TB-IRIS. We next focused on identifying and describing the perturbations that
prednisone prophylaxis had on the gene expression signature in patients who developed
paradoxical TB-IRIS (n = 27) compared to those who did not (TB-non-IRIS controls: n = 68)
at week 2 on ART.

5.7.1 Differential gene expression analysis

Prednisone is a corticosteroid with anti-inflammatory effects [426]. Since, all patients allocated
to prednisone prophylaxis received treatment from study enrolment, the differences in gene
expression between cases and controls who received prednisone were evaluated at week 2
which coincides with the median time to the onset of paradoxical TB-IRIS. Differential gene
expression analysis (DGEA) was computed with the aid of DESeq2 in a total of n = 95 patient

samples collected at week 2 on ART and prophylactic prednisone.
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Figure 5.20. Exploratory data analysis in a total of 95 samples collected from patients with
paradoxical TB-IRIS and TB-non-IRIS controls at week 2 on dual ART and prophylactic
prednisone. A. The relative contribution of each sample to the cumulative variance across the
first three principal components (PC). B. Scree plot showing the proportion of variance

explained by each principal component (PC).

5.7.2 Exploratory analysis

Principal component analysis (PCA) was performed to explore patterns in gene expression
across all samples using variance stabilized, normalized expression data. A total of 95 PC
corresponding to the patient samples were generated. Shown in the figure above is the first 3
PCs which accounted for 99% of the cumulative variance (Figure 5.20A). Figure 5.20A depicts
the relative contribution of the first 10 samples to each PC, where the scale represents the
proportion of variance contributed by each sample to each PC. Most importantly, PC1
accounted for 91.2% of the variance explained by all the samples (Figure 5.20B). Collectively,
PC1 and PC2 contributed 95.8% of the cumulative variance for all the samples (Figure 5.20B).
Therefore, the first 2 PCs for the 500 most variable genes across all samples were used for

dimensionality reduction (Figure 5.21A). PCI1 represents the linear combination of the
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Euclidean distances (eigenvalue) between transcripts across 95 samples. PC1 maximizes the
variability of the data when projected on the x-axis (31%) and accounted for most of the
variance compared to PC2. PC2 is orthogonal to PC1, and it describes the residual variance of
PC1 (11%) (Figure 5.21A). PC1 describes a mixed cluster of TB-IRIS and TB-non-IRIS
samples. Similarly, for PC2. This indicates the proximity of the eigenvalues and therefore, the
similarities in gene expression between the two clinical groups at week 2 on dual ART and

prednisone prophylaxis. (Figure 5.21A).
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Figure 5.21. Exploratory data analysis in a total of 95 samples collected from patients with paradoxical TB-IRIS and TB-non-IRIS controls at
week 2 on dual ART and prophylactic prednisone. A. Principal component analysis for the top 500 variable genes. PC1 contributed most of the
variance. PCI is a mixed cluster of both TB-IRIS and TB-non-IRIS samples. B. Volcano plot showing differentially expressed genes in patient
samples collected from the prednisone arm at week 2 on ART. DEGs were defined by an adjusted p-value of less than or equal to 0.05.
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To explore the data further, the list of differentially abundant transcripts between the two
clinical groups at week 2 on dual ART and prednisone prophylaxis were visualized. There were
no differentially abundant transcripts in the samples collected from patients with paradoxical
TB-IRIS compared to TB-non-IRIS controls at week 2 after adjusting for multiple hypothesis
testing (FDR = 0.05) (Figure 5.21B). This was an important finding, suggesting that
prednisone significantly modulates gene expression in patients with HIV-associated TB during
early ART substantially reducing differences in gene expression between patients who do and

do not develop paradoxical TB-IRIS.

5.7.3 Gene set enrichment analysis

Many genes showed changes in gene expression as determined by effect size or log2 fold
change in all samples but were not significant after correcting for multiple comparisons (FDR
= 0.05). To infer the function, the pre-ranked genes were summarized into biological pathways

using GSEA [282].

5.7.3.1 No differences in gene expression in samples collected from patients with paradoxical
TB-IRIS and TB-non-IRIS controls at week 2 on concurrent ART and prednisone prophylaxis.
Using GSEA, we identified several upregulated biological pathways in samples collected from
patients with paradoxical TB-IRIS compared to TB-non-IRIS controls at week 2 on concurrent
ART and prednisone prophylaxis. However, none were significantly enriched between the two
clinical groups after adjusting for multiple comparisons (FDR = 0.1). Despite not being
significantly enriched, several pathways that were upregulated were involved in the regulation
of immune signaling. These largely reflected the systemic effects of prednisone due to its

pleiotropic nature (Figure 5.22).
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Figure 5.22.Gene set enrichment analysis in samples from patients with paradoxical TB-
IRIS and TB-non-IRIS controls at week 2 on dual antiretroviral therapy (ART) and
prophylactic prednisone. Significantly enriched pathways were defined by a normalized
enrichment score greater than or less than 0 and an adjusted p-value of less or equal to 0.1.
Importantly, no significant differences in pathway enrichment were observed in patient
samples from patients who developed paradoxical TB-IRIS and TB-non-IRIS controls at week
2 on dual ART and prophylactic prednisone.

Similarly, several downregulated biological pathways were identified at week 2 on concurrent

ART and prednisone prophylaxis in samples collected from patients who developed
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paradoxical TB-IRIS and TB-non-IRIS controls (Figure 5.22). However, none were
significantly enriched after adjusting for multiple hypothesis testing (FDR = 0.1).

The difference of these findings compared to the analyses of patients on placebo likely reflects
the perturbation effect of prophylactic prednisone on the gene expression signature associated
with paradoxical TB-IRIS. Notably, the clinical symptoms of patients who developed
paradoxical TB-IRIS despite prednisone prophylaxis (likely reflecting degree of inflammation)
were milder in the clinical trial compared to those who received placebo. This also aligns with
the findings of a clinical trial that investigated higher doses of prednisone for the treatment of
paradoxical TB-IRIS initiated after the onset of symptoms which reported more rapid symptom
resolution and reduced duration of hospitalization and therapeutic procedures in patients who

received prednisone versus placebo [19].

Furthermore, among the biological pathways which were downregulated despite not being
statistically enriched in samples from patients with paradoxical TB-IRIS compared to TB-non-
IRIS controls included interleukin-1 receptor associated kinase 4 (IRAK4) which forms part of
the signaling cascade upstream of the nuclear factor kappa-light-chain-enhancer of activated B
cells (NF-x3) pathway [427]. NF-kf is a global transcriptional regulator of gene expression
that facilitates/mediates resistance to pathogens [428]. Noting that these pathways were
enriched but not statistically significant after correcting for multiple comparisons, an
explanation could be that prednisone exerts its anti-inflammatory effects along the NF-kf3
signaling cascade to downregulate the expression of proinflammatory cytokines, chemokines
and inflammatory lipids during paradoxical TB-IRIS [33]. Finally, considering that 40 mg daily
prednisone (relatively low dose) was prescribed for 2 weeks and then tapered down to 20 mg
daily for an additional 2 weeks, it is possible that a higher dose could potentially induce a more
substantial effect on the gene expression in patients with paradoxical TB-IRIS and, as a

corollary, potentially greater effect on reducing the incidence of paradoxical TB-IRIS.

5.7.4 Longitudinal gene expression analysis in patients who developed paradoxical TB-
IRIS despite prophylactic prednisone

To follow up on the cross-section analysis, changes in gene expression that occur longitudinally
up to week 2 on concurrent ART and prednisone prophylaxis were studied in patients with

paradoxical TB-IRIS.
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5.7.4.1 Differential gene expression analysis at week 2 versus 0 in samples from patients with
paradoxical TB-IRIS who were on concurrent ART and prednisone prophylaxis

Differential gene expression analysis (DGEA) was computed in a total of 62 samples from
patients who developed paradoxical TB-IRIS between week 2 and week 0 on dual ART and
prednisone prophylaxis as previously described (see Page 109, section 3.21.14). A total of
3472 DEGs were identified between week 2 and week 0 after correcting for multiple
comparisons (FDR = 0.05). A total of 1835 genes were upregulated while 1637 were
downregulated at week 2 compared to week 0 (Figure 5.23 A&B).
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Figure 5.23. Longitudinal changes in gene expression (week 2 vs week 0) in a total of 62 samples collected from patients with paradoxical TB-
IRIS on dual ART and prophylactic prednisone. A. Volcano plot showing differentially expressed genes in prednisone treated patient samples
between week 0 and week 2 on ART. DEGs (n = 3472) were defined by an adjusted p-value of less than or equal to 0.05. B. Heatmap of the top
500 DEGs identified in samples from patients with paradoxical TB-IRIS on dual ART and prophylactic prednisone at week 2 compared to week 0.
A total of 3472 transcripts were differentially expressed between week 0 and week 2. 1835 genes were upregulated while 1637 were

downregulated.

207



Among the DEGs that were significantly upregulated was CD177 which is an activation cell
surface marker expressed chiefly on neutrophils. Other identified genes included interleukin-1
receptors (IL-1R) and the NLRC4 inflammasome that were differentially expressed at week 2
compared to week 0 in samples from patients with paradoxical TB-IRIS on dual ART and
prednisone (Figure 5.23 A&B). Additionally, leukotriene A4 hydrolase (LTA4H) transcript
was one of the top significantly upregulated between week 0 and 2. LTA4H gene is an amino
peptidase that catalyzes the conversion of LTA4 to LTB4. Single nucleotide polymorphisms
in the LTA4H gene have been hypothesized to predispose patients to paradoxical TB-IRIS.
The CC wildtype allele has been associated with lower incidence to paradoxical TB-IRIS,
while the CT and TT variants were associated with higher incidence [429]. However Stek et al,
recently demonstrated that the incidence of paradoxical TB-IRIS was similar in patients with
different allelic frequencies in the LTA4H gene irrespective of prednisone prophylaxis, in

another sub-study within the Pred-ART trial [430].

The transcripts that were downregulated were diverse in function. Among the prominent ones
were genes that encode protein kinases involved in the regulation of other proteins through
phosphorylation or dephosphorylation, genes encoding proteins involved in heme biosynthesis,

chemokines and interleukin 5 receptor.

5.7.4.2 Functional enrichment analysis with GSEA

The DESeq2 derived gene list from samples collected between week 0 and 2 on ART and
prophylactic prednisone in patients who developed paradoxical TB-IRIS were summarized into
biological pathways using GSEA [282]. Several biological pathways were significantly
enriched (Figure 5.24). Biological pathways with a normalized enrichment score (NES)
greater or equal to 0 or less or equal to 0, and an FDR of less or equal to 0.1 were of interest.
The top 5 biological pathways with a NES above 2 were neutrophil degranulation, innate
immune system, extracellular matrix organization, platelet aggregate plug formation and

collagen formation.
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Figure 5.24. Functional enrichment with gene set enrichment analysis (GSEA) using a pre-ranked gene list and a curated gene set of canonical

pathways from Reactome in samples from patients with paradoxical TB-IRIS comparing expression at week 2 on ART to week 0. Pathway

analysis identifies neutrophil degranulation as the most significantly enriched biological pathway in prednisone treated patient samples with
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paradoxical TB-IRIS up to week 2 longitudinally on ART. Identified pathways included biological processes such as collagen formation which are

associated extracellular matrix remodelling and therefore may reflect response to tissue injury.
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Prednisone is a synthetic glucocorticoid with potent inhibitory pharmacological activity [426,
431]. The involvement of neutrophils and their degranulation as the most significantly enriched
biological pathway in samples from prednisone treated patients who nonetheless developed
paradoxical TB-IRIS was therefore an interesting finding. The anti-inflammatory effects of
prednisone on immune cells have been well documented, but prednisone may also [432, 433]
favor the proliferation and maturation of neutrophils from the bone marrow and their
subsequent vascular migration [434, 435]. This can result in higher-than-normal neutrophil
counts. Notably, corticosteroids counter this with tight regulatory mechanisms. The molecular
mechanisms underlying the regulation of corticosteroid induced neutrophil expansion entails
the reduction in expression of neutrophil adhesion surface markers such as L-selectin which
was identified in this analysis [436]. Reduced expression favor detachment of neutrophils from
the vascular endothelium thereby increasing their rolling speed. Reduced L-selectin expression
implies poor neutrophil transmigration at the site of inflammation and therefore reduced tissue
accumulation of neutrophils resulting in less tissue inflammation and perhaps milder

symptoms.

Prednisone induces the expression of other genes such as Annexin-A1 which encodes an anti-
inflammatory peptide [437, 438]. Annexin-A1 was also significantly increased in patients who
developed paradoxical TB-IRIS while on dual ART and prednisone prophylaxis. Increased
expression of this gene also favors endothelial detachment of neutrophils, increasing their
rolling speed and thus preventing extravasation into inflamed tissues. Additionally, the anti-
inflammatory effects of the encoded protein contributes towards the resolution of inflammation

and as a corollary, assists in the alleviation of severe disease [438].

Platelet aggregation was another biological pathway that was enriched at week 2 versus week
0 in samples of patients who developed paradoxical TB-IRIS despite prednisone prophylaxis.
Platelets are anucleate cell fragments released by megakaryocytes whose primary function is
to induce hemostasis through thrombosis [439, 440]. Notably, inflammatory stress induces
platelet proliferation. Similarly to neutrophils, prednisone induces the proliferation and
migration of platelets [441]. Interestingly, platelets interact with many cell types but their
preferred partners are neutrophils [442, 443]. The pair synergistically contribute towards the
maintenance of vascular and tissue integrity. Platelet P-selectin is a surface marker that
interacts with its cognate ligand on neutrophils (P-selectin granulocyte ligand 1). The
interaction is common following vessel injury or pathogen recognition [444, 445]. P-selectin-

dependent platelet-neutrophil interaction recruits downstream integrin-dependent pathways
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and culminates in neutrophil activation and transmigration [446]. Neutrophils interacting with
platelets can either: (a) phagocytose them, quenching their thrombogenic and inflammatory
potential; (b) progress to the generation of NETs [447, 448]. The latter may be related to the
neutrophil degranulation gene set that was significantly enriched in peripheral blood in ART
and prednisone treated patients who developed paradoxical TB-IRIS. Notably, the outcome of
their interaction hinges on the metabolic state of neutrophils with increased risk of ischemic

injury among the potential consequences [449].

Lastly, abnormal platelet-neutrophil ratios have unpredictable effects on vascular and immune
cell homeostasis and are increasingly appreciated as targets for therapeutic intervention. The
synergistic effect of platelets and neutrophils has not been described in the context paradoxical

TB-IRIS and more research on this is needed in future studies.

Additionally, extracellular matrix organization (ECM) was longitudinally enriched in samples
of patients who developed paradoxical TB-IRIS who received ART and prednisone. This
potentially reflects a response to tissue injury in these patients. The ECM pathway is discussed
in-depth in the next section because it was a prominent gene set in prednisone-treated patients

who did not develop paradoxical TB-IRIS.

Furthermore, there were several biological pathways that were significantly downregulated in
samples collected from patients who developed paradoxical TB-IRIS at week 2 compared to
week 0 on dual ART and prednisone prophylaxis (Figure 5.24). These generally reflected
biological processes confined to the cell nucleus. Processes that are worth highlighting include
the activation of the pre-replicative complex, DNA strand elongation, condensation of
prophase chromosomes, meiosis, and deposition of new CENPA containing nucleosomes at

the centromere among others.

The biological significance of genomic deoxyribonucleic acid (DNA) replication is to copy the
genetic information from one generation of cells to another with high integrity [450]. DNA is
resident in the nucleus of eukaryotic cells in a condensed form. Tight regulatory mechanisms
exist to ensure compact packaging of the genetic material to fit inside the nucleus [451]. The
DNA is condensed by tight coiling around an octamer of four core histone proteins into a
compact polymer known as chromatin [451-453]. Chromatin is a dynamic structure that dictates
access by cellular machineries to the genetic information in a localized manner [454]. By
regulating access to the DNA, chromatin enables the accurate regulation of all genomic

processes including DNA repair, DNA replication, and transcription [453]. These processes
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require the reorganization of the chromatin structure through histone modifications, and the
action of chromatin factors among others [455, 456]. This is known as epigenetic regulation
and embodies the notion of modifying the function of genes without altering the genetic code
[457, 458]. These epigenetic modifications facilitated primarily by histones, aid in extending

the information potential of the genetic code and are potentially reversible and heritable [459].

The downregulation of these biological processes in patient samples who developed
paradoxical TB-IRIS on dual ART and prednisone possibly may indicate the epigenetic

changes resulting from prophylactic prednisone at week 2 on ART compared to week 0.

A subset of the genes that were downregulated at week 2 compared to week 0 and their function

are listed in Table 5.4.

Table 5.4. Gene names, symbols and function of downregulated transcripts at week 2
compared to week 0 in patient samples who developed paradoxical TB-IRIS in patients while
on prednisone prophylaxis. The listed transcripts constituted part of the leading edge subset

of the pre-replicative complex pathway which contained the most significantly downregulated

gene setl.
Gene name Symbol Function
Lysine demethylase 7A KDM7A Encoded protein enables histone demethylase activity

Encoded protein is involved in many cellular processes
Mitogen-activated protein kinase 2 MAP2K1 such as proliferation, differentiation, transcription

regulation and development.

Encoded protein is involved in many cellular processes
Mitogen-activated protein kinase 1 MAPK1 such as proliferation, differentiation, transcription

regulation and development.

Encoded protein is involved in many cellular processes
Mitogen-activated protein kinase 3 MAP3K1 such as proliferation, differentiation, transcription

regulation and development.

Encoded protein plays a central role in cytokine and

Janus kinase 2 JAK2
growth factor signalling
Tyrosine 3-monooxygenase/tryptophan 5- Encoded protein may play a role in linking mitogenic
YWHAB signaling and the cell cycle machinery

monooxygenase activation protein beta

Encoded protein is involved in cell adhesion and migration
Fibronectin FN1 processes including embryogenesis, wound healing,

blood coagulation, host defense, and metastasis

Encoded protein plays a crucial role in the blood

Integrin subunit alpha 2b ITGA2B
coagulation system
. . Encoded protein participates in cell adhesion as well as
Integrin subunit beta 3 ITGB3
cell-surface mediated signalling.
. . . . Encoded protein negatively regulates angiotensin Il
Angiotensin Il receptor associated protein AGTRAP & ¢

signaling.
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5.7.5 Longitudinal gene expression analysis in patients who were allocated prophylactic
prednisone who did not develop paradoxical TB-IRIS.

Next, the gene expression signature in patients who received prednisone prophylaxis and did
not develop paradoxical TB-IRIS disease was investigated. This was achieved by computing
DGEA longitudinally on dual ART and prednisone prophylaxis in samples collected at week
0 and at the median onset of paradoxical TB-IRIS (week 2) from TB-non-IRIS patients.

5.7.5.1 Differential gene expression analysis at week 2 versus 0 in samples from TB-non-IRIS
patient samples who were on concurrent ART and prednisone prophylaxis.

Differential gene expression analysis (DGEA) was computed in a total of 144 TB-non-IRIS
patient samples between week 2 (n = 69) and week 0 (n = 75) on concurrent ART and
prednisone prophylaxis. A total of 2932 DEGs were identified between week 2 and week 0
after correcting for multiple comparisons (FDR = 0.05). A total of 1390 genes were upregulated
while 1542 were downregulated at week 2 compared to week 0 (Figure 5.25).
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Figure 5.25. Longitudinal changes in gene expression in a total of 144 samples collected
from TB-non-IRIS controls up to week 2 on dual ART and prophylactic prednisone. Volcano
plot showing differentially expressed genes in prednisone treated TB-non-IRIS patient samples
between week 0 (n = 75) and week 2 (n = 69) on ART. DEGs (n = 2932) were defined by an
adjusted p-value of less or equal to 0.05. A total of n = 1390 transcripts were upregulated

while n = 1542 were downregulated after adjusting for multiple comparisons.

Combined ART and prednisone induced the perturbation of many genes over the two weeks of
therapy. One gene that was interestingly upregulated was a decoy receptor for the IL-1 family
of cytokines (Figure 5.25). Engagement of this receptor leads to abortive IL-1 intracellular
signaling [460]. Notably, many of the genes that were downregulated included those encoding
proteins for viral specific responses and chemokine signaling (Figure 5.25). This is to be

expected with effective ART that controls HIV replication rapidly.
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5.7.5.2 Functional enrichment analysis with GSEA

The DESeq2 derived gene list from patient samples collected longitudinally between week 0
and week 2 in patients who did not develop paradoxical TB-IRIS while (TB-non-IRIS) on dual
ART and prophylactic prednisone was summarized into biological pathways using GSEA
[282]. Several biological pathways were significantly enriched (Figure 5.24). The first 7
biological pathways contained the leading-edge subset comprising genes that mainly encode
ribosomal proteins that are accessory to the 60S eukaryotic ribosome. These are important in
the translation of processed and mature mRNA into polypeptides, and the subsequent
elongation and folding into functional proteins [461]. Although these were significantly
enriched, we do not emphasize these findings since rRNA constitute 90% of all the RNA
species in peripheral blood [462].
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Figure 5.26. Functional enrichment with gene set enrichment analysis (GSEA) using a pre-ranked genelist and a curated gene set of canonical
pathways from Reactome in samples from TB-non-IRIS up to week 2 on concurrent ART and prednisone prophylaxis. Pathway analysis

identifies collagen biosynthesis as the most significantly enriched biological pathway in prednisone treated patient samples who did not develop
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paradoxical TB-IRIS disease. The downregulated biological pathways largely represented biological processes involved in antiviral immune

responses, granulocyte biosynthesis and epigenetic regulation of gene expression.
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Interestingly, collagen formation and extracellular matrix organization were identified as the
most significantly enriched biological pathways in 144 patient samples from TB-non-IRIS
controls (Figure 5.26). The extracellular matrix (ECM) forms an environment surrounding
cells. It has a complex and diverse composition of biochemically and structurally distinct
macromolecules which have important functional characteristics [463-465]. These include but
are not limited to proteins, proteoglycans, lipids and glycoprotein [466]. The main role of the
ECM is to provide structural support, but it is versatile in the functions it can perform. For
instance, the ECM partakes in rudimentary cell processes such as cell proliferation, adhesion,
migration, cell differentiation and cell death [465]. Importantly, the function of the ECM is
often shaped by its composition or architecture as it is a dynamic structure characterized by
constant remodeling involving the synthesis and/or degradation of one or more of its many
constituents [465, 467]. Furthermore, tight regulatory mechanisms of the ECM dynamics are
required to ensure normal development, physiology, and robustness of organ systems [468]. In
the context of paradoxical TB-IRIS, this suggest that the gene expression of patients who do
not develop disease is characterized by ECM remodeling and in particular, the biosynthesis of
collagen. Collagen is the main constituent of the extracellular matrix and its biosynthesis was

enriched in TB-non-IRIS controls who received prednisone prophylaxis [469, 470].

Additionally, the downregulation of antiviral response and the biosynthesis of granulocytes
which are implicated in the pathogenesis of paradoxical TB-IRIS were identified in patients
who did not experience manifestation of paradoxical TB-IRIS who received prophylactic
prednisone. Finally, the downregulation of the discussed biological pathways was associated

with tissue healing and remodeling (Figure 5.26).

5.7.6 Gene overlap analysis of differentially expressed genes

5.7.6.1 Gene overlap analysis to compare the significant differentially expressed genes in
prednisone treated patient samples who developed paradoxical TB-IRIS and those who did
not (TB-non-IRIS controls) at week 2 on ART compared to week 0.

Furthermore, gene overlap analysis was performed to determine the genes that were exclusive
between samples of prednisone treated patients who developed paradoxical TB-IRIS and TB-
non-IRIS controls respectively at week 2 on ART compared to week 0. The aim of this analysis

was to identify and describe the genes that are unique to each clinical group.
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A total of 1684 differentially expressed transcripts that were shared between patient samples
with paradoxical TB-IRIS compared to TB-non-IRIS controls at week 2 versus week 0 on
concurrent ART and prophylactic prednisone were identified. More importantly a total of 1744
and 1033 transcripts were exclusively found in the samples of patients with paradoxical TB-

IRIS and TB-non-IRIS controls respectively.

Week: 2 versus 0

Pred_IRIS Pred_Non-IRIS

Figure 5.27. Gene overlap analysis of differentially expressed genes in prednisone treated
patient samples with paradoxical TB-IRIS compared TB-non-IRIS controls at week 2 versus
week 0 on ART. Patients with paradoxical TB-IRIS had almost twice the number of
differentially expressed genes despite prednisone prophylaxis compared to TB-non-IRIS

controls.

The number of DEGs were higher by nearly 2-fold in samples from patients with paradoxical
TB-IRIS compared to TB-non-IRIS controls despite prophylactic prednisone. Samples of
patients who developed paradoxical TB-IRIS were mainly significantly enriched for biological

pathways involving neutrophils activation and degranulation while TB-non-IRIS patient
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samples were mainly enriched for biological pathways including extracellular matrix

organization.

5.7.5.6.2 Gene overlap analysis to compare significant differentially expressed genes
comparing week 2 to week 0 samples in prednisone treated patient samples relative to
placebo in patients who developed paradoxical TB-IRIS

Gene overlap analysis was computed to compare differentially expressed genes comparing
week 2 to week 0 samples in patients who developed paradoxical TB-IRIS who received either
placebo or prophylactic prednisone. The aim of this analysis was to identify genes that were

upregulated at the time of paradoxical TB-IRIS onset despite prednisone prophylaxis.
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Week: 2 versus (

Placebo_TB-IRIS Prednisone TB-IRIS

Figure 5.28. Gene overlap analysis in patient samples with paradoxical TB-IRIS who
received either prednisone or placebo comparing week 0 and week 2 on ART. Prednisone

demonstrated at least a 4 fold reduction of the inflammatory mediators compared to placebo.

A total of 2768 (43.9%) DEGs which were common between samples from paradoxical TB-
IRIS patients who either received placebo or prednisone prophylaxis were identified.
Furthermore, 2869 and 673 DEGs were exclusive to paradoxical TB-IRIS patients who were
allocated placebo or prednisone prophylaxis respectively (Figure 5.28).

The genes exclusive to the placebo arm (45%) were diverse in function but with a common
theme of genes of the innate immune system that encode receptors that form part of the
proinflammatory intracellular signaling cascade, genes encoding inflammatory lipids,
cytokines and chemokine respectively, intracellular PRRs, and transcription factors that
modulate inflammation. Additionally, genes that encode signaling cytokines derived from the
CDA4 T cells constituted a proportion of the 45%. Notably, approximately 10% of the identified

genes mapped exclusively to the prednisone intervention (Figure 5.28). This represents around
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4-fold fewer genes compared with number of genes that were exclusively differentially
expressed in the placebo arm. The list of genes mapping to the prednisone intervention mainly
included genes that encode proteins of the extracellular matrix and those encoding proteins that
are involved in neuronal development and signaling. Fewer genes associated with

inflammation were in the prednisone gene list.

5.7.7 Summary of findings for these analyses

There were no DEGs when patient samples of paradoxical TB-IRIS patients were compared to
those of TB-non-IRIS controls at week 2 on concurrent ART and prophylactic prednisone.
These findings suggest that the prednisone intervention blunts the inflammatory gene
expression signature associated with paradoxical TB-IRIS, despite some patients still
developing clinical manifestations of TB-IRIS while on prednisone prophylaxis. Longitudinal
gene expression analysis revealed robust transcriptional perturbation between week 0 and 2 on
concurrent ART and prophylactic prednisone in patients with paradoxical TB-IRIS disease and
in TB-non-IRIS controls. Functional classification of the DEGs identified a significant
enrichment in the expression of neutrophils and platelet-associated genes at week 2 on dual
ART and prednisone compared to week 0 in patients who developed paradoxical TB-IRIS.
Additionally, epigenetic regulation of gene expression through methylation was significantly
downregulated at week 2 compared to week 0 in these patients. Lastly, TB-non-IRIS controls
showed upregulation of biological pathways that reflect the remodelling of the extracellular
matrix involving the biosynthesis of the collagen polymer between week 0 and 2 on concurrent
ART and prophylactic prednisone. Antiviral responses and interferon gene inducible responses
as well as the synthesis of granulocytes whose cargo accommodates highly inflammatory and
cytotoxic contents were significantly downregulated in TB-non-IRIS controls at week 2
compared to week 0. Lastly, genes associated epigenetic responses leading to the
demethylation and deacetylation of other genes were downregulated in TB-non-IRIS controls

who received concurrent ART and prednisone between week 0 and 2.
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5.8 All patients at week 0: TB-IRIS vs TB-non-IRIS

To further explore the gene expression findings in patients who later developed paradoxical
TB-IRIS and those who did not (TB-non-IRIS controls) at week 0, all patient samples (from
placebo and prednisone allocated patients) were included, and the gene expression signature

was investigated as described below.

5.8.1 Differential gene expression analysis

Differential gene expression analysis (DGEA) was computed for all samples collected from
patients who later developed paradoxical TB-IRIS compared to TB-non-IRIS controls at week
0. To model raw gene count data, DESeq2 workflows were adapted to derive and describe

differentially abundant transcripts in a total of n = 225 samples.

5.8.2 Exploratory analysis

Variance stabilized, normalized expression data, were assessed for quality and explored for
patterns using principal component analysis (PCA). A total of 225 eigenvectors or principal
components (PC) corresponding to the patient samples were generated. Shown below are the
first 3 PC or dimensions, which accounted for 98% of the cumulative variance (Figure 5.29
A). Figure 5.29A depicts the relative contribution of the first 10 samples to each PC, where the
scale represents the proportion of variance contributed by each sample to each PC. Most
importantly, PC1 accounted for 90.3% of the variance explained by all the samples (Figure
5.29 B).
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Figure 5.29. Exploratory data analysis for 225 samples collected from all patients with
paradoxical TB-IRIS and TB-non-IRIS controls prior to the initiation of antiretroviral
therapy (ART) and prednisone prophylaxis at week 0. A. The relative contribution of each
sample to the cumulative variance across the first three principal components (PC). B. Scree

plot showing the proportion of variance explained by each PC.

Collectively, PC1 and PC2 contributed 96.7% of the cumulative variance for all the samples
(Figure 5.29 B). PCA was subsequently computed using the first 2 PCs for the 500 most
variable genes across all samples (Figure 5.30 A). PC1 represents the linear combination of
the Euclidean distances (eigenvalue) between transcripts across 225 samples. PC1 maximizes
the variability of the data when projected in the x-axis (39%) and accounted for most of the
variance compared to PC2 which is orthogonal to PC1. PC2 describes the residual variance of
PC1 (9%) (Figure 5.30 A&B). PC1 is a mixed cluster of TB-IRIS and TB-non-IRIS patients,
similarly for PC2. This indicates the proximity of the eigenvalues and therefore, the similarities

in gene expression between the two clinical groups at week 0 (Figure 5.30 A).

Following the evaluation of the similarities in gene expression between all patient samples, the
differentially abundant transcripts between the two clinical groups at week 0 were visualized.

A total of 1036 differentially expressed transcripts were identified across all samples at week
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0 after adjusting for multiple hypothesis testing (FDR of 0.05). A total of 876 transcripts were
upregulated while 160 transcripts were downregulated in samples from patients who later

developed paradoxical TB-IRIS compared to those who did not. (Figure 5.30 B).
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Figure 5.30. Exploratory data analysis for a total of 225 samples collected from patients who later developed paradoxical TB-IRIS and TB-
non-IRIS controls prior to the initiation of antiretroviral therapy (ART) and prednisone prophylaxis or placebo (week 0). A. Principal
component analysis for the top 500 variable genes. PC1 contributed most of the variance. Both PCland PC2 are mixed clusters of TB-IRIS and
TB-non-IRIS samples. B. Volcano plot showing differentially expressed genes in patient samples collected from all patients (placebo and
prednisone arm) at week 0. DEGs were defined by an FDR cut-off of 0.05 or less. A total of 1036 significant genes were identified.

227



Next, the top 500 DEGs were visualized using a heatmap to explore the gene expression
profiles in all patient samples collected at week 0 (Figure 5.31). Patient samples are
represented as columns and the top500 transcripts as rows. A total of n= 1036 transcripts were
differentially expressed showing significant upregulation in samples from patients with

paradoxical TB-IRIS but not in TB-non-IRIS controls (Figure 5.31).
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Figure 5.31. Differential gene expression analysis conducted on 225 patient samples (all
patients - those who later received prednisone and those who later received placebo) taken
prior to the initiation of antiretroviral therapy (ART) (week 0). A, Visualization of the top 500
differentially expressed genes (DEGs) identified in samples from patients with paradoxical TB-
IRIS (magenta) and TB-non-IRIS control(turquoise) at week 0. A total of 1036 transcripts were
differentially expressed between the 2 clinical groups at week 0. A total of n =876 transcripts
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were upregulated while 160 transcripts were downregulated at week 0 in samples of patients

who later developed paradoxical TB-IRIS versus non-TB-IRIS controls.

5.8.3 Gene set enrichment analysis

To identify and describe the significantly enriched biological pathways preceding the onset of
paradoxical TB-IRIS, the list of DESeq2 derived DEGs was summarized into biological
pathways by computing functional enrichment using gene set enrichment analysis (GSEA)
[282]. Described below, are the significantly enriched biological pathways and their attendant
genes that precede the acute inflammatory reactions that characterize paradoxical TB-IRIS.
These are discussed in the context of both the Reactome database from which they are curated

and peer review literature.

Figure 5.32 depicts the top 20 upregulated and downregulated biological pathways in 225
samples from patients who were assigned to receive either prednisone or placebo. Biological
pathways were compared in those who later developed paradoxical TB-IRIS and in TB-non-
IRIS controls at week 0, following adjusting for multiple hypothesis testing (FDR = 0.1). The
top 20 upregulated pathways were statistically significant, while not all downregulated

biological pathways were significant.
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Figure 5.32. Functional enrichment with gene set enrichment analysis (GSEA) using a pre-ranked genelist and a curated gene set of canonical
pathways from Reactome in 225 samples of patients comparing those who later developed paradoxical TB-IRIS to those who did not (TB-non-

IRIS controls) prior to the initiation of antiretroviral therapy (ART) or week 0. Pathway analysis identified the exocytosis of neutrophil secondary
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granules and adaptation to hypoxic stress as the most significantly enriched biological pathways in patient samples with paradoxical TB-IRIS

compared to TB-non-IRIS controls week (. Notably, processes involving prototypical inflammatory cytokines such as IL-6 were downregulated.
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The upregulated gene sets were similar to the gene sets identified at week 0 when analyses
were restricted to those who were allocated to receive placebo comparing patients who later
developed paradoxical TB-IRIS with TB-non-IRIS controls (Figure 5.32). The increased
power resulting from pooling all the samples from both the placebo and prednisone arms at
week 0, likely resulted in the added identification of several gene sets such as those involved
in DNA replication, DNA repair processes, and DNA methylation occurring in the nucleus of
cells. The process of DNA replication and repair are highly conserved processes that accurately
copy genetic information from generation to generation. This process involves chromatin
disassembly and reassembly that is tightly regulated to ensure compact packaging of the
genetic material into the nucleus while maintaining the epigenetic integrity of the information
carried on histone proteins spooled by the genetic material [455]. Half of the histones that bind
the genetic material during the process of DNA replication are from the parental chromatin and
carry the parental epigenetic information, while the complementary half are de novo
synthesized [471]. Much of the research conducted early in the mid 2000s endeavored to
understand how the epigenetic information on the parental strand is inherited on the newly-
synthesized histones in a DNA sequence-specific manner, to help maintain the flow of
epigenetic information through cell divisions [459, 471]. It is possible that newly synthesized
histones do not inherit parental epigenetic information with high integrity and thus
predisposing to cellular malfunction and disease. Genes associated with DNA methylation,
which is an epigenetic control mechanism, were significantly enriched in samples from patients
with paradoxical TB-IRIS compared to TB-non-IRIS controls at week 0. This suggests
epigenetic regulation may play a role in paradoxical TB-IRIS pathogenesis. This finding needs
to be reproduced and explored in other clinical settings and study populations for verification

and to better understand the mechanisms.

Furthermore, many genes that code for accessory proteins of the human 60S ribosomal RNA
were differentially expressed in samples from patients with paradoxical TB-IRIS compared to
TB-non-IRIS controls at week 0. Ribosomes partake in the process of protein synthesis
occurring in the cytoplasm. Not much emphasis is placed on these finding since rRNA
constitute 90% of the RNA species in the blood [461]. Their enrichment is probably a reflection

of their abundance in peripheral blood.

Lastly, central processes characterizing paradoxical TB-IRIS compared to TB-non-IRIS
controls prior to the initiation of ART include the exocytotic degranulation of secondary

neutrophil vesicles and adaptation to hypoxic stress. These findings were previously discussed
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in relation to Table 5.1. In Table 5.5 the transcripts that constituted the most significantly
downregulated pathway (the heparan sulfate metabolic pathway) are listed. The associated
genes comprised genes of the electron transport chain that leads to energy generation and
recycling of redox equivalents. These were significantly downregulated in patients who later
developed paradoxical TB-IRIS compared to TB-non-IRIS controls at week 0. This reinforces
the notion that patients with paradoxical TB-IRIS disease may have mitochondrial metabolic
dysfunction compared to TB-non-IRIS controls prior to ART initiation, perhaps due to more

severe and extensive tuberculosis prior to initiating ART.

Table 5.5. Gene names, symbols and function of downregulated transcripts in samples across
all patients at week 0. The listed transcripts constituted part of the leading edge subset of the
Heparan sulfate metabolism pathway that was most significantly downregulated in patients

who later developed paradoxical TB-IRIS compared to TB-non-IRIS controls.

Gene name Symbol Function

. . . . Encoded protein is an essential component of complex | of the respiratory
NADH:ubiquinone oxidoreductase subunit Al NDUFA1

chain, which transfers electrons from NADH to ubiquinone.

Encoded protein predicted to enable DNA-binding transcription factor
ECSIT signalingintegrator ECSIT activity and chromatin binding activity. Involved in regulation of

oxidoreductase activity and regulation of protein complex stability.

The encoded protein is a subunit of the hydrophobic protein fraction of

NADH:ubiquinone oxidoreductase subunit A2 NDUFA2 the NADH:ubiquinone oxidoreductase. May be involved in regulating

complex | activity or its assembly via assistance in redox processes

Encoded protein is involved in mitochondrial respiratory chain complex |

NADH:ubiquinone oxidoreductase subunit A3 NDUFA3

assembly

The encoded protein is an accessory subunit of the mitochondrial

NADH:ubiquinone oxidoreductase subunit B3 NDUFB3

membrane respiratory chain NADH dehydrogenase

NADH:ubiquinone  oxidoreductase = complex

The encoded protein is a mitochondrial complex | assembly protein that

assembly factor 3 NDUFAF3 interacts with complex | subunits
The encoded protein is a subunit of the multi-subunit NADH:ubiquinone
NADH 'ubiquinone oxidoreductase subunit B7 oxidoreductase (complex 1). This protein has NADH dehydrogenase
' NDUFB7 activity and oxidoreductase activity. It transfers electrons from NADH to
the respiratory chain.
Mitochondrially encoded NADH:ubiquinone
MT-ND6 Encoded protein enables NADH dehydrogenase (ubiquinone) activity
oxidoreductase core subunit 6
Mitochondrially encoded NADH:ubiquinone
MT-ND2 Encoded protein enables NADH dehydrogenase (ubiquinone) activity
oxidoreductase core subunit 2
Mltochondrlally enCOded NADH:ublqumone MT-ND1 Encoded protein enables NADH dehydrogenase (ubiquinone) activity

oxidoreductase core subunit 1
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Of note, the same biological pathways remained significantly enriched in other curated
databases (org.Hs.eg.db) which is a Bioconductor package for human genome-wide

annotation.

5.8.4 WGCNA
Weighted gene co-expression network analysis (WGCNA) was conducted as previously
described to identify genes that were highly correlated with paradoxical TB-IRIS. These could

potentially be used to identify individuals at high risk for targeted intervention.

Six modules eigengenes (ME) that were highly correlated with paradoxical TB-IRIS were
identified (ME: red, green, midnight blue, light green, tan and salmon). Subsequent analyses
were conducted on the MEgreen due to highest correlation with paradoxical TB-IRIS (Figure
5.33).
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Figure 5.33. The identification of module eigengenes that are significantly correlated with paradoxical TB-IRIS using weighted gene co-expression
network analysis in samples from all patients at week 0. Six module eigengenes that were significantly correlated with paradoxical TB-IRIS disease at

week 0 were identified. Subsequent analysis focused on MEgreen which was most significantly correlated with paradoxical TB-IRIS disease.
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The top 15 nodes in MEgreen were visualized to assess highly connected nodes. Gene ontology

was performed on all the members of the module (n = 130) (Figure 5.34).

Number
A B Pathways Adj.Pval
of genes
CRISP3 Neutrophil activation and immune
26 2.4e-18
@] response
CAMP Neutrophil mediated immunity 26 2.4e-18
@ MMP8 Neutrophil activation 26 2.4e-18
ABCAIL3 o) OLRI Neutrophil degranulation 26 2.8e-18
LCN2 @ e} Leukocyte degranulation 26 8.7e-18
=7 Myeloid leukocyte mediated immunity 26 1.4e-18
o F
BPI L¥ Leukocyte activation involved in immune 28 3 56.17
e~
CEACAMS © » response
ERG Myeloid leukocyte activation 27 5.8e-17
Nemacate et
o (@] Immune effector process 32 7.8e-17
Leukocyte mediated immunity 29 9.6e-17
ELANE Regulated exocytosis 28 1.4e-16
CTSG DEFA4 (@] Leukocyte activation 33 9.7e-16
© o) Exocytosis 28 3.3e-15
Cell activation 33 2.7e-14

Figure 5.34. Functional enrichment with weighted gene co-expression network analysis
(WGCNA). A. Visualization of the top 15 nodes in MEgreen. The module consists of n = 130
genes that were significantly correlated with paradoxical TB-IRIS. B. Gene ontology using
ORA to summarise the module members into biological pathways. Several biological processes

involving neutrophils were significantly enriched after correcting for multiple comparisons

(FDR = 0.1).

Several biological pathways involving neutrophils were among the top significantly enriched
from the MEgreen that was significantly correlated with paradoxical TB-IRIS. These findings
represent the basis for potentially developing biomarkers to identify those at highest risk for

developing paradoxical TB-IRIS.

5.8.5 Summary of findings for these analyses
Whole blood derived gene expression profiles of all patients (both those assigned to prednisone

and placebo) prior to the initiation of ART (week 0) were analyzed. The analyses identified
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DEGs in those who later developed paradoxical TB-IRIS compared to TB-non-IRIS controls
at week 0. A total of 1036 DEGs were identified between the two clinical groups and
summarized them into biological pathways using GSEA and WGCNA. These were mainly
representative of neutrophils and heme biosynthetic pathways in patients who later developed

paradoxical TB-IRIS compared to those who did not prior to the initiation of ART.
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5.9 All patients at week 2: Prednisone vs Placebo

To explore prednisone specific effects, the gene expression signature and biological pathways
were compared in all patients who received prophylactic prednisone and all those who received
placebo at week 2 on ART, which coincides with the median time for paradoxical TB-IRIS

onset.

5.9.1 Differential gene expression analysis

Differential gene expression analysis (DGEA) was computed in all samples collected from
patients at week 2 on ART comparing those receiving prednisone prophylaxis to placebo. To
model raw gene count data, DESeq2 workflows were adapted to derive and describe

differentially abundant transcripts at week 2, from a total of n = 190 patient samples.

5.9.2 Exploratory analysis

The data were explored by computing principal component analysis (PCA) to assess patterns
in gene expression across all samples using variance stabilized, normalized expression data. A
total of 190 eigenvectors or principal components (PC) corresponding to the number of patient
samples were generated. Shown below are the first 3 PC which accounted for 99% of the
cumulative variance (Figure 5.35 A). Figure 5.33 A depicts the relative contribution of the first
10 samples to each PC. The scale represents the proportion of variance contributed by each
sample to each PC. PC1 accounted for 91.4% of the variance explained by all the samples
(Figure 5.35 B). Collectively, PC1 and PC2 contributed 96.3% of the cumulative variance for
all the samples (Figure 5.35 B).
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Figure 5.35. Exploratory data analysis for 190 samples from patients who received either
prednisone prophylaxis or placebo at week 2 on antiretroviral therapy (ART). A. The relative
contribution of each sample to the cumulative variance across the first three principal
components (PC). B. Scree plot showing the proportion of variance explained by each

principal component (PC).

Therefore, PCA was performed using the first 2 PCs for the 500 most variable genes across all
samples (Figure 5.35 A). PC1 represents the linear combination of the Euclidean distances
(eigenvalue) between transcripts across 190 samples. PC1 maximizes the variability of the data
when projected in the x-axis (32%) and accounted for most of the variance compared to PC2.
PC2 is orthogonal to PC1, and it describes the residual variance of PC1 (14%) (Figure 5.35
A&B). PC1 describes a mixed cluster of patients who received either prednisone prophylaxis
or placebo. Similarly, for PC2. This indicates the proximity of the eigenvalues and therefore,
the similarities in gene expression between the two clinical groups at week 2 on ART. (Figure

5.35A).
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Figure 5.36. Exploratory data analysis on a total of 190 samples collected from all patients comparing those who received prophylactic

prednisone to those who received placebo at week 2 on antiretroviral therapy (ART). A. Principal component analysis for the top 500 variable

genes. PCI contributed most of the variance. Both PCland PC2 are mixed clusters of patients receiving prednisone and placebo. B. Volcano plot

showing differentially expressed genes in patient samples. DEGs were defined by an FDR of 0.05 or less. A total of 771 significant genes were

identified.
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To explore the data further, the list of differentially abundant transcripts were visualized
between the two intervention arms (prednisone vs placebo) in all patients at week 2 on ART.
A total of 771 transcripts were differentially expressed after correcting for multiple hypothesis
testing (FDR = 0.05). (Figure 5.35 B). A total of 293 transcripts were upregulated while 478
transcripts were downregulated. The upregulated genes were largely reflective of those
encoding proteins involved in extracellular matrix remodeling. One transcript that was

downregulated was a gene encoding a surface marker (CD177) for neutrophils.

We subsequently visualized the top 100 DEGs using a heatmap to explore the gene expression
profiles in all patient samples comparing those receiving prednisone versus placebo at week 2

on ART (Figure 5.36).
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Figure 5.37. Differential gene expression analysis in 190 samples of patients who received

prednisone prophylaxis compared to placebo at week 2 on antiretroviral therapy (ART).
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Visualization of the top 500 differentially expressed genes (DEGs) identified in all patient
samples. There was no clear differentiation in gene expression between patients who received

either prophylactic prednisone or placebo.

Clustering both rows (genes) and samples revealed interesting patterns for both intervention
arms; prophylactic prednisone modulated the perturbation of many transcripts relative to
placebo and more transcripts were downregulated than upregulated (Figure 5.37). The
individual differentially expressed genes that are part of the leading-edge subset are further
described in table 5.6.

Table 5.6.Gene names, symbols and function identified as part of extracellular matrix
organization leading edge subset that were significantly enriched (FDR = 0.1) in all patient
samples comparing those who received prophylactic prednisone to placebo at week 2 on

antiretroviral therapy (ART).

Gene name Symbol Function

ECM organization leading edge subset

Matrix metallopeptidase 8 MMPS8 Encoded protein remodels extracellular matrix
Matrix metallopeptidase 9 MMP9 Encoded protein remodels extracellular matrix
Matrix metallopeptidase 25 MMP25 Encoded protein remodels extracellular matrix
Collagen type XIX alpha 1 chain COL19A1 Encoded protein maintains the integrity of the

extracellular matrix.

Encoded protein maintains the integrity of the

Collagen type IX alpha 2 chain COL9A2
extracellular matrix.
. Involved in heterophilic cell-cell adhesion via plasma
CEA cell adhesion molecule 8 CEACAMS8
membrane cell adhesion molecules
. . The encoded protein implicated in a variety of biological
ADAM metallopeptidase domain 09 ADAM9 ¢
processes involving cell-cell and cell-matrix interactions
. . The encoded protein implicated in a variety of biological
ADAM metallopeptidase domain 17 ADAM17
processes involving cell-cell and cell-matrix interactions
. Encoded protein is an adhesive glycoprotein that
Thrombospondin 1 THBS1 &
mediates cell-to-cell and cell-to-matrix interactions.
. Encoded protein functions both as an adhesion molecule,
Intercellular adhesion molecule 3 ICAM3
and as a potent signalling molecule
The encoded protein transfers galactose moieties to
Collagen beta(l-O) galactosyltransferase COLGALT1 hydroxylysine residues of collagen and mannose binding
lectin.
. . L Encoded protein inhibits matrix metalloproteinases
TIMP metallopeptidase inhibitor 1 TIMP1

(MMPs)

Encoded protein is necessary for elastic fiber formation

EGF containing fibulin extracellular
EFEMP2 and connective tissue development

matrix protein 2
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gene encodes the integrin alpha X chain protein which
dimerizes with ITGB2 to form a leukocyte-specific integrin
. . referred to as inactivated-C3b. Important in the
Integrin subunit alpha X ITGAX
adherence of neutrophils and monocytes to stimulated
endothelium cells, and in the phagocytosis of
complement coated particles.
. . L Encoded protein inhibits matrix metalloproteinases
TIMP metallopeptidase inhibitor 2 TIMP2
(MMPs)
Integrin subunit alpha E |TGAE Encoded protein has a role in adhesion,
. . Sl e s Encoded proteins enables extracellular matrix constituent
Elastin microfibril interfacer 2 EMILIN2
conferring elasticity.
. . Encoded protein heterodimerizes with the beta 1 subunit
Integrin subunit alpha 1 ITGA1
to form a cell-surface receptor for collagen and laminin.

5.9.3 Gene set enrichment analysis

To identify and describe the significantly enriched biological pathways modulated by
prednisone prophylaxis when compared to placebo, the differentially abundant transcripts
arising from DESEq2 were pre-ranked and summarized into biological pathways by computing
functional enrichment using gene set enrichment analysis (GSEA) [282]. Described below, are
the enriched biological pathways and their attendant genes that were identified after correcting
for multiple hypothesis testing (FDR = 0.1). These are discussed in the context of the reactome

database from which they are curated as well as peer reviewed literature.

Figure 5.38 depicts the top 20 upregulated and downregulated biological pathways at week 2
on ART that were all significantly enriched after adjusting for multiple hypothesis testing (FDR
=0.1) (Figure 5.38).

The first five biological pathways that were most upregulated in patients who were allocated
prophylactic prednisone were dominated by genes that encode accessory proteins that associate
with the eukaryotic 60S ribosomal RNA. Ribosomes are the site of protein synthesis which
occurs in the cytoplasm. This potentially indicates the role of prednisone prophylaxis in
modulating protein synthesis. The biological relevance of this is difficult to discern because
the finding does not indicate the synthesis of which proteins is most affected. Ribosomal RNA
constitute 90% of the total RNA species in the blood and the finding that ribosomal genes were

most upregulated could relate to this.
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Figure 5.38. Functional enrichment with gene set enrichment analysis (GSEA) using a pre-ranked genelist and a curated gene set of canonical
pathways from Reactome in samples from all patients (those that received prophylactic prednisone and those that received placebo) at week 2
on antiretroviral therapy (ART). Pathway analysis identified the collagen formation and extracellular matrix organization pathways as the most

significantly enriched biological pathways at week 2 on ART, in patients who received prednisone prophylaxis compared to those who received
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placebo. Notably, processes involving epigenetic regulation of gene expression were significantly downregulated in patients who received

prednisone prophylaxis compared to those that received placebo.
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Several other upregulated pathways that distinguish those receiving prednisone prophylaxis
from placebo at week 2 on ART were identified (Figure 5.38). Pathways such as collagen
formation, molecules associated with elastic fibers, extracellular matrix proteoglycans, elastic
fiber formation, extracellular matrix organization, integrin cell surface interactions were among
the biological pathways that were significantly upregulated by prednisone prophylaxis (Figure
5.38).

The extracellular matrix is a protein scaffold suspended in a semifluid environment of anionic
proteoglycan polymers [464]. The main function of this protein mesh is to provide structural
support for cells [463]. However, it performs other functions such as modulating cell behavior.
There is a potential association between paradoxical TB-IRIS associated inflammation and
tissue damage. Molecular evidence to support this includes the significant secretion of
metalloproteinases in samples from patients with paradoxical TB-IRIS compared to TB-non-
IRIS controls [162, 243, 472]. Clinical evidence for this is the frequent formation of pus
collections at site of paradoxical TB-IRIS inflammation, particularly when lymph nodes are
affected. These findings suggest prednisone prophylaxis may play a role in extracellular matrix

damage remodeling and repair.

Furthermore, prophylactic prednisone increased the expression of neural cell adhesion
moleculel (NCAMI interaction) pathway compared to placebo at week 2 on ART. This reflects

the pleiotropic nature of effects of prednisone.

Several biological pathways that were significantly downregulated by prophylactic prednisone
following adjustment for multiple comparisons (FDR = 0.1) were also identified at week 2 on
ART. The downregulated biological pathways were largely representative of processes that
occur in the cell nucleus, such as meiotic recombination, deacetylation of histones, DNA
methylation and histone methylation among others. This data suggests that prophylactic
prednisone plays a significant role in regulating epigenetic control mechanisms. Epigenetic
regulation of gene expression and its significance was previously discussed in detail (see

5.7.6.3).

5.9.4 Summary of findings for these analyses
The gene expression profiles of patients who received prophylactic prednisone versus placebo

were compared at week 2 on ART. A total of 771 DEGs were identified, and their pathway
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membership was established using the curated Reactome database. The data suggests that
prophylactic prednisone is associated with the upregulation of biological processes that are
related with collagen biosynthesis and the remodeling of extracellular cellular matrix,
suggesting a potential role in tissue remodeling and repair. Similarly, many biological
pathways were significantly downregulated by prednisone and these were reflective of
epigenetic regulation, compatible with the established mechanism of action of corticosteroids

in regulating gene expression.
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Chapter 6 outline: Neutrophil counts and plasma neutrophil markers in patients with
paradoxical TB-IRIS and controls prior to the initiation of ART and longitudinally on
ART

This chapter details the functional validation of the identified neutrophil signature in the
transcriptomic analyses by analyzing blood measurements of absolute neutrophil counts at
week 0, 2 and 12 on ART in patients who developed paradoxical TB-IRIS compared to those
that did not (TB-non-IRIS controls). Further discussed are the longitudinal trends in absolute
neutrophil counts, up to week 12 on ART in patients who developed paradoxical TB-IRIS and
in TB-non-IRIS controls respectively. Enzyme linked immunosorbent assays were used to
assess plasma soluble markers (human neutrophil peptide [HNP]-1-3, azurocidin, neutrophil
elastase [NE] and myeloperoxidase [MPO]) associated with neutrophil degranulation at week
0 and 2 on ART, comparing TB-IRIS cases and controls. Multivariate analyses were applied
to additionally evaluate whether observed soluble responses were a function of changes in

absolute neutrophil counts. Finally, the chapter discusses the relevance of these findings.
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6. Background

Leukocytes also known as white blood cells (WBC), collectively refer to the immune cellular
fraction of the blood [473, 474]. WBC are synthesized de novo through haematopoiesis which
defines the process of making blood cells and blood plasma [475, 476]. They are characterized
by the lack of hemoglobin, the presence of a nucleus, and the capacity to move in blood and
tissue [473, 477]. As part of the immune system, WBC are plentiful in the blood with normal
counts ranging between 4000-11000 cells per microliter [478]. They originate from the bone
marrow and move around the blood, home to different tissues and organs to protect the body
against infections, diseases, and abnormal cellular functioning through a diverse range of
effector functions [475]. WBC are classified into two major categories: agranulocytes and
granulocytes based on the shape of their nucleus, size of the cell type and the presence of
inclusion bodies [477]. This classification gives rise to five distinct WBC that collectively make
up innate and adaptive immunity.

Innate immunity assumes the first line role in defending against injurious microbes.
Neutrophils, a component of the innate immune system, have a pivotal function of combating
the growth and spread of pathogenic microorganisms including fungi, bacteria and viruses
[479]. However, their uncontrolled accumulation or improper activation is detrimental in a

number of inflammatory diseases [480-482]. Therefore, the production, release and subsequent

clearance of neutrophils must be tightly regulated to prevent self-induced injury. This has been
described in rheumatoid arthritis and acute respiratory distress syndrome. The following

sections discuss neutrophils and their characteristics.

6.1 Neutrophils

Neutrophils, also known as polymorphonuclear (PMN) leukocytes are myeloid cells
characterized by the presence of multi-lobed or irregular shaped nuclei and the capacity to form
bioactive laden secretory granules whose contents are released during infection or disease
[477]. Neutrophils constitute up to 80% of circulating WBC and represent the body's first line
of defence [483]. They are involved in the acute inflammatory response to bacterial infection
and removal of pathogens through a variety of mechanism including phagocytosis, release of
antimicrobial substances (e.g. peptides and enzymes) and formation of neutrophil extracellular

traps (NETs).

6.1.1 The origin and maturation of neutrophils
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The de novo synthesis of neutrophils occurs in haematopoietic cords of the venous sinuses in
the bone marrow [413]. Agranulocytes and granulocytes arise from a common progenitor cell
from which differentiation occurs [475, 484, 485]. Differentiation into granulocytes is a highly
regulated process in which the coordinated expression of selective myeloid transcription
factors (e.g. HoxB7 and STAT3), proteins (e.g. SI00A9 and neutrophil elastase) and receptors
(e.g. granulocyte-macrophage colony-stimulating factor (GM-CSF)) are required [486, 487].
Recent evidence suggest that Rac2 (a GTPase) also contributes to the formation of the myeloid
lineage in haematopoietic cells [488].

The neutrophil population in the bone marrow is divided into three pools: the stem cell pool
which consists of undifferentiated haematopoietic stem cells (HSC). The mitotic pool which
make up the granulocytic progenitor cells that are undergoing proliferation and differentiation.
Lastly, the post-mitotic pool which are fully differentiated mature neutrophils [489]. Not all
mature neutrophils are released into the blood stream; in fact, a large storage pool of mature

neutrophils is found in the bone marrow in what is called “the bone marrow reserve” [413, 489].

6.1.2 Mobilization and homeostasis

A mature neutrophil expresses high levels of G-CSF receptor, CXC chemokine receptor 4
(CXCR4), and low levels of G-protein coupled receptor on their surface [490]. Stromal-derived
factor (SDF)-1 is a chemokine that is constitutively expressed by bone marrow stromal cells
and serves as the main ligand for CXCR4. Signaling of the CXCR4/SDF-1 pair retains
neutrophils in the post mitotic pool [491].

Following their maturation, neutrophils emigrate to the blood stream through the sinusoidal
endothelium that separates the haematopoietic compartment from the blood circulation. They
egress the sinusoidal endothelium through tight-fitting pores by trans-endothelial migration
instead of passage through cell—cell junctions [492-494]. Neutrophils constitute 40-80% of the
total WBC count making them the most abundant leukocytes in the blood [195, 483].
Neutrophils are highly mobile and eventually migrate into organs [495]. In fact, the lungs have
the largest pool of marginated neutrophils in the body [496]. Neutrophil abundance, coupled
with their brief circulating half-life (6-8h), necessitates a basal production rate of up to 10!
neutrophils per day by the bone marrow; the advantage of this rapid turnover to the host has
clinical relevance as highlighted in cases of congenital or cyclic defects causing neutropenia
resulting in the overgrowth of bacteria and other pathogenic microbes at the site of exposure

or injury [482]. Neutrophil homeostasis is maintained by a fine-tuned balance between
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granulopoiesis, bone marrow storage and release, intravascular margination, clearance and

destruction [488, 492, 497-499].

6.1.3 Function

Neutrophils play a critical role in immune surveillance and are rapidly recruited to sites of
infection or inflammation, where they eliminate invading pathogens through various
mechanisms [380, 496, 500, 501]. Neutrophils contain at least four types of granules including
primary or azurophilic granules, secondary or specific granules, tertiary and secretory granules
[380, 500, 502]. The granules are armaments containing preformed enzymes and proteins that
are biotoxic. Primary granules contain the most toxic cargo, which include among others
elastases, myeloperoxidase, cathepsins, and defensins [501, 503]. Secondary and tertiary
granules have overlapping cargo with lactoferrin and matrix metalloprotease-9 as distinct cargo
between the two granule types [504]. The secretory vesicles of human neutrophils contain
human serum albumin, indicating the presence of extracellular fluid taken up during
phagocytosis [504].

Neutrophil degranulation is a processes by which the cargo inside the granules are released
[501]. This process is initiated by receptor binding of the secretagogue which assembles the
microtubule filaments and remodels the actin cytoskeleton of the granule causing it to migrate
and fuse with the encapsulated pathogen or the target plasma membrane [504, 505]. This
process depends on ATP and leads to a spike in intracellular calcium levels.

Neutrophils have phagocytic capacity which involves engulfing a pathogen and facilitating
intracellular killing by releasing preformed bioactive granules in a process of degranulation
and/or through the release of reactive oxygen species within the phagosome in a mode of killing
known as respiratory burst. The type of released granule (with primary to tertiary granules
ranging from most to least potent respectively) predicts the degree of damage caused to the
pathogen [500, 501]. Alternatively, neutrophils can kill pathogens extracellularly mediated
through cytokine secretion and cytotoxic mediators [506]. A mature neutrophil is endowed with
high expression of plasma and granule membrane derived nicotinamide adenine dinucleotide
phosphate (NADPH) oxidase, an enzyme that mediates oxidative stress [507, 508]. Oxidative
stress is regulated via NADPH oxidase assembly to produce superoxide. Superoxide is highly
reactive and is able to modify various molecules, including lipids, proteins, and nucleic acids

hence, its microbicidal activity [508].
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Lastly, neutrophils can eliminate pathogenic microbes through a particularly inflammatory
process of cell death called NETosis. Death by NETosis releases the cell’s chromosomal DNA
which is complexed with histones that have microbicidal effect [509, 510]. NETosis can be
triggered by several stimuli in addition to pathogenic microbes including nitric oxide, cytokines
(IL8), activated endothelial cells and platelets [511].

However, the destructive capacity of these cells also raises the potential for neutrophils to
damage healthy tissues, which occurs in many inflammatory diseases such as acute respiratory
distress syndrome, inflammatory bowel disease, and rheumatoid arthritis [512, 513]. An
important regulatory mechanism involves surface receptor triggering which leads to
intracellular signaling, culminating in the activation of cell movement to modulate the release
of granules.

In Chapter 5, the study which evaluated differentially abundant transcripts cross-sectionally
and longitudinally up to week 12 on ART in patients who developed paradoxical TB-IRIS
compared with TB-non-IRIS controls, found that paradoxical TB-IRIS was associated with
gene expression suggesting increased neutrophil degranulation prior to the initiation of ART
and at the median time of symptom onset, in patients that were allocated placebo. The objective
of this chapter was to validate these findings using enzyme linked immuno-sorbent assay
(ELISA) to measure plasma soluble markers of neutrophil function at protein level, as well as
absolute neutrophil counts in blood of patients with paradoxical TB-IRIS and TB-non-IRIS

controls from the Pred-ART intervention trial.
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6.2 Methods

6. 2.1 Study cohort

This sub-study was nested in a previously completed double-blind, placebo randomized
controlled trial that evaluated the efficacy of short course (4 weeks) prednisone given
concurrently with ART in preventing paradoxical TB-IRIS. The clinical characteristics of the

cohort were discussed in detail in chapter 5 (see section 5.4.1) and the findings of the trial were

6.2.2 Blood measurement of absolute neutrophil counts

Peripheral blood was collected from patients enrolled in the Pred-ART trial as previously
described (see section 3.8.1). Bloods were transported to the National Health Laboratory
Services (NHLS) laboratory for a complete blood count with differential. The number of
neutrophils (cells/uL) were determined for each patient at week 0, 2 and 12 on ART.

6.2.3 Detection of plasma soluble human neutrophil peptide (HNP)1-3 using enzyme linked
immunosorbent assay.

The human neutrophil peptide (HNP)-1-3 enzyme linked immunosorbent assay (ELISA) kit
was procured from Hycult Biotech™ and utilized for the quantitation of HNP1-3 in plasma
samples from patients with paradoxical TB-IRIS and TB-non-IRIS controls prior to the
initiation of ART (week 0) and at week 2 on ART. The HNP1-3 ELISA kit is a ready to use
solid phase assay that is based on the sandwich principle. The assay was performed according
to manufacturer’s instructions. All reagents were equilibrated to ambient temperature prior to
use; standards, dilution of samples, and all buffers were prepared according to the
manufacturer’s instructions. Briefly, a total volume of 100 pL of standards and samples were
added to appropriate wells coated with the primary antibody and the plates were subsequently
incubated for 1 hour at room temperature. The plates were washed four times in 400 uL wash
buffer using an automated plate washer. A total volume of 100 pL of prediluted tracer solution
was added to all the wells. The plates were sealed and incubated for 1 hour at room temperature
and washing repeated as previous. A total volume of 100 pL of 3,3',5,5'-tetramethylbenzidine
(TMB) substrate was added to all the wells; the plates were sealed and incubated in the dark at
ambient temperature for 30 min. The reaction was stopped by adding 100 uL of stop solution

and the solution gently mixed by swirling the plates. The absorbance was determined by
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reading the plate in an automated plate reader at absorbance wavelength 450 nm. The data was

quality checked by an independent investigator and analyzed by plotting concentration values.

6.2.4 Detection of plasma soluble myeloperoxidase (MPQO), azurocidin (Azul) and neutrophil

elastase using enzyme linked immunosorbent assay.

Human myeloperoxidase (MPO), azurocidin (Azul) and neutrophil elastase (NE) ELISA kits
were procured from Thermo-Fisher Scientific™ and employed for the in vitro quantitation of
MPO, Azul and NE in plasma samples from patients with paradoxical TB-IRIS and TB-non-
IRIS controls prior to the initiation of ART (week 0) and at week 2 on ART. The ELISA kits
are a ready to use solid phase assays that are based on the sandwich principle. The assays were
performed according to manufacturer’s instructions. All reagents were equilibrated to ambient
temperature prior to use; standards, dilution of samples, and all buffers were prepared
according to the manufacturer’s instructions. Briefly, a total volume of 100 pL of distilled water
was added to the sample wells and 50 pL of prediluted samples were added to the appropriate
wells. Plates were sealed and subsequently incubated with gentle shaking for 3 hours at room
temperature. The plates were washed four times in 400 puL of wash buffer using an automated
plate washer. A total volume of 100 uL of TMB substrate was added to all the wells; the plates
were sealed and incubated in the dark at ambient temperature for 10 min. The reaction was
stopped by adding 100 uL of stop solution and the solution gently mixed by swirling the plates.
The absorbance was determined by reading the plate in an automated plate reader at absorbance
wavelength 450 nm. The data was quality checked by an independent investigator and the data

analyzed by plotting concentration values.

6.25 Samples and analytes

For assessment of plasma soluble mediators of neutrophils, limited samples were available.
Furthermore, some plasma samples had dilution issues and these had to be excluded from the
analyses. Table 6 below, specifies the number of samples (plasma or absolute neutrophil
counts) that were available from week 0 up to week 12 on ART by intervention across clinical
groups. Due to assay measurement technicalities, measurements for some analytes were not
available. The lowest limit of detection was imputed for those values below this limit. For data
that was above the upper limit of detection, the upper limit of detection was imputed. Of note,
MPO measurements at week 0 were not available for approximately quarter of the patients.

The lower limit of detection was imputed in such cases.
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Table 6. Number of plasma samples and absolute neutrophil count results which were

available at week 0, week 2, and at week 12 on ART representing the resolution of inflammatory

symptoms.
Plasma sample | TB-IRIS TB-IRIS TB-non-IRIS TB-non-IRIS
available at: placebo (n) | prednisone (n) | placebo (n) prednisone (n)
Week 0 36 26 34 48
Week 2 30 21 31 45
Absolute neutrophil
counts available at:
Week 0 56 39 64 81
Week 2 56 39 64 81
Week 12 56 39 64 81

6.2.6 Statistical analyses and software.

Cross-sectional and longitudinal data analysis were conducted on unpaired and paired samples

respectively, collected from patients with paradoxical TB-IRIS and TB-non-IRIS controls from

week 0 up to week 12 on ART. For unpaired cross-sectional analyses, the Mann-Whitney U

test was used to compare medians between TB-IRIS patients and TB-non-IRIS controls at week

0 up to week 12 on ART. For longitudinal within-group analyses, the paired Wilcoxon ranked

test was used to compare the medians at different time points for paradoxical TB-IRIS cases,

and TB-non-IRIS controls separately. A p-value of 0.05 or less was considered as statistically

significant. All data visualizations and statistical analyses were performed in the R statistical

programming language.
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6.3 Results
The clinical characteristics for the patients enrolled in the Pred-ART intervention trial were
discussed in chapter 5 (see section 5.4.1). Figure 6 below summarizes the number of

available plasma samples by intervention and disease outcome.

Pred-ART Plasma

Week O Week 2
n=176 n =144

-17 with dilution issues

-32 with dilution issues

Prednisone Placebo Prednisone Placebo
n=74 n=70 n=66 n=61

TB-IRIS =26 TB-IRIS =36 TB-IRIS =21 TB-IRIS =30
Non-IRIS =48 Non-IRIS = 34 Non-IRIS =45 Non-IRIS =31

Figure 6. Diagram depicting the number of Pred-ART derived plasma samples that were
available for use at week 0 and week 2 on ART. Limited patient samples were available,

showing the number of samples that were available by intervention and by outcome of

paradoxical TB-IRIS

6.3.1 Bulk analysis of absolute neutrophil counts and plasma soluble markers of neutrophils

in patients allocated either placebo or prophylactic prednisone prior to the initiation of ART.

Peripheral blood from 240 participants was analyzed for absolute neutrophil counts (ANC) by
differential count performed at the National Health Laboratory Services (NHLS) laboratory.
The resultant ANC measurements were used to determine whether there was any association
between neutrophilia and paradoxical TB-IRIS at different time points including week 0 (prior
to ART initiation), week 2 (median duration to TB-IRIS onset) and week 12 (inflammatory
symptoms had largely resolved). ANC measurements from those who did not develop

paradoxical TB-IRIS were used as controls.
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In patients that were allocated either placebo (black filled circles) or prednisone prophylaxis
(brown filled circles) at week 0, no significant differences in ANC measurements were
observed between participants who later developed paradoxical TB-IRIS (n = 95) and those
who did not (TB-non-IRIS controls, n = 145) (Figure 6.1).
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Figure 6.1. Evaluation of neutrophil counts in all patients prior to the initiation of
antiretroviral therapy (ART) (week 0). Evaluation of absolute neutrophil counts (ANC) at
week 0 in all patients who later developed paradoxical TB-IRIS (Salmon; n = 95) and TB-non-
IRIS controls (Turquoise; n = 145)

Furthermore, plasma soluble analytes of neutrophils were assessed using a total of 144 plasma
samples collected at week 0, from patients that later developed paradoxical TB-IRIS (n = 62)
compared to those who did not (n = 82). Measured plasma soluble analytes included azurocidin
(Azul), human neutrophil peptide (HNP)-1-3, myeloperoxidase (MPO) and neutrophil elastase
(NE) (Figure 6.2).
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Figure 6.2. Assessing plasma soluble markers of neutrophils in patients prior to the initiation of antiretroviral therapy (ART) (week 0). Plasma
concentrations of azurocidin (Azul), human neutrophil peptide (HNP)1-3, myeloperoxidase (MPO) and neutrophil elastase in patients who later
developed paradoxical TB-IRIS (Salmon, n=62) and TB-non-IRIS controls (Turquoise, n=82 ) at week 0. The Mann Whitney U-test was used to
compare the medians between TB-IRIS patients and TB-non-IRIS controls. A p-value of less than or equal to 0.05 was considered statistically

significant.
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There were no significant differences in the median plasma concentrations for Azul, HNP1-3,
MPO and NE in patients who later developed paradoxical TB-IRIS and those who did not (TB-
non-IRIS controls) at week 0. (Figure 6.2).

6.3.2 Investigating absolute neutrophil counts in patients allocated placebo and prednisone
respectively prior to ART (week 0).

Measurements of absolute neutrophil counts from Pred-ART participants who later developed
paradoxical TB-IRIS and those who did not, were stratified by intervention. The association
between neutrophilia and paradoxical TB-IRIS was investigated at week 0. Measurements of
absolute neutrophil counts in participants who were allocated either placebo or prednisone at
week 0, who did not develop paradoxical TB-IRIS at later time points were used as controls. A

total of 120 patients were analyzed for ANC at week 0 for each intervention (Figure 6.3).
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Figure 6.3. Evaluation of neutrophil counts in patients prior to the initiation of antiretroviral therapy (ART) (week 0). Absolute neutrophil
counts (ANC) at week 0 in patients allocated placebo (A) and prednisone (B) respectively who later developed paradoxical TB-IRIS (Salmon; n =
56 and 39) and those who did not (TB-non-IRIS controls , Turquoise; n = 64 and 81).
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There were no significant differences in the measurements of ANC obtained from participants
who were allocated placebo who later developed paradoxical TB-IRIS patients (n = 56) and
those who did not (n = 64) Figure 6.3A). Similarly, no significant differences in measurements
of ANC were observed in participants that later developed paradoxical TB-IRIS patients (n =
39) and those who did not (n = 81) who were allocated prednisone at week O (Figure 6.3B).

Pred-ART plasma samples from participants who were allocated placebo, who later developed
paradoxical TB-IRIS (n = 36) were tested using ELISA for the presence of, and significant
differences in soluble Azul, HNPI1-3, MPO, and NE at week 0. Plasma samples from

participants who did not later develop paradoxical TB-IRIS (n = 34) were used as controls
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Figure 6.4. Evaluation of plasma soluble markers of neutrophils in patients allocated placebo prior to the initiation of antiretroviral therapy
(ART) (week 0). Plasma concentrations of azurocidin (Azul), human neutrophil peptide, myeloperoxidase and neutrophil elastase in patients
allocated placebo,; who later developed paradoxical TB-IRIS (Salmon, n = 30) and in TB-non-IRIS controls (Turquoise, n = 31). The Mann Whitney

U-test was used to compare the medians in plasma analytes between the two clinical groups. A p-value of less than or equal to 0.05 was considered

statistically significant.
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Plasma levels of azurocidin were significantly lower at week 0 in participants who later
developed paradoxical TB-IRIS (median = 3, IQR = 0-7) compared to those who did not
(median = 7.5, IQR = 0-65). There were no significant differences in the median plasma
concentrations for HNP1-3, MPO and NE in patients who later developed paradoxical TB-IRIS
compared to TB-non-IRIS controls at week 0. However, a trend of lower MPO in patients who
later developed paradoxical TB-IRIS was apparent compared to TB-non-IRIS controls (Figure
6.4).

Notably, no significant differences were observed in plasma analytes in participants who later
developed paradoxical TB-IRIS compared to TB-non-IRIS controls, who were allocated

prednisone at week 0. Therefore, these data are not shown.

6.3.3 Cross section analysis of absolute neutrophil counts in all patients at week 2 on ART.

A total of 240 participants were allocated either placebo or prednisone intervention in the Pred-
ART intervention trial. Measurements of absolute neutrophil counts (ANC) were available for
each participant at week 2 on ART (Figure 6.5). The association between neutrophilia and the
onset of paradoxical TB-IRIS was investigated at week 2. Measurements of ANC in
participants who were allocated either placebo or prednisone at week 2, who did not develop

paradoxical TB-IRIS were used as controls.
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Figure 6.5. Evaluation of absolute neutrophil counts in patients that were allocated either
placebo (black shaded circles) or prednisone prophylaxis (brown shaded circles) who
developed paradoxical TB-IRIS (Salmon;, n = 95) and those who did not (Non-IRIS,
turquoise; n = 145) at week 2 of antiretroviral therapy (ART).

Bulk measurements of ANC were significantly higher in patients who received either placebo
or prophylactic prednisone, who developed paradoxical TB-IRIS (salmon, n = 95), compared

to TB-non-IRIS controls (turquoise, n = 145) at week 2 on ART (Figure 6.5).

6.3.4 Bulk analysis of plasma soluble markers of neutrophils in patients that received either
prophylactic prednisone or placebo at week 2 on ART.

A total of 127 plasma samples were available from patients that received either prophylactic
prednisone or placebo at week 2 on ART. The hypothesis that plasma soluble markers of

neutrophils are associated with the development of paradoxical TB-IRIS with TB-non-IRIS

266



participants as controls was investigated (Figure 6.6). This analysis included samples from

participants that received prednisone prophylaxis (n = 66) or placebo (n = 61).
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Figure 6.6. Evaluation of plasma soluble markers of neutrophils in patients that received placebo or prophylactic
prednisone at week 2 on antiretroviral therapy (ART). Plasma concentrations of azurocidin (Azul), human neutrophil
peptide (HNP) -3, myeloperoxidase (MPO) and neutrophil elastase (NE) in patients at week 2 on ART; who developed
paradoxical TB-IRIS (salmon, n = 51) and in TB-non-IRIS controls (turquoise, n = 76). The Mann Whitney U-test was
used to compare the median concentrations of plasma analytes between the two clinical groups. A p-value of less than

or equal to 0.05 was considered statistically significant.
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Plasma concentrations of HNP1-3, MPO and NE were significantly higher in patients who
developed paradoxical TB-IRIS (HNP1-3: median = 1542, IQR = 872-2472), (MPO: median
= 2226, IQR = 1179-3372), and (NE: median = 3, IQR = 1-6) compared to those who did not
(HNP1-3: median = 996, IQR = 647-1469), (MPO: median = 856, IQR = 68-2413), (NE:
median = 2, IQR = 0-4) (Figure 6.6). The median plasma concentrations for Azul were
comparable in patients who developed paradoxical TB-IRIS and those that did not at week 2
on ART (Figure 6.6).

6.3.5 Cross sectional analysis of absolute neutrophil counts in patients allocated placebo and
prednisone respectively at week 2 on ART.

The association between neutrophilia and the onset of paradoxical TB-IRIS was evaluated by
comparing measurements of ANC for a total of 120 participants that received placebo, a
proportion of whom developed paradoxical TB-IRIS (56/120) and those who did not (n = 64)
were used as controls.

Measurements of ANC were significantly higher at week 2 on ART (p =0.0027), in participants
that developed paradoxical TB-IRIS (n = 56; median = 5; IQR = 2.7 - 7.1) compared to those
who did not (n = 64; median=2.7; IQR =2 — 4.2) (Figure 6.7A).
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Figure 6.7. Evaluation of neutrophil counts in patients who received placebo and prednisone respectively at week 2 on antiretroviral therapy
(ART). Absolute neutrophil counts (ANC) at week 2 on ART in patients who received either placebo (A) or prednisone (B) respectively who
developed paradoxical TB-IRIS (Salmon; n = 56 and 39) and those who did not (TB-non-IRIS controls ,Turquoise; n = 64 and 81). The Mann
Whitney U-test was used to compare the median concentrations of plasma analytes between the two clinical groups. A p-value of less than or equal

to 0.05 was considered statistically significant.
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However, no significant differences were observed in the ANC measurements of participants
that received prednisone who developed paradoxical TB-IRIS patients (n = 39) and those who
did not (n = 81) at week 2 on ART (Figure 6.7B).

6.3.6 Plasma soluble markers of neutrophils in patients who received placebo at week 2 on
ART.

The hypothesis that participants who developed paradoxical TB-IRIS might potentially have
increased neutrophil degranulation was tested by analyzing soluble Azul, HNP1-3, MPO, and
NE at week 2 on ART using plasma samples from participants that received placebo (n =61)
(Figure 6.8). Plasma from participants that received placebo at week 2 on ART but did not
develop paradoxical TB-IRIS were used as controls.

The median plasma concentration of HNP1-3 and MPO were significantly higher in samples
from patients who developed paradoxical TB-IRIS (n = 30; HNP1-3: median = 1602, IQR =
1015-2974) compared to TB-non-IRIS controls (n = 31; HNP1-3: median = 849, IQR = 647-
1395) at week 2 on ART (Figure 6.8).
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Figure 6.8. Evaluation of plasma soluble markers of neutrophils in participants that received placebo at week 2 on antiretroviral therapy
(ART). Plasma concentrations of azurocidin(Azul), human neutrophil peptide (HNP) I-3 myeloperoxidase (MPQO), and neutrophil elastase(NE) in
participants that received placebo at week 2 on ART, who developed paradoxical TB-IRIS (salmon; n = 30) and in TB-non-IRIS controls (turquoise;
n = 31). The Mann Whitney U-test was used to compare the median levels of plasma analytes between the two clinical groups. A p-value of less

than or equal to 0.05 was considered statistically significant.
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Similarly, the median plasma concentration of MPO was significantly higher in patients who
developed paradoxical TB-IRIS (n = 30; MPO: median = 2828, IQR = 1583-3381) compared
to TB-non-IRIS controls (n = 31; MPO: median = 424, IQR = 5-1500) at week 2 on ART
(Figure 6.8).

6.3.7 Plasma soluble markers of neutrophils in participants who received prednisone at week
2 on ART.

The effect of prednisone prophylaxis at week 2 on ART was evaluated on soluble plasma
analytes of neutrophils including Azul, HNP1-3, MPO and NE. Median concentration levels
of the analytes in questions were compared in plasma samples from participants that developed

paradoxical TB-IRIS (n = 21) and those that did not (n = 45) (Figure 6.9).
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Figure 6.9. Evaluation of plasma soluble markers of neutrophils in participants that received prednisone at week 2
on antiretroviral therapy (ART). Plasma concentrations of azurocidin (Azul), human neutrophil peptide (HNP)I-3
myeloperoxidase (MPO), and neutrophil elastase(NE) in participants that received prednisone at week 2 on ART who
developed paradoxical TB-IRIS (salmon, n = 21) and in TB-non-IRIS controls (turquoise, n = 45). The Mann Whitney
U-test was used to compare median concentration levels between the two clinical groups. A p-value of less than or

equal to 0.05 was considered statistically significant.
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Plasma levels of Azul, HNP1-3, MPO, and NE were similar in plasma samples from
participants who developed paradoxical TB-IRIS (n =21) compared to TB-non-IRIS controls
(n = 45) who received concomitant prophylactic prednisone and ART at week 2 (Figure 6.9).
These data are consistent with the hypothesis that prednisone inhibits neutrophil degranulation
and hence comparable levels of secreted plasma mediators of neutrophil degranulation were

found in participants that developed paradoxical TB-IRIS compared to TB-non-IRIS controls.
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6.3.8 Cross sectional and longitudinal comparison of absolute neutrophil counts in
participants that received placebo who developed paradoxical TB-IRIS and those who did not
at week 12 on ART.

In the Pred-ART intervention trial, week 12 represented a time point on ART at which most of
the TB-IRIS manifestations had resolved despite the discontinuation of prednisone for
treatment or prophylaxis. Measurements of ANC for a total of 120 participants were available
for cross-section comparison between the two clinical groups at week 12 on ART.

There was no statistically significant difference in the ANC between participants who
developed paradoxical TB-IRIS (n = 56) and TB-non-IRIS controls (n = 64) at week 12 on
ART (Figure 6.10A). Notably, some participants who were allotted placebo at week 0 who
developed paradoxical TB-IRIS, received prednisone to treat inflammatory symptoms, but

most had completed the treatment course before week 12.
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Figure 6.10. Longitudinal evaluation of absolute neutrophil counts in placebo allocated patient samples from week 0 up to week 12 on ART.

A. Cross-sectional analysis of absolute neutrophil counts (ANC) in placebo allocated participants who developed paradoxical TB-IRIS (salmon,

n = 56) and TB-non-IRIS controls (turquoise; n = 64) at week 12 on ART. B,C. Longitudinal perturbations in absolute neutrophil counts in placebo

allocated participants that developed paradoxical TB-IRIS and TB-non-IRIS controls respectively.
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Furthermore, longitudinal perturbation in ANC were evaluated in participants that were
allocated placebo, some who developed paradoxical TB-IRIS (n = 56) and others who did not
(TB-non-IRIS, n = 64). ANC were significantly higher at week 2 on ART in participants that
developed paradoxical TB-IRIS and remained significantly high at week 12 on ART, compared
to week 0 (Figure 6.10B). Similarly, ANC were significantly high at week 2 on ART in TB-
non-IRIS controls, but were reduced to levels comparable to week 0 at week 12 on ART.

(Figure 6.10C).

6.3.9. Cross sectional and longitudinal comparison of absolute neutrophil counts in
participants that received prednisone, who developed paradoxical TB-IRIS and those who did
not at week 12 on ART.

Cross-sectional comparison of measurements of ANC was carried out in a total of 120
participants that were allocated a 4-week course of prophylactic prednisone, some whom
developed paradoxical TB-IRIS and others who did not.

There was no statistically significant difference in the ANC between patients who developed
paradoxical TB-IRIS (salmon color, n = 39) and TB-non-IRIS controls (turquoise, n = 81) at
week 12 on ART (Figure 6.11A).
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Figure 6.11. Longitudinal evaluation of absolute neutrophil counts in prednisone allocated patient samples from week 0 up to week 12 on ART.
A. Cross-sectional analysis of absolute neutrophil counts (ANC) in prednisone allocated TB-IRIS patients (salmon; n = 39) and TB-non-IRIS
controls (turquoise; n = 81) at week 12 on ART. B,C. Longitudinal perturbations in absolute neutrophil counts in TB-IRIS patients and TB-non-
IRIS controls respectively.

Furthermore, longitudinal perturbations in ANC were determined for the two clinical groups respectively. ANC were significantly higher at week
2 longitudinally on ART in TB-IRIS patients who were allocated prednisone, however, ANC were reduced to levels comparable to baseline at

week 12 on ART (Figure 6.11B). A similar trend was observed for TB-non-IRIS control samples (Figure 6.11C).
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6.3.10 Bulk absolute neutrophil counts at the median time of paradoxical TB-IRIS onset
(week 2 on ART) in patients who were allocated placebo relative to prednisone.

To evaluate whether prednisone significantly increased ANC over and above the effect of TB-
IRIS in this patient population, ANC measurements were evaluated at the median time of
paradoxical TB-IRIS onset in patients who either received placebo or prednisone

intervention.
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Figure 6.12. Absolute neutrophil counts (ANC) of patients that were allocated either placebo

(salmon, n = 120) or prednisone (turquoise, n = 120) intervention at week 2 on ART. The
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Mann-Whitney U-test was used to compare differences in medians of ANC. A p-value of 0.05

or less was considered statistically significant.

No significant differences were identified in the comparison of ANC of patients who were

allocated placebo relative to prednisone at week 2 on ART (Figure 6.12).

6.3.11 Investigating the correlation between absolute neutrophil counts and plasma soluble
analytes in TB-IRIS patients allocated placebo at week 2 on ART.

Finally, Pearson correlation analysis was conducted to evaluate the relationship between
absolute neutrophil counts and the plasma soluble markers (HNP1-3, NE, Azul and MPO) at
week 2 on ART in a total of 31 placebo allocated patients with paradoxical TB-IRIS (Figure
6.13).
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Figure 6.13. Investigating the correlation between absolute neutrophil counts and various
plasma soluble analytes using the Pearson correlation. Darker shade of blue indicates
significant positive correlation whereas, darker hue of red reflect the opposite. The size of the
shaded circle indicates a stronger association between the variables. Human neutrophil
peptide 1-3 = HNP1-3, myeloperoxidase = MPO, azurocidin 1 = Azul,and neutrophil elastase
= NE.
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The scale on the right-hand side of the plot represents the Pearson correlation coefficient or R-
value. Darker shades of blue indicate a strong correlation between the variables. The size of
the circle coincides with statistical significance. Bigger circles correspond to smaller p-values
and therefore indicate greater statistical significance. HNP1-3, MPO, and Azul were
significantly correlated with absolute neutrophil counts in patients who developed paradoxical

TB-IRIS.
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6.4 Discussion

The findings from the RNA sequencing study (Chapter 5) indicated that the upregulation of
genes involved in neutrophil degranulation preceded the onset of paradoxical TB-IRIS and may
have an important role in its pathogenesis. Neutrophil counts in peripheral blood were analysed
to evaluate the hypothesis that their absolute counts might be higher prior to the initiation of
ART, as well as at the median onset of paradoxical TB-IRIS, in cases compared to controls. A
mechanism for the latter could be that higher Mycobacterium tuberculosis antigen load at week
0, which is a risk factor for TB-IRIS development, might result in neutrophil counts being
higher in cases compared to controls. Another related hypothesis was that there would be higher
degranulation of neutrophil-derived primary granules in cases compared to controls at week 0
and week 2. Contents derived from primary granules of neutrophils including azurocidin,
human neutrophil peptide, myeloperoxidase and neutrophil elastase were measured in plasma
samples from cases and controls at week 0 and 2.

Contrary to one of the hypotheses, there was no significant difference in the absolute neutrophil
counts between patients who later developed paradoxical TB-IRIS compared to those who did
not at week 0. However, plasma levels of azurocidin at week 0 were significantly lower in
patients who later developed paradoxical TB-IRIS compared to those who did not; including
specifically in patients who were allocated placebo who later developed paradoxical TB-IRIS
compared to those who did not. Azurocidin is a heparin binding protein that has an
antimicrobial effect. Its role in innate immunity has been characterized as an alarmin that
facilitates cell signaling. It is a chemoattractant and an inducer of monocytes and macrophages

for enhanced phagocytosis and cytokine secretion, thereby enabling efficient bacterial
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clearance [514]. Significantly lower plasma levels of azurocidin in patients who later developed
paradoxical TB-IRIS may reflect greater immune dysfunction prior to the initiation of ART in
these patients resulting in sub-optimal immune responses and impaired killing. Of all the
constituents of the primary granules, azurocidin is unique in that it is the only protein stored in
two different compartments and it exhibits unique kinetics. Azurocidin is released at early
stages during neutrophil extravasation as well as at later stages when the neutrophil has reached
the site of infection or inflammation [515]. This may allow azurocidin the spacio-temporal
opportunity of early cross talk with cells in the bloodstream, the extravascular environment as
well as the endothelial lining, thereby modulating their functionality. Lower levels of
azurocidin may mean that this signalling is impaired in patients who later develop paradoxical
TB-IRIS.

Notably, there was a trend towards lower MPO in patients who were allocated placebo who
later developed paradoxical TB-IRIS compared to those who did not at week 0. This was not
statistically significant. MPO comprises 5% dry weight in neutrophil derived primary granules
indicating its abundance in these granules [516]. Additionally, it is present in smaller quantities
in monocytes compared to neutrophils and it is lost during the monocyte transition to
macrophages. It is released into the extracellular matrix during apoptosis, degranulation,
NETosis and necrosis [517]. The ubiquity of MPO in other cell types makes it challenging to
definitively evaluate its relation to neutrophil function in the context of paradoxical TB-IRIS
at baseline.

The median concentrations of HNP1-3, MPO and NE were significantly higher at week 2 on
ART in patients allocated placebo who developed paradoxical TB-IRIS compared to those who
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did not. There appears to be a spatial target for most of the constituents of the primary granule
and understanding this could help identify which are involved in the pathogenesis of
paradoxical TB-IRIS. For instance, 90% of azurocidin is released at the site of infection while
the remainder is released early during transmigration and later during the immune response
[515]. HNP1-3 also known as defensins are antimicrobial peptides stored abundantly in the
primary granules of neutrophils. HNPs lack enzymatic activity and depend on the induction of
reactive oxygen species to eliminate pathogens. For instance, HNP can induce endothelial
dysfunction by upregulating endothelial production of oxygen radicals [518]. They are
prominently released into the phagolysosome, but can be released into the extracellular space
in small quantities [360]. Additionally, HNP can stimulate eukaryotic cells, attract immune cells
and have the capacity to be toxic to healthy cells [519]. Furthermore, MPO and NE constitute
a substantial proportion of the contents of primary granules and are released into the
extracellular space where they potentially cause severe cellular and tissue damage leading to
distinct inflammatory pathologies [517, 520]. These attributes suggest that HNP1-3, MPO and
NE play a role in the pathogenesis of various inflammatory diseases. Higher neutrophil counts,
plasma soluble HNP1-3, NE, and MPO in patients who developed paradoxical TB-IRIS
compared to TB-non-IRIS controls at week 2 on ART is suggestive of a role for neutrophils
and their mediators in the immunopathogenesis of paradoxical TB-IRIS. A role for neutrophils
in TB-IRIS has previously been suggested based on the findings of other studies [15, 16, 239,
241]. Marais and colleagues reported significant differences in the secretion of
proinflammatory cytokines, chemokines and matrix metalloproteinases (soluble mediators

secreted by neutrophils) at baseline as well as at the time of TBM-IRIS onset, in the
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cerebrospinal fluid (CSF) compartment of patients who developed TB meningitis-IRIS
compared to those who did not (TBM-non-IRIS controls) [241].

The increase in neutrophil counts may be accounted for by the degranulation of neutrophils at
sites of inflammation which involve the release of biotoxic mediators that lead to the
recruitment of more neutrophils [504]. Alternatively, higher Mycobacterium tuberculosis
antigen load is a major risk factor and predictor of paradoxical TB-IRIS and may lead to the
recruitment of more neutrophils and their degranulation [521, 522]. Furthermore, it is plausible
that neutrophil death by NETosis and/or oxidative burst responses leads to secondary
neutrophilia particularly in the context of high antigen load or uncleared bacterial niches during
ART mediated immune recovery [379, 410, 523]. Lastly, in the acute stages of disease such as
TB, the lifespan of neutrophils in blood is increased at least 2-fold [524]. Their improper
accumulation during acute disease may lead to the release of chemotactic factors that mediate
the egress of mature neutrophils from the mitotic pool in the bone marrow. Such instances
likely account for the detrimental role of neutrophils that has been documented in both acute
and chronic inflammatory diseases including Covid-19 [525]. Finally, neutrophils have an
important regulatory role in the resolution of inflammation [526]. Neutrophilia and increased
degranulation in this study are suggestive of heightened activation and/or impaired regulatory
mechanisms of neutrophils in patients who develop paradoxical TB-IRIS.

In patients allocated to prednisone at week 2 on ART concentrations of Azul was lower in
those who developed paradoxical TB-IRIS, but unlike those on placebo there were no
differences in neutrophil count, HNP1-3, MPO and NE between paradoxical TB-IRIS cases

and TB-non-IRIS controls. In the trial, prednisone reduced the incidence and severity of
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paradoxical TB-IRIS and is plausible that in part this was due to prednisone modulating the
effector functions and degranulation of neutrophils [527, 528]. No significant differences in
ANC were observed in bulk analysis of patients that were allocated placebo compared to those
who were allocated prednisone at the median time of paradoxical TB-IRIS symptoms
manifestations. This could be due to the relatively low dose that was allocated patients that

were enrolled in the Pred-ART trial.

6.5 Study limitations
Soluble neutrophil responses were measured in plasma derived from whole blood while

inflammation associated paradoxical TB-IRIS is often localized in tissue and responses
measured in blood may only partially reflect disease pathogenesis. It would have been
beneficial to have samples at earlier timepoints on ART than 2 weeks to assess whether
neutrophil responses associated with TB-IRIS preceded the onset of symptoms which would

strengthen the case for their role in pathogenesis.

6.6 Conclusions

This study validated the RNA sequencing gene expression findings by evaluating absolute
neutrophil counts and plasma soluble markers of neutrophils at week O prior to the initiation of
ART, and at week 2 on ART. Absolute neutrophil counts peaked at week 2 on ART in TB-IRIS
patients and TB-non-IRIS controls respectively and declined to levels comparable to baseline

at week 12 in patients who did not develop paradoxical TB-IRIS. In patients receiving placebo,
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neutrophil counts were significantly higher in paradoxical TB-IRIS cases than controls at week
2 on ART. In these patients, there was evidence of greater neutrophil degranulation in TB-IRIS
cases than TB-non-IRIS controls at week 2 on ART, the time which coincides with the median
time of TB-IRIS onset. These differences at week 2 were not seen in patients receiving
prednisone, suggesting that prednisone might favorably modulate neutrophil responses in the
context of TB-IRIS. There were few differences at baseline, prior to the initiation of ART.
These findings together with those from the RNA sequencing study support the hypothesis that
neutrophils and their degranulation products, in the context of early immune reconstitution on

ART, contribute to the pathogenesis of paradoxical TB-IRIS.
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Chapter 7 outline: Investigating the anti-inflammatory capacity of inflammasome-
related targets in an ex vivo cell culture model using samples from patients with
paradoxical TB-IRIS at week 2 on ART.

This chapter details the investigation of the anti-inflammatory capacity of two candidate drugs
(anakinra and parthenolide) that target the inflammasome or its downstream effectors,
compared to corticosteroid (prednisone) that is currently used in clinical practice to manage
severe symptoms of paradoxical TB-IRIS. The preface of the chapter provides background on
the role of the inflammasome in inflammation, and the interleukin-1 family of cytokines and
their receptors which are potent modulators of inflammation. Subsequent sections detail the
objectives of this sub-study prior to outlining the methods used for investigation. The methods
involve ex vivo cell culture, stimulation, and concomitant treatment with candidate drugs to
evaluate their capacity in reducing known mediators of inflammation in paradoxical TB-IRIS.
The results section outlines several optimizations performed on peripheral blood mononuclear
cells (PBMC) from healthy donors before piloting the cell culture system in PBMC from
patients enrolled in the TB-ART observational study. The final section evaluates the cell
culture model in PBMC collected at week 2 on ART from patients in the placebo arm enrolled
in the Pred-ART intervention trial. Finally, the findings and the limitations of the study are

discussed.
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7. Background

Approximately 95% of living organisms require innate immune mechanisms for survival [529].
Innate immunity plays a pivotal role in initiating inflammation, a host defence mechanism
whose dysregulation may cause tissue damage [530, 531]. Attempts to elucidate the
mechanisms behind the pathogenesis of paradoxical TB-IRIS have implicated the
dysregulation of innate immune signaling and responses [25, 30-32]. The prevailing paradigm
of paradoxical TB-IRIS pathogenesis involves enhanced innate immune responses following
partial reconstitution of the CD4 T cell compartment due to ART mediated inhibition of HIV
replication [177, 532].

Previous transcriptomic data in our laboratory has identified the enrichment of innate immune
cell signaling processes (i.e toll like receptor (TLR) and IL-1 signaling) in participants who
developed paradoxical TB-IRIS compared to those who did not [25]. These innate pathways
are associated with the elevated secretion of pro-inflammatory mediators as well as the
upregulation of caspase activation and recruitment domain (CARD), a component of
inflammasomes [25]. The involvement of the inflammasome in the pathogenesis of paradoxical
TB-IRIS was also shown by Tan and co-workers, who reported on the aberrant activation of
inflammasomes, which may arise from the lysis of infected cells in people with TB-IRIS,
culminating in the release of Mtb antigens and endogenous danger associated molecular
patterns (DAMP) in the surrounding milieu. Mtb antigens and DAMP activate soluble pattern
recognition receptors (PRR) resulting in a vicious cycle of immune activation and cytokine

production [30].
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The mechanisms underpinning inflammasome-mediated pathology in other diseases are well
described [533-535]. PRRs are receptors of the innate immune system and are responsible for
pathogen surveillance as well as cellular health [536, 537]. Effective innate immune responses
rely on the recognition of conserved pathogen-associated molecular patterns (PAMP) and
DAMP derived from pathogenic microbes and endogenous stress respectively [402, 538]. PRR
may occur as soluble molecules capable of detecting and binding intracellular pathogens and/or
as surface receptors on immune cells. PRRs directly recognize conserved molecular structures
on the surface of damaged senescent cells, apoptotic host cells as well as pathogens [401, 402].
PRR can be classified into 5 categories based on their protein domain homology. These include
TLR, nucleotide oligomerization domain (NOD) like receptors (NLR), retinoic acid-inducible
gene (RIG)-1 like receptors (RLRs), C-type lectin receptors (CLR) and absent in melanoma
(AIM)-2 like receptors (ALR) [537]. Different classes of PRR either directly recognize

pathogens and/or participate in intracellular signalling to initiate a cellular response [537].

The inflammasome is an intracellular protein complex involved in cytosolic immune
surveillance, modulation of inflammatory effector responses, and inflammatory cell death
through the regulation of caspase-1 activation [423]. It is ubiquitous in mammals and is
assembled upon the detection of PAMP and/or DAMP [535, 539]. The NLRP3 is a member of
the NLR family of PRR and is the best characterized inflammasome [423]. Two signals are
required for the activation of the NLRP3 inflammasome in response to Mtb infection. First, the

priming signal, typically through stimulation of transmembrane TLR by PAMP, followed by
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signal relay to the C-terminal leucine rich repeats (LRR) domain of the scaffold NLRP3
protein. The signal induces increased expression of the NLRP3 scaffold protein, and other IL-
1 family of cytokines via the translocation of the nuclear factor kappa light chain enhancer of
activated B cells (NF-«f3) to the nucleus. The second signal is an activating signal, typically an
endogenous/host-derived DAMP (i.e leaking of ATP or calcium ions) which facilitates NLRP3
inflammasome assembly and maturation [540-542]. The NLRP3 scaffold protein is
characterized by three structural domains: the amino-terminal (N-terminal) pyrin domain
containing two death fold domains, the central nucleotide binding oligomerization domain and
the carboxy terminal LRR [543]. The active NLRP3 inflammasome begins with the recruitment
of the apoptosis-associated spec-like protein containing a CARD (ASC). ASC is an adaptor
protein characterized by two domains: the N-terminal PYD domain which is recruited to the
pyrin domain of the NLRP3 scaffold protein and the C-terminal CARD domain. ASC
oligomerization culminates in the recruitment of procaspase-1 via CARD-CARD interactions
between the adapter and procaspase-1 [543, 544]. The autocatalytic activity of procaspase-1
generates a mature hetero-tetrameric caspase-1, whose function is to process zymogen pro-IL-
1B and pro-IL-18 into biologically active cytokines [524]. In the absence of caspase-1, caspase-
8 facilitates the redundant function of IL-1P and IL-18 maturation. In the presence of caspase-

1, caspase-8 positively regulates caspase-1 activity [545].

Recently, the role of caspase-1 has been demonstrated to extend beyond pro-inflammatory
cytokine processing and maturation. Caspase-1 is additionally involved in the induction of an

inflammatory type of cell death called pyroptosis through the maturation of gasdermin D [546,
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547]. The target for mature gasdermin D is the lipid bilayer membrane of infected cells. Upon
binding, gasdermin D induces holes in the membrane leading to cell rupture and death [546].
Although this a specific and tightly regulated intracellular pathogen surveillance and response

mechanism, its function may potentially be dysregulated during paradoxical TB-IRIS [30].

Furthermore, type I and II interferon (IFN) responses such as IFNo/IFNB and IFNy were
upregulated at the median time of paradoxical TB-IRIS manifestation in those who developed
paradoxical TB-IRIS compared to those who did not [162]. IFNa and IFNf negatively regulate
the activity of the NLRP3 inflammasome [544]. For other intracellular pathogens, type-I and
type II IFN promote the expression of the absent in melanoma 2 (AIM2) inflammasome [544].
However, in vitro infection with virulent Mtb does not trigger AIM2 expression whereas
infection with non-tuberculous mycobacteria does [548]. The type VII ESX-1 secretion system
present in Mtb has been implicated in AIM2 inhibition [548]. This mechanism likely mediates
intracellular Mtb survival in the absence of other pathogen surveillance mechanisms. The
composition of AIM2 inflammasome includes the N-terminal PYD domain and the HIN200
domain which detects and binds double stranded DNA which in turn alleviates autoinhibition
of AIM2 [549]. The PYD domain recruits the ASC adaptor protein which in turn recruits pro-
caspase-1 via CARD-CARD interactions and the subsequent maturation of pro IL-1p and IL-
18 and their secretion [549].
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Therefore, inflammasomes function to regulate the maturation of caspases which in turn
modulate necrotic cell death through gasdermin-D as well as the maturation of various
members of the interleukin-1 (IL-1) family of cytokines [550] [423, 551]. The IL-1 family of
cytokines are low molecular weight signalling proteins that are secreted in response to a vast
array of stimuli and are potent orchestrators of the process of inflammation, a hallmark of
paradoxical TB-IRIS [529]. The IL-1 superfamily comprises 11 cytokine members and 10
receptors. The cytokines and receptors in the IL-1 superfamily are classified into four distinct
subfamilies which include the IL-1, IL-33, IL-36 and IL-18 subfamilies [552, 553]. This
classification is based on each subfamily’s recognition of its cognate receptor. The IL-18
subfamily uses a different co-receptor compared to all other subfamilies which share the IL-1

receptor accessory protein (RAcP) as their secondary receptor [553, 554].

The field of structural biology has enhanced our understanding concerning the functioning of
the members in the IL-1 superfamily [555, 556]. The four divisions of the IL-1 superfamily
respectively signal via distinct primary receptors [553]. The receptors are composed of three
immunoglobulin like domains, one transmembrane domain and one toll-like-IL-1-receptor
(TIR) domain [553, 555]. Signaling occurs when the cytokine binds its cognate receptor [554].
Interestingly, despite overlapping functionality within each subfamily, the extent of sequence
concordance is relatively low. For example, for the IL-1 subfamily: IL-1f and IL-1a signal via
the same IL-1R but share 25% sequence homology [557]. Notably, the members have a

common beta coil fold which enables them to signal via the same primary receptor [558]. This
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holds true for IL1- receptor antagonist (IL-1RA) which regulates the activity of IL-1f3 and IL-
la. The antagonist competes with the agonists for binding of the primary receptor, but the
binding of the former precludes the recruitment of the co-receptor, thus inhibiting signal

transduction [559].

The mechanism of signal initiation is highly conserved within the IL-1 superfamily. Typically,
signal initiation follows a stepwise process where the agonist cytokine binds its cognate
receptor. Collectively, the cytokine-receptor pair recruits a co-receptor leading to signal relay
or its inhibition depending on whether it was the agonist or antagonist interaction [553, 559].
In the case of an agonist-receptor interaction, the toll/interleukin-1 receptor (TIR) domains of
the two receptors located intracellularly are recruited, initiating an NF-kf3 signal transduction

cascade [560-562].

Members of the IL-1 superfamily are potent modulators of inflammation [531, 554],
consequently, their activities are tightly regulated at multiple levels [563]. This includes
regulation at gene transcription level, secretion of cytokines as zymogens, competitive
inhibition through antagonist cytokine-primary receptor binding and engaging of agonist
cytokines with decoy receptors [564, 565].

Of note, the IL-1 family of cytokines are induced by various stimuli including but not limited
to toll like receptor agonists, cytokines and oxidative stress signals [566-568]. The majority of

cytokines of the IL-1 superfamily are constitutively expressed in a variety of tissues including
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the lungs, kidneys, epithelial, endothelial and stromal cells [552, 569]. Notably, the expression
of both IL-1p and IL-18 is restricted to innate immune cells such as monocytes, macrophages
and neutrophils [570, 571]. Most members of the IL-1 superfamily are secreted as inactive
proenzymes with N-terminal domains of varying lengths [572]. Inflammasome-derived
proteases such as caspases remove the N-terminal amino acids, creating mature, signaling
competent cytokines [80, 573]. Upon activation, they bind to their cognate receptors to initiate
a cascade of signalling events that culminate in a constitutive induction of proinflammatory
cytokines [554]. The secretion of mature IL-1pB, IL-1a and IL-18 occurs through the non-

classical secretion system [549].

The IL-1 family of cytokines and receptors were implicated as central role players in a number
of pathological inflammatory conditions including paradoxical TB-IRIS. For instance, the
expression of IL-1 was higher in ex vivo cultured PBMC from patients with paradoxical TB-
IRIS compared to TB-non-IRIS controls after 6 hours of stimulation with heat-killed Mtb [162].
Moreover, the secretion of the same was significantly higher in supernatants from ex vivo
cultured PBMC samples of patients with paradoxical TB-IRIS compared to TB-non-IRIS
controls [162]. Furthermore, in a discovery approach using transcriptomics, Lai and colleagues
identified the enrichment of toll like receptors (TLR), antigen presentation and the involvement
of the inflammasome in RNA samples from patients with paradoxical TB-IRIS compared to
TB-non-IRIS controls at 2 weeks on ART, which coincides with the median time of

paradoxical TB-IRIS onset [25]. TLR are important mediators of inflammation and share a
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common intracellular signalling motif - the TIR - with the IL-1 family of receptors [559, 574,
575]. Furthermore, previous work has shown that hypercytokinemia in patient samples with
paradoxical TB-IRIS is contributed by the activation of canonical and non-canonical
inflammasomes, in which inhibition of inflammasomes by non-specific pan-caspase inhibitor
(prednisone, which has broad anti-inflammatory effects) can significantly reduce production

of pro-inflammatory cytokines including IL-1a and IL-1f [33, 340, 341].

To determine whether specific inhibition of inflammasomes or its downstream effectors
significantly reduce markers associated with acute inflammation in patients with paradoxical
TB-IRIS compared with a non-selective anti-inflammatory agent such as prednisone, the effect
of two drugs were assessed: a specific-inflammasome target (parthenolide) and anakinra which
exerts its anti-inflammatory effects downstream of the inflammasome by blocking IL-1
receptors. The two drugs were tested in a PBMC culture model of heat-killed Mtb-H37Rv
stimulation with drug treatment, using patient samples from the Pred-ART intervention trial
and showed the lowest dose dependent responses that significantly reduced mediators of
inflammation compared to other tested inhibitors [21, 258, 576]. The cohort from which the
samples in this sub-study were derived is the Pred-ART intervention trial and was discussed in

detail in Chapter 3 and 5 (see section 3.8.1 and 5.4.1 respectively).
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7.1 Objectives

The main objectives of this sub-study were to assess the following in an ex vivo cell culture
model:

1. To determine the dose-dependent responses of several experimental and FDA approved
inflammasome-related inhibitors using peripheral blood mononuclear cells (PBMC) from HIV
uninfected, interferon gamma release assay (IGRA)-positive (Mtb sensitized/ ‘healthy’)
participants.

2. To determine the cytotoxicity of the drug candidates using the lactate dehydrogenase (LDH)
assay and the trypan blue stain for confirmatory purposes in the same ‘healthy’ participant
samples.

3. To assess the anti-inflammatory capacity of the candidate drugs with the aid of the optimized
ex vivo cell culture model using PBMC collected at week 2 on ART, from the placebo allocated

participants which were enrolled in the Pred-ART intervention trial.
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7.2 Methods

Ex vivo cell culture experimental workflows in conjunction with multiplex analyte detection
systems were used to investigate the potency of several inflammasome-related drug candidates
in PBMC from patients who were allocated placebo in the Pred-ART trial, some who
developed paradoxical TB-IRIS (n = 10) and some who did not (TB-non-IRIS controls, n =
10). A series of optimizations were conducted prior to evaluating the candidate drugs in patient

samples.

7.2.1 The isolation of peripheral blood mononuclear cells (PBMCs)

Peripheral blood mononuclear cells (PBMC) were isolated from one healthy donor, as well as
patients enrolled in the Pred-ART trial from whole blood using gradient centrifugation using
ficoll. Briefly, peripheral blood was collected in 10 mL ethylenediamine-tetraacetic acid
(EDTA) tubes which were diluted in distilled water/phosphate buffer saline (PBS) in a ratio of
1:2 and thoroughly mixed. Approximately 20 mL of diluted blood was layered in 15 mL of
ficoll and centrifuged at 1750 rpm for 20 min with the deceleration set to 0. The plasma was
discarded and the PBMC layer was collected and transferred to a new 50 mL falcon tube. The
PBMC layer was resuspended in 40 mL of rosewell park media (RPMI) supplemented with
10% fecal calf serum (FCS) and washed twice by gradient centrifugation at 400 xg for 10 min.
Cells were kept in ice and were mixed with 20% freezing medium (8 mL dimethyl sulfoxide
(DMSO) + 32 mL FCS) and aliquoted in 2 mL Sarstedt cryovials. The cells were subsequently

kept at -80 °C overnight before being transferred to a liquid nitrogen tank for long term storage.
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7.2.2 Recovery of PBMC from cryopreservation

PBMC were transported in wet ice from the liquid nitrogen tank and rapidly thawed at 37 °C
in a water bath. Cells were transferred to a 50 mL falcon tube and resuspended in warm RPMI
supplemented with 10% FCS. Cells were subjected to two rounds of washes by centrifugation
at 1200 rpm for 6 min. Cells were resuspended to a concentration of 2 million cells/mL and
used for various optimization experiments. Cell viability was tested using trypan blue staining.
Cells were incubated at 37 °C in the presence of 5% CO, for 12 hours to recover. Cells were

subsequently stimulated with Mtb-H37Rv and treated with candidate drugs.

7.2.3 Broth culture of Mycobacterium tuberculosis (Mtb-H37Rv)

Mtb-H37Rv was cultured in 7H9 with Middlebrook oleic albumin dextrose catalase (OADC)
supplement to a final volume of 10 mL in a 50 mL culture flask and was allowed to reach a
concentration of optical density (ODeoo) of 0.5 without shaking at 37 °C. Briefly, a freezer stock
of Mtb-H37Rv was seeded at ODgoo 0.05 and allowed to reach a final concentration of ODgoo
0.5. The surface of the culture flasks were wiped with 70% ethanol, carefully removed from
the hood and transported for incubation at 37 °C without shaking. The cultures were monitored
daily for growth by measuring the OD using a spectrophotometer. Once the cultures reached a
final concentration ODsgoo of 0.5, a total of 1 mL Mtb culture was aliquoted in sterile1.5 mL

Eppendorf tubes and sealed with parafilm inside biosafety level II cabinet (BSCII).
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7.2.4 Heat killing of Mtb-H37Rv

The parafilm sealed aliquots were safely transported outside the class II biosafety cabinet
(BSCII) to a uniformly heated water bath. The cultures were heat killed at 80 °C for 2 hour and
subsequently plated for colonies to verify killing. The heat-killed cultures were safely
transported out of the BSL III laboratory in a sterile double ziplock bag in an upright position,

and stored at -80 °C in the BSL II laboratory for subsequent stimulation experiments.

7.3 Optimization of experimental conditions

7.3.1 Determining the multiplicity of infection.

The multiplicity of infection refers to the ratio of cells to infecting agent used for stimulation
purposes. A titration of 3 different PBMC to Mtb-H37Rv ratios were set up to determine the
optimal multiplicity of infection (MOI) that could induce a detectable cytokine response. Cells
were recovered from cryopreservation as previously described (section 7.2.2) and resuspended
to a final concentration of approximately 250 000/200 pL and stained for viability. Cells were
seeded in a 96 well plate and four conditions were tested as follows: unstimulated cells and
cells incubated with different ratios of Mtb-H37Rv for 12 hours as follows: 1:1, 1:2 and 1:5.
After 12 hours of incubation, the cells were sedimented by gradient centrifugation at 1800 rpm
for 3 min and the supernatant collected and transferred to a sterile 96 well plate. The
supernatants were tested for cytokine production using a custom 7-plex Luminex panel which
included interferon gamma (IFN-y), interleukin (IL)-1a, IL-1p, IL-8, IL-10, IL-18, and tumor

necrosis factor (TNF-a).
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7.3.2 Cell number titration

PBMC from one healthy participant were recovered from cryopreservation as previously
described (section 7.2.2). A total of 200 uL of either 10 million cells/mL or in subsequent re-
optimization, 1.25 million cells/mL which corresponds to 250 000cells/200uL were seeded for
5 different conditions. A total of 100 uL of RPMI supplemented with 2% FCS was added to
the remaining wells. A 2-fold dilution series was performed by mixing 100 pL of the cells with
100 pL of RPMI supplemented with 2% FCS. Similarly, heat killed Mtb-H37Rv was titrated
in a sterile 96 well plate in a 1:1 ratio based on the highest cell concentration (250,000 cells/200
pL). The last four conditions were stimulated with a 1:1 dose of heat killed Mtb-H37Rv and
treated with 5 nM optimized drug concentration of candidate drugs. The suspension was
incubated for 12 hours, and the supernatant harvested by gradient centrifugation at 1800 rpm
for 3 min. The cells were transferred to a new sterile 96 well plate and tested for drug mediated

cytokine reduction by Luminex.

7.3.3 Assaying for the optimal/minimum time for sample stimulation.

Cells with poor viability release death factors the longer they are in culture and may even be
killed by stimulation. This can trigger other cells in the same milieu to lose viability and die
[577]. Because no viability data was stored for the Pred-ART samples which were used for the
final analyses, the minimum duration of antigen stimulation required to induce the secretion of

cytokines was tested. Patient PBMC from the TB-ART observational study were seeded in a
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sterile 96 well plate and allowed to recover from cryopreservation as previously described (see
section 7.2.2). To determine the optimal time required to induce cytokine production, cells
were stimulated with heat-killed Mtb-H37Rv for either 6 or 12 hours. Cells were sedimented
by gradient centrifugation at 1800 rpm for 3 min. The supernatants were collected and stored

in a sterile 96 well plate and used for multiple analyte detection by Luminex.

7.3.4 Determining dose-dependent drug responses in PBMC from a healthy individual.

A total of 8 drugs were screened (7 FDA approved) including 2 pan-caspase anti-inflammatory
inhibitors (Z-VAD-FMK; Ac-VAD-CMK), 2 inflammatory lipids/eicosanoid inhibitors
(Naproxen; Celecoxib), 2 inflammasome inhibitors (Vx-765; Parthenolide-not FDA approved)
and Anakinra - an IL-1 receptor antagonist which acts downstream of the inflammasome to
block effector molecules. The capacity of the candidate drugs to reduce markers that are
associated with inflammation was evaluated and compared to the broadly anti-inflammatory
corticosteroid - prednisolone - which is used for the treatment and prevention of paradoxical

TB-IRIS.

Briefly, cryopreserved PBMC from one healthy individual were rapidly thawed at 37 °C and
washed twice in RPMI media containing 20% FCS by gradient centrifugation at 1200 rpm for
6 min. PBMC were rested overnight (~12 hours) and were subsequently seeded at 250,000
cells/200 uL. Dose responses were determined by stimulating PBMC with an optimized MOI
of 1:1 of heat killed Mtb-H37Rv grown to ODegoo 0.5. The cultures were subsequently treated
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with a panel of drugs at 6 standardized concentrations ranging from 1 uM; 500 nM; 100 nM;
50 nM; 25 nM and 5 nM for all drugs. Plates were incubated for 12 hours at 37 °C in the
presence of 5% CO». Plates were subsequently spun down (1800 rpm; 3 min) for cell
supernatant harvesting. A total of 180 pL of cell culture supernatant was stored at -80 °C for
downstream detection of multiplexed analytes by Luminex, enzyme linked immunosorbent
assay (ELISA) and lactate dehydrogenase (LDH) to quantify cell death. Cell pellets were
resuspended in 100 uL of Trizol and frozen at -80 °C for RNA extractions.

7.3.5 Cytokine detection by Luminex.

For analyte detection, a custom 7-plex for optimization and an extended 15-plex Luminex panel
of pro-inflammatory cytokines, chemokines and metalloproteinases (GM-CSF, IL-1a, IL-B,
IL-1RA, IL-6, IL-8, IL-10, IL-12, IL-17, IL-18, IFN-a., IFN-B, IFN-y, MMP-9, MMP-10, TNF-
o) that were significantly upregulated in patients with paradoxical TB-IRIS compared to TB-
non-IRIS controls was used [162]. The standards were prepared fresh for each new assay
according to the manufacturer’s instruction (see page 109, section 3.21.14). Cell culture
supernatants were thawed at room temperature. A total of 50 pL of cell culture supernatants
were diluted 1:2 in RD6 buffer and incubated for 2 hours in the dark, in a rotary shaker with a
50 uL preparation of biotinylated beads. The plate was subsequently washed in 100 puL of wash
buffer solution in an automated washer to avoid the loss of beads. The wash step was repeated
twice prior to another incubation step in a 50 pL mixture of secondary antibody as previous for

1 hour. The plate was washed as previous and incubated as previous for 30 min in 50 pL of
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streptavidin. The plate was washed as previous and resuspended in 100 puL of wash buffer and

the beads mixed for 2 min prior to acquisition.

7.3.6 Piloting optimized conditions using samples from the TB-ART study.

The optimized parameters were piloted in a subset of PBMCs from patients who developed
paradoxical TB-IRIS and those who did not (controls), who were previously enrolled in the
TB-ART study. Due to a limited number of samples at week 2 on ART, which coincides with

the onset of paradoxical TB-IRIS onset, samples collected at week 1 on ART were used.

7.3.7 Detection of caspase-1 by enzyme linked immune sorbent assay (ELISA)

The IL-1 family of cytokines are zymogens that are catalytically activated by caspase-1 which
is a product of the inflammasome complex. The presence of caspase-1 was detected by ELISA.
Briefly, anti-caspase-1 coated 96 well ELISA plate was incubated for 2 hours in the dark
without mixing with 50 pL of supernatants from ex vivo cultured patient PBMC that were
stimulated with heat killed Mtb-H37Rv and subsequently treated with 5nM of candidate drugs.
The plate was washed in 100 pL of fresh wash buffer in an automated plate washer and
incubated in the dark with 50 uL of secondary antibody. The plate was washed as previous and
incubated with 50 pL of horse radish peroxidase for 20 min after which the reaction was
stopped with 50 uL of 0.1% hydrochloric acid (HCI). Absorbance was measured at 490 nm

and the results were analyzed in GraphPad Prism.
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7.3.8 Evaluation of drug induced cytotoxicity by lactate dehydrogenase (LDH) assay or
trypan blue viability staining.

Drug induced cell cytotoxicity was determined by both trypan blue staining and the lactate
dehydrogenase assay. Damaged or dead cells have a compromised cell membrane integrity,
and as a result, release markers of cell death, such as of LDH, and allow dye penetration.
Briefly, a total of 50 pL of supernatant from the ex vivo PBMC culture model of heat killed
Mtb stimulation and treatment with 3 candidate drugs were assayed for the release of LDH. In
addition to the 5 conditions, cells incubated in 1% triton X-100 were used as a positive control.
The plates were read at 490nm wavelength. The results were represented as percentage where
the measure of cytotoxicity was calculated as the quotient of the difference of the positive
control from the experimental condition divided by the difference of the positive control and
the negative control multiplied by 100. For confirmation, approximately 20 uL of the drug
treated cells condition was diluted in a 1:2 ratio with trypan blue dye. The suspension was
mounted on a counting slide and the viability determined using an automated TC counter. For
analysis, viability was plotted as percentage and median values were compared between the

various drug-treated conditions relative to the untreated cell only condition.
7.3.9 Acquisition

The optimized protocol was tested on week 2 PBMC samples collected from placebo allocated

participants in the Pred-ART intervention trial. Sample acquisition and analyte detection was
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carried out using the Bio-Rad Luminex hardware running the Bio-Plex-200 software. The

system was configured to exclude all doublets and to acquire at least 100,000 events.
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7.4 Results
The clinical characteristics of the Pred-ART cohort whose samples were used in this sub-study

were discussed previously in the results section of Chapter 5 (see section 5.4.1).

7.4.1 Optimization of multiplicity of infection using PBMC from one “healthy” individual.

The ideal ratio of PBMC to heat-killed Mtb-H37Rv otherwise known as the multiplicity of
infection (MOI) to induce a detectable cytokine response was determined. Assaying for a range
of PBMC to heat killed-H37Rv ratios revealed that an MOI of 1 induced the highest

concentration for several cytokines over a 12-hour incubation period compared to other tested

MOI for IFN-y, TNF-a, IL-6 and IL-1a among others (Figure 7).
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Figure 7. Testing a range of multiplicity of infections (MOI) (0-5) to determine which MOI is associated with optimal cytokine induction over
a 12-hour incubation period with heat-killed Mycobacterium tuberculosis laboratory strain (H37Rv). Multiple analyte detection was performed
by Luminex. An MOI of 1:1 induced the highest concentration for multiple cytokines. A p-value of 0.05 or less was considered statistically

significant; ns = not significant.
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The length of incubation together with a higher infective dose (higher number of Mtb bacilli)
of heat killed-H37Rv likely reduces the viability of cells, thus resulting in lower concentrations

for IFN-y, TNF-qa, IL-6 and IL-1a. The concentration of IL-1a at an MOI of 2 and 5 were

below the limit of detection and are therefore not shown (Figure 7).

7.4.2 Determination of dose dependent drug responses of both pan-caspase and
inflammasome specific inhibitors.

The lowest dose dependent drug response concentration that was tested for all drug candidates
was 5 nM. Two inhibitors (parthenolide and anakinra) demonstrated low dose drug responses

comparable to the current standard of care for paradoxical TB-IRIS (prednisolone) Figure 7.1.
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Figure 7.1. Determination of dose dependent-drug effect for a total of 7 inflammasome specific drug candidates compared to prednisolone in
a healthy participant with immune sensitization to Mycobacterium tuberculosis. Drug concentrations ranging from 100 [IM-5nM were tested
for the capacity to reduce several markers that are associated with inflammation. A drug concentration of 5 nM of parthenolide and anakinra
were comparable in anti-inflammatory activity against TNF-« to the current standard of care (prednisolone). A p-value of 0.05 or less was

considered statistically significant,; ns = not significant.
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Parthenolide and anakinra significantly reduced TNF-o and other markers of inflammation
(not shown) in a single healthy participant when compared to prednisolone. The experiment

was performed in triplicate (single biological repeat done in triplicate).
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Figure 7.2. Comparison of the two lowest dose dependent drug responses for anakinra, parthenolide and prednisolone by enzyme linked

immunosorbent assay (ELISA). A, Testing of 5 nM of the candidate drugs in ex vivo cell culture model of stimulation and drug treatment for
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effect in reducing concentration of TNF-a. B, Testing of 25 nM of the candidate drugs in ex vivo cell culture model of stimulation and drug

treatment for effect in reducing concentration of TNF-a. A p-value of 0.05 or less was considered statistically significant.
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Furthermore, we determined whether there were differences in the reduction of pro-
inflammatory cytokines between the candidate drugs at 25 and 5 nM concentrations
respectively. There was no statistically significant difference between the two tested
concentrations and their ability to reduce markers of inflammation in a total of 4 patient PBMC
collected at week 1 on ART in patients who developed paradoxical TB-IRIS who were enrolled

in the TB-ART study (Figure 7.2).

7.4.3 Safety profile of the inhibitors
To determine whether 25 nM drug concentration induced significantly higher drug cellular
toxicity compared to the 5 nM drug concentration, lactate dehydrogenase assay was chosen as

the assay of choice.
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Figure 7.3. Investigating drug induced cytotoxicity between 5 nM and 25 nM drug concentrations using the lactate dehydrogenase (LDH)

assay. Triton X-100 (1%) was highly toxic to cells as determined by the release of LDH. However, no differences in drug cytotoxicity were detected

for all 3 drug candidates for the tested drug concentrations. A p-value of 0.05 or less was considered statistically significant.
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A final volume to volume concentration of 1% triton-X-100 served as a positive control to
confirm loss of membrane integrity resulting in trypan blue penetration. Notably, the 5 and 25
nM drug concentrations were both associated with numerically small but statistically
significant toxicity compared to the untreated samples. However, there was no significant
differences in the percentage of trypan blue penetration in PBMC treated with the 3 respective
drugs (Figure 7.3). This finding suggests that the 25 nM drug concentration for all three drug
candidates did not induce significant cytotoxicity compared to 5 nM drug concentration. The

5nM drug concentration was chosen for all subsequent/ final testing in patient PBMC.

7.4.4 Determining the minimum number of cells that allowed for multiplexed analyte
detection.

The cell numbers for the stored patient samples enrolled in the Pred-ART trial were generally
low and highly variable. As such, we explored by cell number titration, the minimum number
of cells that permitted for multiplexed analyte detection by Luminex using PBMC from a

‘healthy’ participant.
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Figure 7.4. Determination of the lowest number of cells that allowed for muti-analyte detection using Luminex. A, Ex vivo PBMC culture
conditions including unstimulated control signifying background cytokine secretion (Grey), heat-killed Mycobacterium tuberculosis laboratory
strain (H37Rv) stimulation condition-induces cytokine production (Black) and treatment with anakinra (Purple), parthenolide (Orange) and

prednisolone (Blue) respectively- measure was ability of drug to reduce interferon gamma (IFN-y) secretion. B, Titration effect for IFN-y for the
lowest dilution.
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Panel A of Figure 7.4 shows the experimental conditions including the unstimulated and
untreated cells, cells stimulated with heat killed-H37Rv, heat killed-H37Rv stimulated cells
and subsequently treated with anakinra, parthenolide or prednisolone respectively. The major
concern was that the stimulation conditions did not show a consistent predicted effect in certain
titration conditions. This cast doubt on the reliability of the findings, particularly as it relates
to the treatment condition. It raised concerns about whether anticipated stimulation had
occurred in certain experiments. However, when plotting the titration effect for each condition
individually, it was apparent that the effect of titration was present (Figure 7.4 Panel B). To
determine the minimum number of cells that permitted a detectable cytokine response, the heat-
killed-H37Rv stimulated, and drug-treated conditions were used to make an assessment. From
this data, no definitive conclusion regarding the lowest number of cells that allowed for a
detectable cytokine response could be made due to the high background in the unstimulated

condition.

Therefore, to troubleshoot the high level of background that was observed in the unstimulated
condition, experiments were repeated with the aim of further optimizing the titration results.
PBMC culture stimulation and treatment were repeated as previously albeit with washing after
overnight recovery. The cultures were subsequently stimulated and treated with the 3 candidate

drugs as previous using PBMC from a ‘healthy’ participant.
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Figure 7.5. Troubleshooting to address the high level of background in untreated samples.
Cells were processed and rested overnight for recovery from cryopreservation. Cells were
washed after recovery or left unwashed. Supernatants were collected and multiple analytes
were measured using Luminex. Washed cells showed a reduction in the level of background

cytokine secretion

It was concluded that washing the cultures after overnight recovery reduced background
cytokine secretion for all measured analytes (Figure 7.5). For subsequent stimulation and drug-
treatment experiments, the washing step was incorporated following overnight recovery from

cryo-preservation.

Stimulation and concomitant drug treatment experiments were repeated to verify the validity
of various culture conditions including, reduced background, the effect of stimulation and the
titration effect. Titration experiments were repeated as previously with minor modifications to
the protocol. The expected stimulation effect and reduced background was observed (Figure

7.6). In an ex vivo cell culture model of PBMC from one healthy participant, 5SnM parthenolide
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significantly reduced several markers of inflammation (including IFN-y, TNF-a, IL-1a, IL-1f,
IL-6 and IL-18) measured by Luminex compared to the equivalent of anakinra and

prednisolone (Figure 7.6B).
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Figure 7.6. Determination of the lowest number of cells that allowed for multi-analyte detection using Luminex. A, Color scheme
describing the experimental conditions. B, Ex vivo peripheral blood mononuclear cells (PBMC) culture conditions including
unstimulated control signifying background cytokine secretion (Grey), heat-killed Mycobacterium tuberculosis laboratory strain
(H37Rv) stimulation condition-induces cytokine production (Black) and treatment with anakinra (Purple), parthenolide (Orange) and
prednisolone (Blue) respectively- reduce interleukin (IL)-1p secretion. PBMC were seeded at 250 000 cells/200 uL and diluted 2-fold
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to the lowest concentration, all dilutions were exposed to corresponding dilutions of 5 nM treatment with candidate drugs. C, Titration

effect for IL-1[ for the lowest dilution
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The main finding was that 32 000 cells/200 puL was sufficient to detect markers of inflammation
using Luminex in an ex vivo cell culture model of stimulation and drug treatment (Figure
7.6C). Therefore, this data suggests that Luminex is sensitive enough to detect multiplexed
pro-inflammatory analytes from this cell culture model between 250 000 cells/200 uL and 32
000 cells/200 pL cell ranges.

7.4.5 Determining the optimal stimulation time for detecting cytokine/chemokine secretion.

Given that PBMC samples from our cohort had been cryogenically preserved, it was observed
that the longer they stayed in culture, the more they lost viability despite proper
supplementation. Because of this, the length of stimulation and whether longer culture times

were associated with increased cytokine secretion were evaluated (Figure 7.7).
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Figure 7.7. Ex vivo cell culture to determine the differences in cytokine induction between 6
and 12 hours of heat-killed stimulation with laboratory strain of Mycobacterium
tuberculosis (H37Rv) at an MOI of 1. Peripheral blood mononuclear cell (PBMC) culture

supernatants were assayed for several analytes using Luminex. There were no significant
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differences in the concentration of several measured cytokines between the two tested time

points. A p-value of 0.05 or less was considered statistically significant.

There were no statistically significant differences in cytokine secretion between cells
propagated for 6 hours compared to those propagated for 12 hours at an MOI of 1 (Figure 7.7).
This was a single independent experiment with two technical repeats using a sample from one
patient who developed paradoxical TB-IRIS. In the finalized and optimized protocol,

stimulation time was reduced to 8 hours in subsequent assays.

7.4.6 Piloting the optimized protocol in an ex vivo cell culture model of heat killed Mtb
stimulation and drug treatment using PBMC samples from patients enrolled in the TB-ART
observational clinical study.

The optimized protocol was piloted in an ex vivo cell culture model of PBMC collected at week
1 on ART for a total of 4 patient samples from the TB-ART observational study [19]. Of note,
although the time to paradoxical TB-IRIS onset was a median of 2 weeks on ART for the TB-
ART cohort, the time to paradoxical TB-IRIS onset for each participant was variable ranging
between 3-17 days. Notably, 2 of the 4 selected TB-IRIS samples were from patients who
developed paradoxical TB-IRIS at week 1 on ART. There were no significant differences in
the reduction of TNF-a. and other pro-inflammatory cytokines (not shown) between TB-IRIS
(n=4) and TB-non-IRIS controls (n=4) when the different interventions were compared
(Figure 7.8). Both parthenolide and anakinra had similar trends in reducing TNF-a
concentration in samples from patients who developed paradoxical TB-IRIS. However, this
was not statistically different when compared to prednisolone, potentially due to small sample

size (Figure 7.8).

330



A TNFa
0.85
10- 0.85 0.85 ’

1 1

— 707

¢ MR

- 5

g O

& 0.1

§ (@)

o 0.01- O

0.001 . . ‘ : : :

Anakinra Parthenolide Prednisolone

Concentration (pg/mL)

TNFa
0.11/0.25
10 0.11/0.25 |
|
0.88/0.87 o
| ] _o_
O o)
+
M - —8—
(o]
(o]
0-1 T T T
Anakinra Parthenolide Prednisolone

Figure 7.8. Detection of TNFa by Luminex assay in an ex vivo cell culture model of peripheral blood mononuclear cells (PBMC) stimulation

and drug treatment in 8 patient samples from the TB-ART observational study who either developed paradoxical TB-IRIS or did not at week

2 on antiretroviral therapy (ART). A, Cross-section comparison of TNF-a concentrations in supernatants of PBMC samples from patients who

developed paradoxical TB-IRIS (open red circles, n = 4) and those who did not (open black circles, n = 4). PBMC were stimulated with an MOI

of 1 using heat-killed Mycobacterium tuberculosis laboratory strain (H37Rv) and subsequently treated with 5 nM of anakinra, parthenolide or

prednisolone. B, TNF-a concentrations in supernatants of PBMC samples from patients who developed paradoxical TB-IRIS (open red circles, n

=4). A p-value of 0.05 or less was considered statistically significant; ns = not significant. Black font of p-value is for paired data and blue font

is for unpaired statistical analysis.
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7.4.7 Drug mediated ex vivo reduction of proinflammatory mediators in PBMC samples
collected from patients enrolled in the Pred-ART intervention trial.

Finally, the optimized protocol of the ex vivo cell culture model of heat-killed Mtb stimulation
and concomitant inhibition was evaluated on PBMC samples collected at week 2 on ART; from
patients who were allocated placebo, who developed paradoxical TB-IRIS and TB-non-IRIS
controls enrolled in the Pred-ART intervention trial. The drug candidates were evaluated for
their efficacy to reduce known markers of inflammation using an expanded, custom Luminex
panel (15 analytes) comprising pro-inflammatory cytokines, chemokines, growth factors and
metalloproteinases which have previously been shown to be upregulated at the onset of

paradoxical TB-IRIS [162, 472].

After processing and recovering a total of 20 PBMC samples (n = 10) of patients with
paradoxical TB-IRIS and samples (n = 10) of patients who were TB-non-IRIS controls from
cryopreservation for 8 hours, the samples were assessed for cell counts. Samples had a median
cell count of 780 000 cells/mL with an interquartile range (IQR) of 84 000 — 1 800 000 cells/mL
(Figure 7.9). Only 1/20 samples satisfied a predefined threshold (1 250 000 cells/mL) that
allowed seeding of 250 cells/ 200 uL. However, the remaining samples had sufficient cell
numbers that allowed for detection of cytokines by Luminex within the predefined limits of

detection. (Figure 7.9).
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Figure 7.9. Determination of Pred-ART patient sample cell numbers and cell viability 8
hours after recovery from cryo-preservation. Black closed circles depict patient sample cell
numbers that fell within the pre-defined threshold that allow for multi-analyte detection by
Luminex. The horizontal dotted black line depicts the ideal cell number threshold (1.25 million
cells/mL). The horizontal dotted green line depicts the pre-defined viability threshold of 50%.
The green closed circles represent samples with a viability above the 50% threshold while the

red closed circles depict samples that fell below the cell number or cell viability thresholds.

Furthermore, the viability of the samples was assessed. PBMC samples had a median viability
of 59% and an IQR of 35-82% (Figure 7.9). A total of 11/ 20 samples met the predefined
viability cut-off (dotted green line) of 50% (Figure 7.9).

Table 7 summarizes 15 cytokines measured by Luminex in samples collected at week 2 on
ART from the placebo arm of patients enrolled in the Pred-ART intervention trial. Notably,
candidate drugs significantly reduced various markers associated with inflammation when
compared to the stimulation-only condition (Table 7). Moreover, anakinra and parthenolide
significantly reduced IL-1 family of cytokines compared to prednisolone within groups (TB-

IRIS or TB-non-IRIS)
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Table 7. Summary of ex vivo drug treatment responses in the presence of heat killed

Mpycobacterium

tuberculosis

(H37Rv) antigen

stimulation using peripheral blood

mononuclear cells (PBMC) collected at the median time of paradoxical TB-IRIS onset (week

2) from patients derived from the placebo arm of the Pred-ART intervention trial. Showing

responses from participants who developed paradoxical TB-IRIS only.

Measured Mtb Anakinra  Parthenolide Prednisolone p-value
analytes stimulation treatment treatment treatment
GM-CSF 1318(1157- 452(318- | 506(433-623) | 581(448-759) | 0.0001*
median 1484) 544) 0.0001°
(IQR) 0.0001¢
IL-6 8022 (6943- 1847 (1099- | 679.6(330.6- | 968.8(669- | 0.0001*
median 8848) 2667) 1826) 2655) 0.0001°
(IQR) 0.0001¢
IL-10 952.7 (904.1- | 248.8(182.1- | 305.8(154.4- | 276.1(230.2- | 0.0001*
median 1024) 409.4) 395.2) 380.3) 0.0001°
(IQR) 0.0001°
IL-12 8290 (7925- 2858 (970- | 963.2(731.4- | 2022(1438- | 0.0001*
median 8779) 3920) 1199) 4251) 0.0001°
(IQR) 0.0001¢
IL-1a 1678 (1562- | 394.6(328.6- | 524.3(381.6- | 773.6(585.8- | 0.0001*
median 1873) 583.3) 571.1) 877.2) 0.0001°
(IQR) 0.0001¢
IL-1B 7176 (6519- 1156(878.1- | 694.2(322.1- | 1721(576.6- | 0.0001*
median 7851) 1886) 1190) 2502) 0.0001°
(IQR) 0.0001¢
TNFa 4773 (4217- | 714.9(121.8- | 476.1(213.6- | 773.6(147.9- | 0.0001*
median 5452) 1890) 1663) 1703) 0.0001°
(IQR) 0.0001¢
IFNy 4815 (4405- | 380.2(300.2- | 338.3(162- | 408.7(263.2- | 0.0001*
median 5416) 500.4) 41.8) 480.5) 0.0001°
(IQR) 0.0001¢
IFNa 1000 (953.4- | 707.8(646.6- 425(370- 497(377.3- | 0.0002*
1033) 820.3) 507.6) 519.4) 0.0001°
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median 0.0001¢
(IQR)

IFNB 2.9 (0.73-4.35) | 0.86(0.40- 1.41(0.35- | 0.81(0.40-2.1 | 0.08"
median 3.2) 3.3) 0.22°
(IQR) 0.06°
MMP1 4931(4533- | 400.3(258.4- | 285.7(217.4- | 366.8(298.4- | 0.0001*
median 5650) 530.2) 445.7) 504.2) 0.0001°
(IQR) 0.0001°¢
MMP10 3749(3528- 184.1(123.8- | 180.6(108.3- | 202.3(116.9- | 0.0001*
median 4310) 336.6) 263.2) 350) 0.0001°
(IQR) 0.0001¢

A total of 15 inflammatory mediators which were previously shown to be upregulated at
paradoxical TB-IRIS manifestation were measured in the presence of inflammasome targeting
drugs (anakinra and parthenolide) relative to a corticosteroid used for the management of
severe inflammatory feaures of paradoxical TB-IRIS (prednisolone). Interleukin (IL)-6, 8, 10,
12, 17, 18, receptor antagonist (RA), 1a, 10, interferon (IFN-) a, B, y, tumor necrosis factor
(TNF-) o, and metalloproteinase (MMP) 9 and 10 were measured in a multiplexed fashion
using samples derived from the placebo arm of the Pred-ART trial collected at week 2 on ART.
Summary statistics are reported as medians and interquartile ranges (IQR) between the heat
killed H37Rv stimulation and candidate drug treatment (anakinra and parthenolide, relative
to prednisolone). Data for 3 cytokines (IL-1RA, IL-17 and IL-18) where some values from
paradoxical TB-IRIS or TB-non-IRIS group were missing are not shown because the values
were above the limit of detection for most patients. Superscript a, b and c represent the p-value
between the stimulation only condition and anakinra, parthenolide and prednisolone

respectively.

7.4.8 Exploratory analysis of Luminex measured TNF-a raw data from 20 Pred-ART
samples.

Cell culture supernatants were analyzed for soluble markers associated with inflammation. A
total of 6 conditions were tested for each of the 20 patient samples as illustrated in Figure
7.10A. Highlighted in Figure 7.10 is the raw data for the experiment for the first 4 patient
samples indicating TNF-oa induction by heat killed-H37Rv stimulation (black bar) and drug-
mediated TNF-a reduction by anakinra (purple bar), parthenolide (orange bar) relative to

prednisolone (blue bar) (Figure 7.10B). Furthermore, anakinra and parthenolide were effective
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as reflected in the proportion of log-fold reduction by TB-IRIS stratification compared to
prednisolone (Figure 7.10C). This was a common trend for the remaining 14 analytes. Notably,
anakinra was particularly potent at reducing cytokines that signal via interleukin 1 receptor (IL-

IR) such as IL-1a, and IL-1p.
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Figure 7.10. Detection of TNF-a by Luminex in an ex vivo cell culture model of peripheral blood mononuclear cells (PBMC) stimulation and
drug treatment in 20 patient samples from the placebo arm of the Pred-ART trial who either developed paradoxical TB-IRIS or did not at week
2 on antiretroviral therapy (ART). A, Color scheme of the experimental conditions. B, Exvivo PBMC culture conditions including unstimulated
control signifying background cytokine secretion (Grey), heat-killed Mycobacterium tuberculosis laboratory strain (H37Rv) stimulation condition-
induces cytokine production (Black), dimethyl sulfoxide vehicle control (DMSO,; Green) and treatment with 5 nM of anakinra (Purple),
parthenolide (Orange) and prednisolone (Blue) respectively. C, Log2Fold change (LFC) values for 8/20 sample subset. LFC values were
calculated by taking the difference between the black and the grey bars divided by the difference of the drug treatment in the presence of the
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stimulation and drug only condition. The table shows the proportion with at least one logl( fold reduction of TNF-« for the 3 drug candidates
stratified by paradoxical TB-IRIS outcome

338



Figure 7.10 is consistent with the expected kinetics of the Mtb stimulation and drug treatment.
The stimulation condition triggered at least one log-fold cytokine induction in most of the 15
analytes that were measured using the Luminex assay. Treatment with candidate drugs reduced

the inflammatory mediators in all analytes.

7.4.9 Anakinra and parthenolide significantly reduces IL-1a compared to prednisolone in
TB-IRIS patients at week 2 on ART.

Figure 7.11 illustrates the anti-inflammatory effect of the three drug candidates on the
concentration levels of IL-1a in the presence of heat killed-H37Rv stimulation compared to
the stimulation only condition. Anakinra significantly reduced IL-lo concentration levels
compared to heat killed-H37Rv stimulation condition (median: 394.6; IQR: 328.6-583.3 and
median: 1678.6; IQR: 1562-1873, respectively) in 20 patient samples taken at week 2 on ART
(Figure 7.11A). Moreover, anakinra significantly reduced IL-1a concentration levels when
compared to parthenolide (median: 524.3; IQR: 381.6-571.1) and prednisolone (median: 773.6;
IQR: 585.8-877.2) (Figure 7.11A). In a cross-section analysis, patients were stratified by
paradoxical TB-IRIS outcome. No differences were observed in the heat-killed-H37Rv
stimulation condition between the two groups (Figure 7.11B). Similarly, none of the 3 drug
candidates significantly reduced IL-lo concentration levels in samples of patients who

developed paradoxical TB-IRIS compared to TB-non-IRIS controls (Figure 7.11B).
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Figure 7.11. Drug mediated reduction of interleukin (IL)-1a in supernatants derived from exvivo cell culture model of heat killed H37Rv
stimulation in a total of 20 placebo allocated patient samples from the Pred-ART intervention trial at week 2 on antiretroviral therapy A,
Significant reduction of IL-1«a concentration levels by 5nM of anakinra, parthenolide and prednisolone respectively in presence of heat-killed
H37Rv compared to the heat-killed H37Rv stimulation alone condition. B, Cross-section analysis of 5 nM of the three drug candidates in reducing

IL-1« levels in patient samples stratified by paradoxical TB-IRIS outcome. C, Effect of 5 nM anakinra, parthenolide or prednisolone in reducing
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IL-1« in samples from patients who developed paradoxical TB-IRIS (red) and TB-non-IRIS controls (black) respectively. A p-value of 0.05 or less

was considered statistically significant, ns = not significant
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Finally, anakinra significantly reduced IL-lo compared to prednisolone in samples from
patients who developed paradoxical TB-IRIS (Figure 7.11C). Similarly, anakinra significantly
reduced IL-1a compared to parthenolide and prednisolone respectively in samples from TB-
non-IRIS controls (Figure 7.11C). Notably, parthenolide significantly reduced IL-la
concentration levels compared to prednisolone in samples from patients who developed

paradoxical TB-IRIS but not in samples from TB-non-IRIS controls (Figure 7.11C).

7.4.10 Parthenolide significantly reduced IL-1[5 compared to prednisolone in TB-IRIS
patients at week 2 on ART.

The effect of reducing IL-1P induction through stimulation with heat-killed H37Rv and
concomitant inhibition with 5 nM anakinra, parthenolide and prednisolone is illustrated in
Figure 7.12. All three drug candidates respectively reduced IL-1B levels significantly
compared to the heat killed-H37Rv stimulation condition in 20 placebo allocated patient
samples from the Pred-ART intervention trial (Figure 7.12A). In a cross-section analysis,
patients were stratified by paradoxical TB-IRIS outcome. IL-1B concentrations of the
stimulation condition were similar in samples from patients who developed paradoxical TB-
IRIS compared to those who did not (Figure 7.12B). Parthenolide but not anakinra or
prednisolone significantly reduced IL-1 levels in samples from patients who developed

paradoxical TB-IRIS compared to those who did not (Figure 7.12B).
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Figure 7.12. Drug mediated reduction of interleukin (IL)-1p in supernatants derived from ex vivo cell culture model of heat killed H37Rv
stimulation in a total of 20 patient samples derived from the Pred-ART intervention trial at week 2 on antiretroviral therapy (ART). A,
Significant reduction of IL- 1 concentrations by 5SnM of anakinra, parthenolide and prednisolone respectively in the presence of heat-killed H37Rv

compared to the heat-killed H37Rv stimulation alone condition. B, Effect of 5 nM of each drug candidate in reducing IL-1[ levels in patient
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samples stratified by paradoxical TB-IRIS outcome. C, The effect of 5 nM of each drug candidate in samples from patients who developed
paradoxical TB-IRIS (red) and TB-non-IRIS controls (black) respectively. A p-value of 0.05 or less was considered statistically significant.
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Finally, parthenolide significantly reduced IL-18 levels (median: 859; IQR: 389.1-1062)
compared to prednisolone (median: 1721; IQR: 760.6-2502) in samples from patients who
developed paradoxical TB-IRIS (Figure 7.12C). There was no significant difference in the
reduction of IL-1f between anakinra and parthenolide or prednisolone. Reductions in IL-1f3

concentrations were comparable between all three drug candidates in samples from TB-non-

IRIS controls (Figure 7.12C).

7.4.11 Parthenolide and prednisolone significantly reduced caspase-1 compared to anakinra
at week 2 on ART in samples from TB-IRIS patients.

The effect of reducing caspase-1 induction through stimulation with heat-killed H37Rv and
concomitant inhibition with 5 nM anakinra, parthenolide and prednisolone is illustrated in
Figure 7.13. Prednisolone (median = 0.58, IQR = 0.45-0.62) and parthenolide (median = 0.45,
IQR = 0.40-0.58) respectively reduced caspase-1 levels significantly compared to the heat
killed-H37Rv stimulation condition (median = 0.74, IQR = 0.62-0.85) in samples from 20
placebo allocated participants in the Pred-ART intervention trial (Figure 7.13A). In a cross-
section analysis, patients were stratified by paradoxical TB-IRIS outcome. Caspase-1
concentrations in the heat-killed-H37RV stimulation condition were comparable between
samples from patients who developed paradoxical TB-IRIS compared to TB-non-IRIS controls
(Figure 7.13B). Similarly, there were no significant differences in the reduction of caspase-1
between all three drug candidates in samples from patients who developed paradoxical TB-

IRIS and TB-non-IRIS controls (Figure 7.13B).
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Figure 7.13. Drug mediated reduction of caspase-1 in supernatants derived from an ex vivo cell culture model of heat killed H37Rv stimulation
in a total of 20 patient samples derived from the Pred-ART intervention trial at week 2 on antiretroviral therapy (ART). A, Significant reduction
of caspase-1 by 5nM of parthenolide and prednisolone respectively but not anakinra in presence of heat-killed H37Rv compared to the heat-killed
H37Rv stimulation condition. B, The effect of 5 nM of each drug candidate in reducing caspase-1 in patient samples stratified by paradoxical TB-
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IRIS outcome. C, Effect of 5 nM of each drug candidate in reducing caspase-1 in samples from patients who developed paradoxical TB-IRIS (red)
and TB-non-IRIS controls (black) respectively. A p-value of 0.05 or less was considered statistically significant
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Finally, parthenolide significantly reduced caspase-1 (median = 0.45, IQR = 0.27-0.51)
compared to either anakinra (median = 0.7, IQR = 0.62-0.75) or prednisone (median = 0.50;
IQR = 0.47-0.62) in samples from patients who developed paradoxical TB-IRIS (Figure
7.13C). Parthenolide significantly reduced caspase-1 (median = 0.46, IQR = 0.37-0.51)
compared to anakinra (median =0.72, IQR =[0.62- 0.80) but not prednisolone in samples from
TB-non-IRIS controls (Figure 7.13C). Prednisolone significantly reduced caspase-1 (median
=0.51, IQR = 0.35-0.6) in samples from TB-non-IRIS controls compared to anakinra treated
samples (median = 0.72, IQR = 0.62- 0.80) (Figure 7.13C).

7.4.12 All three drug candidates significantly reduced plasma levels of IL-6 in all patients at
week 2 on ART, but parthenolide was more effective in reducing IL-6 concentrations in samples
of patients that developed paradoxical TB-IRIS.

IL-6 is a critical marker of inflammation and the capacity of the candidate drugs to reduce its
secretion in supernatants was investigated. Figure 7.14 illustrates concentrations of IL-6
following stimulation of 20 placebo allocated patient PBMC with heat-killed-H37Rv and
concomitant inhibition with 5 nM of either anakinra, pathernolide or prednisolone. All three
drug candidates significantly reduced IL-6 concentration levels compared to the heat-killed-
H37Rv stimulation condition (Figure 7.14A). The magnitude of IL-6 reduction by the three
drug candidates was comparable (Figure 7.14A). In a cross-section analysis, patients were
stratified by paradoxical TB-IRIS outcome. IL-6 levels in the heat-killed-H37RV stimulation
condition were comparable between samples from patients who developed paradoxical TB-
IRIS compared to TB-non-IRIS controls (Figure 7.14B). Similarly, IL-6 levels were
comparable in the presence of the three drug candidates in samples from patients who

developed paradoxical TB-IRIS compared to those who did not (Figure 7.14B).
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Figure 7.14. Drug mediated reduction of interleukin (IL)-6 in supernatants derived from an ex vivo cell culture model of heat killed H37Rv
stimulation in a total of 20 placebo allocated patient samples derived from the Pred-ART intervention trial at week 2 on antiretroviral therapy
(ART). A, Significant reduction of IL-6 by 5SnM of anakinra, parthenolide or prednisolone in presence of heat-killed H37Rv compared to the heat-
killed H37Rv stimulation condition. B, The effect of 5 nM of each drug candidate in reducing IL-6 in patient samples stratified by paradoxical TB-
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IRIS outcome. C, Effect of 5 nM of each drug candidates in sample from patients who developed paradoxical TB-IRIS (red) and TB-non-IRIS

controls (black) respectively. A p-value of 0.05 or less was considered statistically significant
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Finally, parthenolide significantly reduced IL-6 (median:679.6; IQR = 330.6-1826) compared to
anakinra (median:1847; IQR = 1099.6-2667) in samples from patients who developed paradoxical
TB-IRIS (Figure 7.14C). There was no significant difference in the reduction of IL-6 between
parthenolide and prednisolone. Similarly, there was no significant difference in the reduction of
IL-6 between anakinra and prednisolone in samples collected from patients who developed
paradoxical TB-IRIS (Figure 7.14C). The reduction in IL-6 concentrations was comparable
between all three drug candidates in samples from TB-non-IRIS controls at week 2 on ART

(Figure 7.14C).
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7.5 Discussion

In this sub-study, all three drug candidates significantly reduced various markers of inflammation.
While anakinra was effective in reducing IL-1 family of cytokines, parthenolide had much broader
anti-inflammatory activity, reducing several markers of inflammation including IL-6.
Inflammasome dependent maturation of IL-1 cytokines is an important feature of many
inflammatory disorders and thus an attractive target for therapeutic intervention. Several studies
have shown that directly inhibiting the inflammasome by blocking its assembly or by regulating
its phosphorylation and/or ubiquitination is the most effective strategy. The relevance of IL-1
cytokines and receptors as modulators of inflammation cannot be overstated and has been
inflammasome-related targets relative to prednisolone, an anti-inflammatory corticosteroid that is
commonly used in clinical practice, to reduce pro-inflammatory cytokines in response to
stimulation with heat-killed-H37Rv in an ex vivo culture model of PBMC. The choice of measured
cytokines included primarily IL-1 ligands and other upregulated cytokines at the median time of

TB-IRIS manifestation.

Although all 3 candidate drugs (anakinra, parthenolide and prednisolone) significantly reduced
pro-inflammatory cytokines compared to the untreated controls, the lack of statistical significance
between inflammasome-related targets (anakinra and parthenolide) relative to the benchmark
(prednisolone) in the TB-ART samples (used for piloting optimized experimental conditions) can
be attributed to several factors. First, the number of patient samples used (n = 8) to pilot the assay
were limited and thus reduced statistical power. Secondly, the median time of paradoxical TB-
IRIS manifestation in the TB-ART cohort was 2 weeks on ART; the patient samples selected for
piloting optimized experimental condition were taken at week 1 on ART (due to limited sample

availability), which for half of the patients was prior to the onset of paradoxical TB-IRIS.

The anti-inflammatory effect of the candidate drugs was tested in an expanded sample size of 20
patient samples with and without paradoxical TB-IRIS from the Pred-ART intervention trial. The
capacity of anakinra, parthenolide and prednisolone (the candidate drugs) to reduce pro-

inflammatory cytokines in all patients was successfully investigated. Candidate drugs reduced the
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measured pro-inflammatory analytes when compared to the heat killed Mtb-H37Rv stimulation
control, without exception. However, a similar comparison between the candidate drugs did not
reveal significant differences in a cross-sectional analysis for several analytes except for IL-1p.
This finding was not unexpected presumably because, the drugs target the same signaling cascades

or pathway in both TB-IRIS and TB-non-IRIS patients.

The significant reduction of IL-1[ in a cross-sectional comparison by parthenolide compared to
anakinra and prednisolone was surprising. The margin of IL-1f reduction was notably variable
among patients who developed paradoxical TB-IRIS whose samples were treated with
parthenolide. Therefore, the lower IL-1p outlier values may be contributing to a significance of

the p-value.

Notably, both anakinra and parthenolide were effective at reducing several of the assessed pro-
inflammatory analytes that mediate inflammation. Several explanations can be raised to account
for the potency of both parthenolide and anakinra as anti-inflammatory agents in the ex vivo cell
culture experiments. Parthenolide belong to the germacranolide class of therapeutics. It is a
sequiterpene lactone that occurs naturally in herbs that are indigenous to specific geographic
regions [578]. Parthenolide has a documented potent anti-inflammatory and anticancer effects
[579]. Parthenolide targets multiple steps in the inflammatory cascade including the inhibition of
multiple steps that are integral to the maturation of the inflammasome. Two major mechanisms
have been described for parthenolide. First, parthenolide inhibits the activation of IxB kinase
which regulates the activation of the NF-«xB transcription factor [580]. The NF-«B is a transcription
factor that mediates the process of inflammation by inducing the expression of IL-1 cytokines,
TNF-a, and IL-6 which were reported to be significantly upregulated in patients with paradoxical
TB-IRIS relative to controls [162]. Parthenolide was shown to directly bind to NF-«f3, thereby
preventing its interaction with DNA. This results in the inhibition of the NF-«kf3 pathway in a dose
dependent manner [580]. In a mouse model of dextran sulfate sodium induced colitis, parthenolide
was shown to block the activation of the NLRP3 inflammasome by inhibiting the upstream priming
signal thereby preventing its assembly [581]. Its mechanism of action was shown to target the
ATPase activity of the nucleotide-binding oligomerization domain which facilitates

oligomerization of the inflammasome through CARD-CARD interactions [581, 582].
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Additionally, some findings that contrast our findings relate to analytes that are not regulated by
parthenolide or anakinra. Liu and colleagues recently characterized the mechanism of action
underlying parthenolide using mouse bone marrow derived macrophages (BMDM) and THP-1
cell line. Treatment of both BMDM and THP-1 cultures with parthenolide following
lipopolysaccharide (LPS) stimulation had no effect on IL-6 and TNFa reduction; whereas the same
significantly reduced IL-13, caspase 1 and the NLRP3 scaffold protein [581]. Notably, IL-6 and
TNF-a are under the transcriptional regulation of NF-kf3 and not the inflammasome. Preincubation
with parthenolide followed by stimulation with LPS was associated with a dose dependent
reduction in the secretion of IL-1 and the NLRP3 scaffold protein; while preincubation with LPS
followed by parthenolide treatment was not associated with any changes [581]. These data suggests
that pretreatment with parthenolide regulates NF-kP activity while post treatment with
parthenolide does not. It is noteworthy that these experiments were conducted in mice and may
not be representative of what happens in humans. Moreover, the authors did not repeat the
parthenolide pretreatment (which is similar to our concomitant stimulation and treatment
experimental design) experiments measuring IL-6 and TNF-a for which they saw no effect of

parthenolide.

On the other hand, anakinra is an FDA approved biologic with a demonstrable anti-inflammatory
activity [583, 584] and routinely used in patients with rheumatoid arthritis [50, 585-587]. Other
studies have also corroborated its anti-inflammatory capacity in cases of severe SARS-CoV2
disease which is characterized by hyperinflammation [588-590]. Moreover, the safety of anakinra
has also been established in humans [35, 591]. Anakinra is a competitive inhibitor that acts
upstream of the release of mature IL-1 cytokines [592]. It acts by binding the IL-1 receptor thereby
antagonizing IL-1a and/or IL-1f signaling which drives the inflammatory cascade [593]. The
described mechanism of action is consistent with the observations made in this study where
anakinra was most effective in inhibiting cytokines that signal via the IL-1 receptor and displayed
poor inhibitory capacity in reducing other cytokines such as IL-6 and TNF-a that do not signal via
the IL-1receptor. IL-1 family of cytokines follow an autocrine paradigm of signaling, resulting in
a positive feedback loop. Therefore inhibiting the IL-1RI breaks the feedback mechanism resulting

in a reduction of their soluble secretion [584, 594-596].
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Therefore, both anakinra and parthenolide were comparable in reducing IL-1 cytokines compared
to prednisolone in these experiments. Parthenolide was potent in reducing other cytokines such as
IL-6, TNF-a which are induced by IL-1a. Future studies could test the anti-inflammatory capacity
of other non-immunosuppressive drugs that were not investigated in this study. Collecting cell
pellets for RNA sequencing in similar experiments and performing pathway analysis could

elucidate the mechanisms of action of these drugs
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7.6 Limitations

A limited number of samples were tested for the pilot study (n = 8). Additionally, half of the
samples from patients who developed paradoxical TB-IRIS (n = 4) were collected at week 1 on
ART, while the onset of inflammatory reactions were recorded at a median of week 2 on ART.
Although several studies assessing the in vitro activity and efficacy of parthenolide against several
inflammatory disorders, it has not been tested in humans. Therefore, its thorough pharmacokinetic
and pharmacodynamic characterization is required to receive FDA approval for use in clinical

settings, which makes Anakinra a more attractive option for clinical evaluation.

The study design involved the use of ex vivo cell culture model to assess the activity of several
drugs that target the inflammasome. This is a reductive model that does not factor into
consideration, the interaction of different cell types that may be present in a biological system.
Therefore, these findings may not truly reflect the pharmacodynamics of the tested drugs in a
biological system. Additionally, specific activators of the inflammasome were not used, instead,
Mtb cell lysate containing various antigens and inflammatory lipids to activate both canonical and
non-canonical inflammasomes was used. Lastly, the inflammasome is robustly induced in

neutrophils, but these assays were conducted in PBMC.

7.7 Conclusions

Parthenolide is potent at reducing pro-inflammatory cytokines and its ex vivo activity suggests that
it is also potent at inhibiting the inflammasome. Although it was associated with high variability
between patients, anakinra was effective at reducing downstream ligands of the IL-1 receptor,
namely, IL-1a and IL-1B which are known drivers of inflammation. Its availability in the market
makes it a desirable candidate for repurposing for the treatment of IRIS-related complications or
for targeted prevention. However, robust evidence that these interventions might be efficacious in
the context of paradoxical TB-IRIS, would have to be generated by conducting a RCT to assess
the efficacy of these inhibitors.
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Chapter 8 summary: Discussion, conclusions, and future direction.

This chapter provides a chapter-by-chapter summary, discussion of the original work and
highlights the significance of the findings in the context of existing literature. Additionally, the
chapter summarizes all the work with a conclusion section and ends with recommendations for

future work to build on the current findings.
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8. Background

This thesis comprises seven chapters that can be summarized into two overarching themes:

1. The involvement of neutrophils, functional Mycobacterium tuberculosis (Mtb) specific
activated CD4 lymphocytes, as well as aberrant inflammasome activation as mediators of the

immunopathogenesis of paradoxical TB-IRIS.

2. The demonstration of the in vitro efficacy of inflammasome related inhibitors in modulating the

hyperinflammatory state that characterizes paradoxical TB-IRIS.

The section below provides a chapter-by-chapter summary of the main findings and their

significance.

8.1 Phenotypic characterization of Mtb-specific CD4 T cells in people who develop
paradoxical TB-IRIS.

A hallmark of paradoxical TB-IRIS includes the partial reconstitution of Mtb-specific CD4 T cells
within 3 months of initiating antiretroviral therapy (ART). For a while, bulk CD4 T cell
reconstitution after the initiation of ART was postulated to be the cause of paradoxical TB-IRIS;
until it was shown that similar reconstitution of the CD4 compartment occurred in some
individuals matched for age and CD4 count who did not develop paradoxical TB-IRIS [37]. In
chapter 4, flow cytometry was used to phenotype CD4 lymphocytes in peripheral blood
mononuclear cells (PBMC) in a murine model of IRIS and patients living with HIV-associated TB

who developed paradoxical TB-IRIS compared to those who did not.

Work by Hsu and colleagues characterized reconstituting Mycobacterium avium (MAC)-specific
interferon (IFNy+) producing CD4 T cells, reported significantly higher frequencies of cells
expressing Eomesodermin (Eomes) in HIV-1 immunosuppressed patients with MAC coinfection,
who later developed MAC-IRIS compared to HIV infected individuals who did not develop MAC-
IRIS [40]. Eomes is a Tbox transcription factor that is mainly expressed in cytotoxic lymphocytes
such as antigen specific CD8 T cells, CD8 T cells with memory phenotype and natural killer cells
[308]. The potential significance of this is that reconstituting MAC-specific CD4 T cell responses
may have altered transcription factor profiles that imbues them with the potential to be cytotoxic;

thus, implicating them in MAC-IRIS mediated immunopathology. In this thesis, this hypothesis
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was explored in the context of paradoxical TB-IRIS. In experiments conducted by collaborators, a
murine model of MAC-IRIS was used for deep phenotypic analysis of Mycobacterium avium-
specific CD4 T cells. In experiments conducted in Cape Town, peripheral blood mononuclear cells
(PBMC) from human participants who were enrolled in the TBART observational study that
integrated anti-tuberculosis therapy and ART were used to validate the findings from the study by
Hsu and colleagues and the murine experiments. Eomes knockout (KO) mice were associated with
increased survival following adoptive transfer of wildtype CD4 T cells compared to littermate
mice. This implied that the presence of Eomes conferred pathogenicity in wildtype mice and
corroborated the findings of Hsu and colleagues. These findings were further investigated in
human PBMC from patients enrolled in an observational study that evaluated adverse events of

integrated antituberculosis therapy and ART in patients admitted to a TB hospital.

Phenotypic analysis of CD4 lymphocytes responses revealed that reconstituting Mtb-specific CD4
T cells were functional with the ability to produce multiple cytokines such as IFN-y and TNF-a.
The relative frequency of Mtb-specific, IFN-y producing CD4 lymphocytes was significantly
higher in patients who developed paradoxical TB-IRIS compared to those who did not, at the

median onset of clinical symptoms.

Transcription factor profiling of Mtb-specific IFN-y producing CD4 T cells in patients who
developed paradoxical TB-IRIS revealed that they expressed Eomes, something that had not been
shown previously. However, the relative frequency of Mtb-specific IFN-y+, Eomes+ CD4
lymphocytes were comparable between patients who developed paradoxical TB-IRIS and those
who did not. This contrasted with the findings of Hsu and colleagues as well as the observations
in mice. Conversely, bulk relative frequencies of Eomes+ CD4 T cells were significantly higher

in patients who developed paradoxical TB-IRIS compared to those who did not at week 2 on ART.

One of the key findings included the observation that, Mtb-specific, IFN-y producing CD4 T cell
responses from patients who developed paradoxical TB-IRIS highly expressed the marker of
immune activation called HLADR. The relative frequency of Mtb-specific, [IFN-y+ HLADR+ CD4
lymphocytes were significantly higher in samples from patients who developed paradoxical TB-

IRIS compared to those who did not at week 2 on ART.
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Lastly, relative frequency of Mtb-specific, IFNy+ granzyme B+ CD4 T cell responses that co-
express Eomes and Tbet were significantly higher in patients that developed paradoxical TB-IRIS
compared to those who did not at week 2 on ART. The significance of this is, IFN-y producing,
Mtb-specific CD4 lymphocytes that co-express Eomes and Tbet might have more cytotoxic
potential in patients who develop paradoxical TB-IRIS at week 2 on ART than those who do not.

High Eomes expression in functional Mtb-specific CD4 lymphocytes was a novel finding in the
context of paradoxical TB-IRIS. However, contradicting observations regarding the relative
frequencies of Eomes expressing pathogen-specific IFN-y producing CD4 lymphocytes between
the murine model of IRIS, patients that develop paradoxical MAC-IRIS and paradoxical TB-IRIS,
may reflect different regulation of pathogen-specific CD4 T cells in underlying opportunistic
pathogens causing IRIS manifestations. Hyper immune activation in patients who develop
paradoxical TB-IRIS is likely due to high antigen load which predisposes individuals to developing
IRIS. These findings suggests that greater immune activation and CD4 T cell reconstitution in
individuals who develop paradoxical TB-IRIS are important aspects of TB-IRIS pathology but

may not be the sole mediators underpinning the pathogenesis of paradoxical TB-IRIS.

8.2 Functional transcriptomics in samples obtained at week 0, 2 and 12 on ART in
participants who developed paradoxical TB-IRIS

Gene expression studies have greatly advanced the understanding of paradoxical TB-IRIS
immunopathogenesis. Chapter 5 reported the application of bulk RNA-sequencing workflows in
whole blood samples to identify differentially expressed genes and summarize them into biological

pathways.

Using biological samples from the PredART interventional trial, chapter 5 investigated the
potential biological pathways and cellular mechanisms that underlie the pathogenesis of

paradoxical TB-IRIS using unbiased hypothesis generating approaches.

Ribonucleic acid (RNA) extracted from whole blood obtained from consenting participants that
were enrolled in the PredART intervention trial who either developed paradoxical TB-IRIS or not,
were prepared for RNA sequencing to study differences in global gene expression profiles and

mine new insights about the pathogenesis of paradoxical TB-IRIS.
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The prospective design of the PredART trial was exploited by conducting cross-sectional and
longitudinal analysis of the RNA-seq data to characterize the biosignature of patients who

developed paradoxical TB-IRIS and those who did not at week 0, 2 and 12.

Patients who were allocated either placebo or prednisone at week 0 who later developed
paradoxical TB-IRIS were characterized by the significant upregulation of transcripts encoding
neutrophil derived antimicrobial peptides and biological pathways suggestive of prevailing
metabolic dysfunction; while transcripts that were significantly downregulated included those
encoding cellular transcripts of the cytoskeleton which modulates biological processes involving
cellular proliferation, maturation, and migration. These findings imply that patients that are likely
to develop paradoxical TB-IRIS are characterized by severe inflammation, and impaired innate
immune cell function including proliferation, mobility and signaling. No prior studies exist that
have defined the cellular and molecular features in patients that predispose to developing

paradoxical TB-IRIS.

Characterization of gene expression profiles was carried out in patients who were allocated either
placebo or prophylactic prednisone who subsequently developed paradoxical TB-IRIS and those
who did not. The onset of paradoxical TB-IRIS was variable with a median of 14 days. Notably,
some patients who were allocated placebo, who developed paradoxical TB-IRIS, received
prednisone for syndromic management - typically after the 14-day time point. The latter were
characterized by the upregulation of innate immune signaling pathways. The most significantly
enriched biological pathway in patients who developed paradoxical TB-IRIS compared to those

who did not, was neutrophil degranulation.

The second most enriched biological pathway in patients who developed paradoxical TB-IRIS
compared to those who did not at week 2 on ART was the innate immune pathway. The transcripts
associated with this pathway included 800 transcripts representing all cellular subsets of the innate
immunity, their surface and soluble receptors as well transcription factors, cytokines, and
morphogens. Transcripts of the NLRC4 inflammasome, gasdermin D, Caspase-1 and IL-13 were
significantly upregulated in patients who developed paradoxical TB-IRIS compared to those who

did not, at week 2 on ART.
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Other biological pathways that were significantly upregulated in samples from patients that
developed paradoxical TB-IRIS compared to those who did not at week 2 on ART included

interleukin 1 signaling, type I and II interferon signaling [162].

Similarly, pathway analysis longitudinally on ART in samples of patients that developed
paradoxical TB-IRIS revealed the same biological processes including neutrophil degranulation,
IL-1 cytokine signaling and type I as well as type II signaling and pyroptosis at week 2 on ART
compared to week 0 prior to the initiation of ART. These findings indicated the involvement of
the inflammasome as the underlying mechanism for severe inflammation in patients that developed
paradoxical TB-IRIS. Pathways that were significantly downregulated included heme biosynthesis
and the shuttling of respiratory gases such as oxygen and carbon dioxide. This reflects the potential

restoration of homeostasis at a biochemical level.

Pathway analysis in TB-non-IRIS controls revealed several biological processes that were
significantly upregulated in samples from these patients including but not limited to epigenetic
modulation of gene expression, collagen biosynthesis-a major component of the extracellular
matrix and the remodeling of the cytoskeleton which modulates biological processes including cell
proliferation, motility and immune responses. Significantly downregulated biological pathways

included interferon stimulated genes responses and antiviral responses.

No differentially abundant transcripts were observed at week 12 on ART between participants who
developed paradoxical TB-IRIS and those who did not. The comparable pattern in gene expression
suggests disease resolution in patients that developed paradoxical worsening of TB. However,
since a proportion of patients received prednisone as a treatment at the onset of paradoxical TB-
IRIS, it is challenging to conclude whether the resolution of TB-IRIS symptoms were a result of

prednisone treatment or spontaneous resolution.

Similarly, no differentially expressed transcripts were identified in samples from patients who
developed paradoxical TB-IRIS compared to those who did not, at week 2 on ART who were
allocated prophylactic prednisone at the initiation of ART.

Prednisone prophylaxis had an effect of normalizing the gene expression signature associated with

paradoxical TB-IRIS in patients who were allocated prednisone at week 0. Like other
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glucocorticoids, prednisone is a pleiotropic molecule that has systemic effects with potent anti-

inflammatory activity in patients who previously developed paradoxical TB-IRIS [33].

The involvement of neutrophils in IRIS related pathologies is not novel and was previously
described in patients with paradoxical tuberculous meningitis IRIS, which is a severe form
paradoxical TB-IRIS involving the central nervous system [241]. Neutrophils are the most
abundant immune cells in the body and are the first line of defense against noxious agents. Their
improper accumulation or dysfunction has been long associated with several inflammatory
diseases [376, 382, 482]. The exact mechanisms involving neutrophils in the immunopathogenesis
of paradoxical TB-IRIS points towards two potential mechanisms as suggested by the gene
expression findings. First the process of neutrophil degranulation which involves pathogen
clearance mediated by cytotoxic cargo residing in neutrophil granulytic bags [380, 517]. These
contain preformed biotoxic enzymes, and antimicrobial peptides which when mobilized in excess,
can result in collateral tissue damage. This is one plausible mechanism as it was shown in chapter
6 that at the time of symptom manifestation, people who develop paradoxical TB-IRIS have higher
neutrophil counts and soluble markers of degranulation compared to those who do not develop

TB-IRIS.

The second potential mechanism that is inherent in neutrophils involves the inflammasome. The
inflammasome is an intracellular pattern recognition receptor that is sensitive to danger, chromatin,
and pathogen associated molecular patterns. It functions to activate caspases and gasdermin D
which leads to the maturation of the interleukin 1 family of cytokines as well as mediating
pyroptosis which is a necrotic cell death. Inflammasome markers were also enriched in patients
who developed paradoxical TB-IRIS at week 2 on ART. The involvement of gene modules that
are central to the activation and maturation of the inflammasome such as pyroptosis and IL-13
among others have been extensively described and experimentally validated in other studies [15,
25, 30-32, 177, 379]. The abundance of these transcripts in samples from patients who developed
paradoxical TB-IRIS compared to those who did not at week 2 on ART potentially highlights the
significance the inflammasome, as a foundational mechanism in the pathogenesis of paradoxical
TB-IRIS. Mechanistically, the inflammasome is primed and activated by danger and pathogen
associated molecular patterns. A mature inflammasome, activates caspases which in turn activate

IL-1 family of cytokines including IL-1f and IL-1a which are potent modulators of inflammation.
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Many studies have demonstrated that soluble cytokines of the interleukin 1 family which are potent
modulators of inflammation are significantly higher in patients who developed paradoxical TB-
IRIS compared to those who do not, at the median time of TB-IRIS onset [162]. Caspases
additionally activate gasdermin D which facilitates the necrotic rupture of cells which release
viable M. tuberculosis and danger associated molecular patterns. This may create a cyclic loop that

amplifies the inflammatory cascade that characterizes paradoxical TB-IRIS [539].

8.3 Evaluating absolute neutrophil counts and soluble markers of neutrophils in plasma
samples collected at week 0 and 2 on ART, from patients who developed paradoxical TB-
IRIS and those who did not.

Findings from chapter 5 suggested that neutrophil degranulation and aberrant intracellular
signaling were central to the pathogenesis of paradoxical TB-IRIS. Chapter 6 investigated this
further by evaluating the association between absolute neutrophil counts (ANC) collected at week
0, 2 and 12 on ART and paradoxical TB-IRIS. Moreover, the association between neutrophil
degranulation and paradoxical TB-IRIS was tested by measuring plasma soluble markers
associated with or specific to neutrophils at week 0 and 2 on ART. Absolute neutrophil counts
were significantly higher in patients who developed paradoxical TB-IRIS compared to those who
did not, at week 2 on ART. Soluble markers of neutrophils including human neutrophil peptidel-
3, neutrophil elastase, and myeloperoxidase were measured by enzyme linked immunosorbent
assay (ELISA) and were significantly higher in samples from patients who developed paradoxical
TB-IRIS compared to those who did not, at week 2 on ART. Additionally, absolute neutrophil
counts were significantly correlated with the concentrations of plasma soluble neutrophil

mediators.

8.4 Investigating the anti-inflammatory capacity of inflammasome-related targets in an ex
vivo cell culture model using samples from patients with paradoxical TB-IRIS at week 2 on
ART

Gene expression data in chapter 5, as well as findings from other studies suggest that the aberrant

expression of canonical and non-canonical inflammasomes may specifically underpin the
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pathogenesis of paradoxical TB-IRIS [25, 30]. Chapter 7 detailed the evaluation of several
inflammasome related drugs and their capacity to reduce known molecular markers of

inflammation.

A total of 8 inflammasome related inhibitors were evaluated, 2 of which had significantly low dose
dependent responses (anakinra, parthenolide) were evaluated further for the capacity to reduce
known markers of inflammation in an ex vivo cell culture model and benchmarked against the
standard of care (prednisolone). Both Anakinra and Parthenolide significantly reduced IL1 family
of cytokines compared to prednisolone. IL1 cytokines are known modulators of inflammation and
their activation depend on the action of a mature inflammasome. Additionally, parthenolide was
effective in reducing other cytokines (other than IL1 cytokines) that are associated with hyper

inflammation in paradoxical TB-IRIS compared to prednisolone.

While parthenolide is potent and shows remarkable inhibition in our ex vivo cell culture model, it
has not been evaluated in clinical trials. Anakinra on the other hand is a biologic that has been
extensively tested across different inflammatory conditions and has been approved by the Food
and Drug Administration. This makes it a suitable anti-inflammatory candidate, with a known
safety profile, that could potentially be repurposed for the treatment or prevention of paradoxical

TB-IRIS.

8.5 Conclusions

This thesis included the largest transcriptomic study conducted in patients who developed
paradoxical TB-IRIS to investigate the cellular and molecular mechanisms that underpin the
pathophysiology of paradoxical TB-IRIS. The prospective nature of the study allowed us to
address knowledge gaps regarding the immune signaling that potentially precede the
manifestations of paradoxical TB-IRIS. Prior to ART, patients who developed TB-IRIS later were
characterized by impaired neutrophil degranulation, inflammation and recovery from metabolic
dysfunction prior to the initiation of ART. Across the studies, at the week 2 which coincides with
the median onset of paradoxical TB-IRIS, patient samples were characterized by neutrophilia,
neutrophil degranulation, reconstitution of the CD4 lymphocyte compartment, Type I and II
interferon signaling, and IL1 family of cytokine signaling which specifically implicates

inflammasome mediated pathology in TB-IRIS. The use of prednisone for prevention of
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paradoxical TB-IRIS had an effect of inducing epigenetic changes related to remodeling of the
cellular cytoskeleton as well as the extracellular matrix which control the behavior of cells.
Corticosteroids like prednisone have been shown to reduce the degranulation of neutrophils and it
is expected that a higher dose of prednisone could potentially reduce the incidence of paradoxical

TB-IRIS significantly.

Together, these findings support a model of paradoxical TB-IRIS pathogenesis where early post-
ART changes in neutrophil trafficking, and degranulation, as well as activated and exuberant Mtb-
specific IFNy+ CD4 T cell recovery, lead to hypercytokinemia mediated through the
inflammasome and resulting in systemic and local inflammation. Given the downstream
consequences of phagocyte activation, Th-1 lymphocyte recovery and cytosolic recognition of
danger and pathogen associated molecular patterns via the inflammasome following ART in
persons with disseminated TB, the production of IFNy, IL-12, IL-1f and other proinflammatory
cytokines, likely together cause the excessive inflammatory response that is characteristic of
paradoxical TB-IRIS. Consistent with this, specific inhibition of the inflammasome was associated

with significant reduction of several proinflammatory cytokines including IL-1f and IL-1a..

This data can be used to develop a biosignature that can potentially be used to identify individuals
who are at high risk of developing paradoxical TB-IRIS for targeted prevention as well as for

developing a biosignature that can diagnose individuals with paradoxical TB-IRIS.

8.6 Future directions

The use of systems biology approaches to explore the immune mediators of paradoxical TB-IRIS
provides numerous avenues for selecting future therapeutics and predictive algorithms which can
have real impact on the clinical outcomes for patients who develop paradoxical TB-IRIS.
Peripheral blood is easily accessible and was used to study the mechanism associated with the
pathogenesis of paradoxical TB-IRIS in humans. However, clinical manifestations are often

localized and whole blood responses may not represent tissue/organ level immune responses.

In chapter 4, transcription factor profiling of functional Mtb-specific CD4 lymphocytes in

peripheral blood mononuclear cells revealed no significant differences between cases and controls.
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However significantly higher frequencies in bulk CD4 lymphocytes were observed in patients that
developed paradoxical TB-IRIS compared to those who did not, at median onset of clinical
manifestations. Since bulk CD4 T cells encompasses all CD4 lymphocyte subsets, future studies
can advance this study by conducting similar transcription factor profiling in memory subsets of
CD4 T cells using more patient samples. The premise for this is Eomes expression could increase

as CD4 lymphocytes gain memory phenotype.

As has been noted in other studies, specific CD4 T cell clonotypes may be preferentially expanded
during TB disease. Since reconstitution of the CD4 lymphocyte compartment is a defining feature
of paradoxical TB-IRIS, it is possible that specific Mtb-specific clonotypes are preferentially
expanded in paradoxical TB-IRIS and thereby contributing to disease. Single cell RNA
sequencing, sequencing the TCR of Mtb-specific CD4 lymphocytes in conjunction and spatial
transcriptomics workflows could be used successfully to study CD4 clonotypes that are selectively

expanded [597].

Neutrophils were implicated in the pathogenesis of paradoxical TB-IRIS. Additionally, aberrant
inflammasome activation is likely one of the mechanisms that mediate pathology in people that
develop paradoxical TB-IRIS. In chapter 7, specific inhibition of the inflammasome reduced
markers of inflammation in an ex vivo cell culture model. It has been established that neutrophils
express the inflammasome more than other antigen presenting cells [598]. Future studies should
consider advancing this work by isolating neutrophils in patients that develop paradoxical TB-
IRIS and evaluating the inhibition of the inflammasome directly on neutrophils instead of using
peripheral blood mononuclear cells. Also, future phase I clinical trials could be conducted to assess

the appropriate dosage and safety of parthenolide in healthy volunteers.

Moreover, the exact mechanisms of inflammasome inhibition by the candidate drugs used in this
study remain obscure. To study their exact mechanism of action, future studies can pick up on the
ex vivo cell culture experiments by collecting cell culture pellets and lysing them for RNA
extractions. RNA sequencing could be performed on the RNA extracts and pathway analysis
carried out to investigate biological pathways or signaling cascades that are modulated by each

inhibitor.

Finally, a major impediment in understanding cellular and biological mechanisms underpinning

the pathogenesis of paradoxical TB-IRIS is the lack of clinical specimen at the site of clinical

367



manifestation. Tissues release DNA which can be recovered in plasma and is called cell free DNA.
The field of oncology has successfully established protocols and workflows for studying gene

expression at the site of disease by sequencing cell free DNA.

Adapting similar workflows and technologies to study gene expression at the site of clinical
manifestation in people who develop paradoxical TB-IRIS is ideal, and promises to advance the
agenda of unravelling the mechanisms of TB-IRIS pathogenesis [599, 600]. Future studies should

explore this technique to gain better insights about gene expression at tissue level.
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