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Abstract

In this thesis, | assess the effect of prednisone on immunopathology and pulmonary
function in HIV-associated tuberculosis and tuberculosis-associated immune reconstitution
inflammatory syndrome (TB-IRIS). | do this using data collected during the PredART trial.
This randomized, double-blind, placebo-controlled trial showed that a 28-day course of
prophylactic prednisone in adult patients identified as being at high risk for paradoxical TB-
IRIS reduced the incidence of paradoxical TB-IRIS by 30%, without an excess of adverse
events.

Chapter one

In this introductory chapter, | review general aspects of HIV, tuberculosis, and HIV-
associated tuberculosis. Thereafter, | focus on paradoxical TB-IRIS, with an emphasis on
what is known about its immunology. | discuss the use of prednisone in the treatment of
tuberculosis and the possible effect of leukotriene A4 hydrolase (LTA4H). | review lung
function impairment in tuberculosis and TB-IRIS. Since all data used in this thesis were
collected during conduct of the PredART trial, as substudies that | conducted, | provide
background to this trial in the introduction.

Chapter two

The diagnosis of paradoxical TB-IRIS relies on characteristic clinical features that have been
synthesized by the International Network for the Study of HIV-associated IRIS (INSHI) as a
case definition. There is no confirmatory laboratory test. In chapter two, | report a study in
which | applied latent class analysis to model a potential gold standard case definition for
TB-IRIS, using data from 217 participants in the PredART trial. | used the model-predicted
probability of TB-IRIS for each participant to assess the performance of the INSHI case
definition and compare its diagnostic accuracy with several adapted case definitions. |
showed that the INSHI case definition identifies TB-IRIS with a sensitivity of 0.77 and a
specificity of 0.86. Amending the case definition by replacing INSHI minor criteria with
objective variables heart rate, temperature, and/or C-reactive protein improved its
sensitivity without loss in specificity. CRP appears to be promising as a test for ruling out TB-
IRIS.



Chapter three

In chapter three, | report a study in which | investigated the associations between
cytokine/chemokine profiles, LTA4H genotype, development of TB-IRIS and use of
prophylactic prednisone. | used stored plasma from 183 PredART participants, taken at
baseline (start of antiretroviral therapy (ART)) and 2 weeks after the start of ART to measure
levels of 31 cytokines and chemokines. | determined /ta4h genotype of 213 PredART
participants using DNA extracted from stored blood. | did not find a difference in cytokine
profiles at baseline between participants who later developed TB-IRIS vs those who did not.
TB-IRIS was associated with an increase in cytokines associated with both the innate and the
adaptive immune system at week 2. Prednisone prophylaxis resulted in a decrease of these
cytokines. lta4h genotype associated with neither the incidence nor the cytokine profile of
TB-IRIS. | was unable to show that the efficacy of prednisone to prevent TB-IRIS is genotype
dependent.

Chapter four

Chapter four provides a comprehensive review of mechanisms of lung damage in
tuberculosis and potential strategies to prevent it. | first review the literature that has
characterised lung damage in human tuberculosis. Next, | give an overview of the different
immune pathways involved in lung damage in tuberculosis, once again focusing on findings
in human tuberculosis and highlighting some of the challenges related to research in this
area. Based on these findings, | discuss the potential of certain registered medications to
serve as host-directed therapies to reduce lung damage and review the available evidence
for their use. This chapter serves as an introduction to chapter five, in which | describe a
lung function substudy conducted within the PredART trial.

Chapter five

Chapter five focusses on study of lung function impairment during and after completion of
treatment for HIV-associated tuberculosis. | determined the prevalence of lung function
abnormalities in patients with HIV-associated tuberculosis and CD4 counts < 100 cells/ul and
assessed the effect of prophylactic prednisone and the development of paradoxical TB-IRIS
on lung function impairment. | performed spirometry, six-minute walk test, and chest
radiography at baseline (week 0), week 4, 12, and 28 in 153 participants of the PredART
trial. | found residual pulmonary impairment to be common in HIV-associated tuberculosis
but did not find an effect of either prophylactic prednisone as used in our study or the
development of TB-IRIS on long term pulmonary outcomes.



Chapter six

In chapter six | summarize the findings of the studies, draw broad conclusions from across
the studies presented and provide recommendations for future research in these areas.



Introduction

Tuberculosis (TB) has been present throughout known human history and Mycobacterium
tuberculosis may have killed more persons than any other microbe. Early forms of
Mycobacterium tuberculosis were already present in East Africa 15,000 or more years ago
[1]. In the centuries that followed, tuberculosis spread around the world. It has been found
in Egyptian and Peruvian mummies, dating back to 2400 BC [2, 3] and was first described in
reports originating from India and China, between 3300 and 2300 years ago. Tuberculosis
was recognized as “phthisis” in ancient Greece, “tabes” in ancient Rome, and
“schachepheth” in ancient Hebrew. It was widespread in Europe in the 17™ and 18
century, known as “the white plague” and “the captain among these men of death”, causing
up to 25% of all deaths. In 1843 Johann Schonlein gave tuberculosis its current name.

* This term, Tuberculosis, has been employed by Miiller, Rokitansky, Vogel,
Gluge, and other writers, mostly of the German schools, in order to designate the
presence of that morbid process which consists in the formation of tubercles in
various textures and organs of the animal body. The term has been formed by
no means according to the classical rules of etymology. The word is derived
from a Latin diminutive by adding a Greek termination, and is consequently a
hybrid production. In the formation of such a term, one of two courses ought
to have been followed ;—either to add to the Latin root the Latin termination, or,
if it were deemed necessary to have a Greek termination, to annex that to a Greek
root. In the first case, the ordinary term T'uberculatio might have answered suffi-
ciently well. In the second, the analogous Greek term 7'yroma would have given
the word Tyromatosis. After giving these explanations, however, we give the
epithet used by the patrons of the etymology.

Footnote to Physiological-Pathological Researches on Tuberculosis by Dr. H. Lebert, Edingb Med Surg J 1848

Less is known about the early history of tuberculosis in South Africa. Some speculate the
Dutch settlers introduced the disease to the Cape in 1652. Outbreaks occurred but were
isolated and the disease remained rare. It was not until the end of the 19*" century that
tuberculosis began to spread more rapidly: the favorable climate of South Africa attracted
people suffering from tuberculosis-burdened Europe and the discovery of diamonds and
gold led to rapid urbanization.

In 1904 tuberculosis was made a notifiable disease in the Cape. Tuberculosis notifications in
Cape Town alone ranged between 350 - 550 / 100,000 people per year between 1910 and
1945. They decreased after the introduction of antituberculosis therapy, but never got
below 250 / 100,000 people per year [4].



HIV has a much shorter history than tuberculosis. It became known to the world in 1981,
when the first AIDS cases were reported among men who have sex with men in Los
Angeles and New York [5]. However, it is believed that HIV originates from Kinshasa in the
Democratic Republic of Congo around 1920 and spread from there to the rest of the
continent and the world [6]. In South Africa, the first two described patients with HIV date
from 1982 [7]; both were men who have sex with men who had recently spent time in the
US. The incidence of HIV rose sharply in the following years [8] but the epidemic was
largely confined to men having sex with men, foreign mine workers and patients with
hemophilia. In the early 1990s however, heterosexual and mother-to-child transmission
took over as the main transmission routes. HIV incidence kept rising until an estimated
550,000 new cases per year at the end of last century [9]. Currently, South Africa is the
country with the highest numbers of people with HIV: of the almost 38 million people living
with HIV at the end of 2018 worldwide [10], 7.7 million (20%) live in South Africa [9].

The HIV epidemic is a major factor driving the tuberculosis epidemic in South Africa: the
incidence of tuberculosis (in Cape Town) doubled between 1990 and 2010 [4]. Tuberculosis
incidence in South Africa is estimated at 519 / 100,00 people in 2018, also one of the
highest in the world [11] .

HIV-associated tuberculosis

Globally, of the estimated 10 million people who fell sick with tuberculosis in 2018, 9%
were HIV positive [11]. In South Africa, however, the HIV-tuberculosis co-infection rate is
as high as 60%. Diagnosis of tuberculosis in people with HIV remains difficult because of
the often-atypical presentation and the low mycobacterial load in sputum. At the same
time, tuberculosis progresses more rapidly in the presence of HIV co-infection and
remains the leading cause of death in this patient population. Treatment of HIV-associated
tuberculosis poses several challenges, including drug-drug interactions, shared side effects
of medication and paradoxical tuberculosis-associated immune reconstitution inflammatory
syndrome (TB-IRIS). The first two are beyond the scope of this introduction, the latter forms
the topic of this thesis. Initially, these factors caused clinicians to delay antiretroviral
therapy in patients on treatment for tuberculosis. However, several clinical trials in the past
15 years have shown that early ART initiation (within 4 weeks after starting antituberculosis
therapy) reduced mortality by about 30% compared with delayed ART (8-12 weeks after
starting antituberculosis treatment) in patients with a low CD4 count [12, 13]. Therefore,
ART initiation should not be delayed in patients with a CD4-count less than 50/ul. However,
this increases the risk of TB-IRIS.

People with HIV have an increased risk of developing tuberculosis disease. The most obvious
reason for this is a decrease in CD4 cells. CD4+ T-cells and their cytokines (TNF-a and IFN-y)



are essential in controlling TB, as demonstrated by animal studies in mice lacking IFN-y or
TNF-a and macaques with depleted T-cells [14-16]. CD4+ T-cells play a role in activating
macrophages as well as in the formation and function of granuloma. However, HIV-co-
infection already increases the risk of TB even before CD4 counts have dropped profoundly.
Possibly, early HIV infection specifically depletes Mtb-specific CD4+ T-cells due to their high
expression of CCR5 or alters T-cell phenotype to generate a suboptimal response.
Alternatively, HIV affects the innate immune response. HIV affects neutrophil function and
inhibits macrophage apoptosis in response to Mtb infection and could affect antigen
presentation by dendritic cells [17].

Mtb infection also affects the course of HIV. Proinflammatory cytokine production by innate
immune cells and activation of macrophages in response to Mtb may increase HIV
replication and progression of disease [17].

Paradoxical tuberculosis-associated immune reconstitution
inflammatory syndrome

“I was told that it’s a virus that occurs when you are eating ARVs and you combine them
with TB treatment. They react when they come together. So, this is the virus that came out as
a result of the weakening of one’s immune system.”

Participant SN255, when she was asked to explain what TB-IRIS is.

Incidence and risk factors of TB-IRIS
A systematic meta-analysis in 2015 showed paradoxical TB-IRIS complicates treatment of

HIV-associated tuberculosis in 18% (95% Cl 16-21%) [18]. More recent cohorts prospectively
following adult patients with HIV-associated tuberculosis starting ART find similar incidences
of TB-IRIS between 9.8% and 59% [19-22]. However, one study in which 20 patients with
active tuberculosis starting ART were followed prospectively in Gabon found no cases of TB-
IRIS [23].

There are several risk factors for TB-IRIS. Low CD4 count and high viral load are identified in
several prospective studies, including randomized controlled trials, although in two more
recent prospective cohorts [19, 21] baseline CD4 count did not differ between patients who
did or did not develop TB-IRIS. A short interval between the start of antituberculosis therapy
and ART is another well-established risk factor: the risk of TB-IRIS more than doubles in
patients starting ART early (up to 4 weeks) compared to those starting late (8-12 weeks).
These findings come from two meta-analyses of randomized controlled trials on the optimal
time to start ART after initiation of anti-tuberculosis therapy in patients with HIV- associated
tuberculosis that report combined relative risks of TB-IRIS of 2.19 (95% Cl 1.77-2.20) and
2.31 (95% Cl 1.82-2.86) for early versus late ART initiation [12, 13]. High mycobacterial load,



associated with extrapulmonary tuberculosis and reflected in a positive urine
lipoarabinomannan (LAM), is also associated with TB-IRIS [18, 24-26].

Diagnosis and treatment of TB-IRIS
TB-IRIS presents as new, recurrent, or worsening signs or symptoms of TB. The most

commonly reported features are fever; respiratory symptoms, like cough or shortness of
breath; and lymph node involvement. Neurological features or serositis are less common.
TB-IRIS typically presents within the first four weeks after starting ART but has been
recorded to occur after three months or even longer. Symptoms last on average 1-3
months, but mild cases lasting only a few days as well as prolonged clinical courses (for
more than one year) have been described [18, 27], the latter especially in patients with
lymph node involvement [28]. TB-IRIS requires hospitalization in 25% of the patients.
Mortality is uncommon (2%) [18], although central nervous system TB-IRIS carries a much
higher mortality risk (13%) [29, 30].

The diagnosis of TB-IRIS is largely based on its characteristic clinical presentation; there is no
confirmatory laboratory test. The International Network for the Study of HIV-associated IRIS
(INSHI) consensus case definition is used to diagnose TB-IRIS [27]. It requires a diagnosis of
tuberculosis with an initial positive response to treatment, characteristic clinical features
(such as new or enlarging lymphadenopathy, constitutional, respiratory or abdominal
symptoms, or new or worsening radiological features), and exclusion of alternative
explanations for clinical deterioration and is summarized in Panel 1.1. It is designed for use
by both clinicians and researchers in a variety of settings and has been validated in several
studies [31-33].

Ever since the first reports on paradoxical worsening of tuberculosis after starting ART in the
late 1990s, treatment of TB-IRIS with anti-inflammatory therapy like prednisolone [34] or
oxpentifylline [35] has been taking place and administration of short-term steroids that
suppress the enhanced immune response while continuing antituberculosis therapy and
ART has been recommended [36]. However, it was not until 12 years later that the efficacy
of prednisone to treat TB-IRIS was supported by data from a randomized controlled trial
[37]: treatment with prednisone (1,5 mg/kg for 2 weeks, followed by 0.75 mg/kg for 2
weeks) was shown to reduce symptoms and the need for hospitalization and interventions.
Other anti-inflammatory drugs have been used to treat TB-IRIS. Non-steroidal anti-
inflammatory drugs (NSAIDs) inhibit the conversion of arachidonic acid into pro-
inflammatory prostaglandins. Their use has been described in TB-IRIS [38-40], but scientific
evidence for efficacy is lacking. There are case reports describing successful treatment of
TB-IRIS in individual patients with the TNF-a inhibitor infliximab [41, 42]; clinical trials are
needed before we can conclude these drugs are effective and safe in patients with HIV-
associated tuberculosis.
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(A) Antecedent requirements

Both of the two following requirements must be met:
e Diagnosis of tuberculosis
e Initial response to tuberculosis treatment

(B) Clinical criteria
The onset of TB-associated IRIS manifestations should be within 3 months of ART (re)initiation or regimen change
because of treatment failure. Of the following, at least one major or two minor criteria are required:
Major criteria
. New or enlarging lymph nodes, cold abscesses, or other focal tissue involvement
. New or worsening radiological features of tuberculosis
. New or worsening central nervous system tuberculosis
o New or worsening serositis
Minor criteria
. New or worsening constitutional symptoms such as fever, night sweats or weight loss
. New or worsening respiratory symptoms such as cough, dyspnea, or stridor
. New or worsening abdominal pain accompanied by peritonitis, hepatomegaly, splenomegaly or abdominal
adenopathy

(C) Alternative explanations for clinical deterioration must be excluded if possible
. Failure of tuberculosis treatment because of tuberculosis drug resistance
. Poor adherence to tuberculosis treatment
o Another opportunistic infection or neoplasm
o Drug toxicity or reaction

PANEL 1.1 - INSHI case definition for paradoxical tuberculosis associated IRIS [27]

Two double-blind randomized, placebo-controlled studies have assessed strategies to
prevent TB-IRIS in adults. Both studies included ART naive patients with a CD4 count <100
cells/ul; the diagnosis of IRIS was adjudicated by independent committees. The CADIRIS
(CCR5 Antagonism to Decrease the Incidence of the Immune Reconstitution Inflammatory
Syndrome in HIV infected Patients) trial [22] assessed the efficacy of the CCR5 blocker
maraviroc in reducing all IRIS, including TB-IRIS, with time to an IRIS event by 24 weeks as
the primary outcome. 276 participants were randomized to receive either maraviroc (600
mg twice daily) or placebo in addition to standard ART for 48 weeks. Sixty-four participants
had a known tuberculosis infection at baseline. Seventeen participants developed
paradoxical TB-IRIS; no difference in proportion of TB-IRIS was found between the
maraviroc and the placebo arm. The PredART trial [43] assessed the efficacy and safety of
prophylactic prednisone in preventing TB-IRIS in patients who are identified as being at high
risk for paradoxical TB-IRIS. This trial forms the context of this thesis and will be discussed in
detail below.

Pathogenesis of TB-IRIS
French et al describe in 1990 that zidovudine therapy in patients with HIV restores

cutaneous delayed-type hypersensitivity reactions against mycobacterial antigens, “which in
some cases is so extreme that a ‘hypersensitivity reaction’ occurs, resulting in fevers and
tissue inflammation” [44]. After the introduction of combination ART, more reports of

11




patients with paradoxical worsening of tuberculosis after starting ART were described [34,
35, 45]. The reactions coincided with improved CD4 lymphocyte counts, decreases in plasma
HIV load, and strongly positive purified protein derivate test reactions. It was therefore
hypothesized that restoration of mycobacteria specific T cell response played an important
role in the pathogenesis of TB-IRIS. Indeed, it was shown interferon-y (IFN-y)-producing Th1
cell numbers increased sharply during paradoxical TB-IRIS [46-50]; especially effector
memory-type Th1l cells [51, 52]. However, this expansion was not present in all IRIS patients
and also occurred in patients without TB-IRIS [40, 47, 53, 54], making it unlikely the relation
is causal. Other T-cells, like regulatory T cells, y& T-cells and invariant natural killer T-cells
have also been implicated in the pathogenesis of TB-IRIS, although findings differ between
studies [47, 55-58].

A well characterized feature in TB-IRIS is hypercytokinemia [59]. Various studies found
increased levels of chemo- and cytokines in plasma or supernatant of stimulated PBMCs [21,
48, 60-67]. Early reports suggest an imbalance between inflammatory and regulatory
cytokines [68] could underlie IRIS. However, the immunoregulatory and anti-inflammatory
interleukin (IL)-10 was also increased in many patients with TB-IRIS [69].

As many of the cytokines found to be increased are of myeloid origin [60, 66], more recently
attention has shifted to the role of the innate immune system in TB-IRIS. Transcriptomic
analysis of whole blood of patients with TB-IRIS indeed identified the differential expression
of innate immune mediators including toll-like receptor signaling and inflammasome
activation, compared with control patients . Inflammasomes are a group of intracellular
multimeric protein complexes that assemble in response to pathogen-associated or danger-
associated molecular patterns. Their activation has been associated with TB-IRIS [67, 70].
Their assembly leads to activation of caspases, which in turn generate the pro-inflammatory
IL-1B and IL-18. They are predominantly present in monocytes and macrophages.

12



TNF-o
TNF-a

IL-6

inflammasome

cxcRa assembly

CcRs
activted macrophage

o
o
) . Sl
masome, o IFN- -
assembly. @ o i
118 ®

[cos .. 0
M
0  high mycobacterial load

exhausted chronic infection

TNF-a
TNF-a

IL-6
IL-6

inflammasome.

assembly inflammasome
assembly

IL-1
y -1

0
{CDB .. .

. . high mycobacterial load
exhausted . chronic infection exhausted .

FIGURE 1.1 — Monocytes in TB-IRIS

For explanation, see text

It is hypothesized that monocyte activation may lead to hypercytokinemia and excess
inflammation in TB-IRIS — see Figure 1.1. Classically activated monocytes/macrophages
require two signals to become activated: recognition of the microorganism (1), in this case
Mycobacterium tuberculosis, which primes the cells for further activation, followed by IFN-y
stimulation (2), needed to fully activate the cells. Both HIV and tuberculosis infection affect
monocytes. Their function is dysregulated by CXCR4 and CCR5 receptor triggering on their
surface by HIV viral antigens [71] and the absence of IFN-y-producing CD4+ T-cells needed
to fully activate macrophages (4), resulting in an uncoupling of the innate and the adaptive
immune system [72]. Moreover, long-term tuberculosis infection and/or high mycobacterial
load can lead to exhaustion of subsets of NK and CD8+ T cells (3), contributing to further
lack of IFN-y signaling [73]. When both infections occur simultaneously in one patient,
Mycobacterium tuberculosis still primes macrophages, but activation is incomplete in the
presence of HIV viral antigens and the lack of IFN-y (4). ART lowers HIV viral load, restoring
the monocyte dysregulation by HIV viral antigens (5); indeed, suppression of HIV viral load
leads to more tumor necrosis factor (TNF)-a and IL-6 secretion (6) by monocytes [61]. Only
a few CD4+ T-cells are then needed to fully activate monocytes. This hypothesis explains the
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risk factors identified for TB-IRIS: low CD4 count, high HIV viral load, and high mycobacterial
load and short interval between the start of antituberculosis treatment and the start of ART.

Other innate immune cells may also be involved: increased natural killer cell activation and
degranulation activity have been associated with TB-IRIS [74, 75]; and neutrophils were
found to be increased, activated [76] and present at the site of disease [76, 77]. Moreover,
matrix metalloproteinases - a family of proteolytic enzymes whose primary function is
degradation of the extracellular matrix, but are also involved in tissue repair, remodeling
and modulation of the immune response — appear to play an important role in tissue
damage in TB-IRIS [19, 78, 79], especially MMP-8.

Other forms of IRIS

Unmasking TB-IRIS occurs when TB was not diagnosed before ART initiation. Patients
present with an acute inflammatory form of TB within 3 months after ART initiation.
Unmasking TB-IRIS occurs in 1-6% of patients starting ART in sub-Saharan Africa. It presents
with inflammatory TB symptoms, like lymphadenitis, weight loss, meningism, abscesses or
respiratory failure. Risk factors are - like in paradoxical TB-IRIS - a low CD4 count and a high
viral load. Moreover, signs of subclinical TB such as anemia, weight loss, and high CRP are
predictive of developing unmasking IRIS. There are no specific therapeutic interventions for
unmasking TB-IRIS. Guidelines advise continuation of ART; sometimes corticosteroids are
used to control severe inflammatory manifestations [80].

Pathogens other than TB are also associated with IRIS. The most common ones are non-
tuberculous mycobacteria, Cryptococcus, and various viruses.

Mycobacterium Avium (MAC) was responsible for IRIS in 7.3% of participants starting ART in
a large multi-country prospective cohort study; is it likely to be lower in patients with a
higher CD4 count. Most of these cases were unmasking MAC-IRIS, presenting with fever,
lymphadenopathy, or pulmonary disease, on average 7-8 weeks after ART initiation.
Treatment of MAC-IRIS consists of treating the underlying infection, possibly combined with
corticosteroids [81].

Cryptococcal IRIS occurs in about 20% of patients on treatment for cryptococcal disease
starting ART [82]. It presents on average 1-10 months after ART initiation as either
worsening of previously diagnosed cryptococcal disease or as an unmasking IRIS. Most cases
present with meningeal signs and symptoms, but other central nervous system
manifestations, skin manifestations, lymphadenopathy and pulmonary disease can also
occur [83]. There are no clear guidelines for treatment of cryptococcal IRIS, but
management with therapeutic lumbar punctures and immunosuppressive treatment like
NSAIDs and corticosteroids has been described [84].
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Various viruses, like herpes simplex virus, varicella zoster virus and molluscum contagiosum
virus - mostly related to mucocutaneous conditions - are associated with IRIS. Human
herpes virus-8 (HHV-8) is the underlying cause of Kaposi sarcoma (KS). KS-IRIS occurs in 7-
31% of patients starting ART, usually within the first 12 weeks. It presents with either
enlargement of existing lesions or rapid development of new lesions. Treatment includes
chemotherapy. ART should be continued; corticosteroids are contra-indicated [85].

Corticosteroids in tuberculosis

Corticosteroids have long been used as adjunctive treatment in tuberculosis, recognizing
that the host immune response against Mycobacterium tuberculosis contributes to the
pathology [86]. Their use is proven beneficial in the treatment of tuberculous meningitis
(TBM) [87], pericardial tuberculosis [88], and paradoxical TB-IRIS [37]. For pulmonary
tuberculosis, a Cochrane review including 18 studies found no evidence that corticosteroids
affects all-cause mortality (RR 0.77, 95%Cl 0.51 - 1.15) or sputum culture conversion rate
(RR 1.03, 95%CI 0.97 - 1.09) [89]. However, in only five of these studies, rifampicin-
containing tuberculosis treatment was used; only one study included HIV co-infected
patients. In the latter study, sputum culture conversion rate was significantly faster in
patients using prednisone during the first two months of antituberculosis treatment,
compared to patients not using steroids [90]. This was in a group of patients not on ART,
with CD4 counts above 200 cells/ul and an initial prednisone dose of 2.75 mg/kg/day. A
meta-regression analysis, examining the relationship between corticosteroid dose and
sputum culture conversion, found that adjunctive steroid treatment does accelerate sputum
tuberculosis culture conversion; however high doses (134 mg prednisone daily) for an
extended period (2 months) are required to reach clinically relevant outcomes [91]. The
underlying mechanism is unclear. It has been suggested that corticosteroids may improve
drug penetration into lung lesions and enhance antimicrobial drug action by promoting
bacillary aerobic metabolic activity [92].

In tuberculous meningitis, a Cochrane review including nine studies conducted between
1969 and 2009 found corticosteroid use was associated with 25% fewer short- and medium-
term deaths (RR 0.75, 95% Cl 0.65 - 0.87) [87]. Of these nine trials, however, again only one
study included patients co-infected with HIV [93]. Although not powered to assess efficacy
in this subgroup of patients, the authors found no significant effect of dexamethasone on
death or the combined endpoint of death and disability in HIV infected patients with
tuberculous meningitis. Its safety and efficacy are currently being assessed in a randomized
trial limited to HIV infected patients [94].

Pericardial tuberculosis has also been the topic of a recent Cochrane review [95]. Six studies
conducted between 1959 and 2014 were included that assessed the effect of
corticosteroids. The authors concluded that in patients not infected with HIV,
corticosteroids may reduce all-cause mortality (RR 0.88, 95% Cl 0.59 - 1.09) and death from
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pericarditis (RR 0.39, 95% Cl 0.19 - 0.80). Again, in patients co-infected with HIV they found
no clear evidence for such effect of corticosteroids (RR 0.91, 95%Cl 0.34 — 2.24 for all-cause
mortality; RR 1.07, 95% Cl 0.46 — 2.54 for death from pericarditis)); corticosteroids may
reduce pericardial constriction in this group (RR 0.55, 95%Cl 0.26 — 1.06). It must be noted
that only 1 in 5 patients co-infected with HIV was on ART.

The role of corticosteroids in the treatment of TB-IRIS has been discussed above.

A recent study suggests that the efficacy of corticosteroids as adjuvant treatment in
tuberculosis might depend on /ta4h genotype [96]. Leukotriene A4 hydrolase (LTA4H) is an
enzyme that hydrolyses leukotriene (LT) A4 to LTB4, a strong pro-inflammatory eicosanoid
that attracts neutrophils and other immune cells and stimulates production of pro-
inflammatory cytokines [97]. In zebrafish, both over- and underexpression of LTA4H
negatively influences the outcome of mycobacterial infection: overexpression leads to
increased levels of LTB4 resulting in initial improved mycobacterial control, followed by
excessive TNF-a driven inflammation. Underexpression favors production of the anti-
inflammatory lipoxane (LX) A4, resulting in down-modulation of the immune response
necessary to control mycobacterial growth [96]. Both scenarios eventually result in necrosis
of macrophages with release of mycobacteria into the extracellular environment. A single
nucleotide polymorphism (SNP) close to the promotor region of the /ta4h gene is described
to regulate LTA4H activity in humans [98]. The wildtype genotype (CC) is associated with
lower levels of LTA4H, whereas the double mutant genotype (TT) is associated with
increased LTA4H activity. Several studies have evaluated the effect of /ta4h polymorphism
on the outcomes of tuberculosis in humans; two of these studies included the efficacy of
corticosteroids in their assessments, with contradicting findings. The initial study, including
patients with TBM from Vietnam, found that treatment with corticosteroids was only
beneficial in those with the hyperinflammatory TT genotype [96]; a later study, assessing
the relation between /ta4h genotype and TB-IRIS, found steroids were effective in treating
TB-IRIS across all genotypes [99].

There are concerns regarding the use of corticosteroids as adjuvant treatment, especially in
HIV co-infected patients: excess of Kaposi’s sarcoma and other malignancies [88, 100]; a
transient increase in HIV viral load [90]; worsening of underlying hypertension, fluid
retention and hyperglycaemia [90]; and more reactivation of herpes zoster [101] have all
been described in association with adjuvant corticosteroid use in HIV-associated
tuberculosis, albeit predominantly in patients not on ART. Contrasting these findings, one
study demonstrated fewer severe adverse drug reactions in patients receiving
dexamethasone [93]; in particular, eight cases of severe drug-induced hepatitis occurred in
the placebo group and none in the dexamethasone group.
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The PredART tria

Study design, setting and participants

The PredART trial was a proof of concept, phase lll, randomized, double blind, placebo-

controlled trial of prednisone to assess its efficacy and safety in preventing paradoxical TB-

IRIS in high-risk patients starting ART. Participants were recruited from four different

tuberculosis clinics in Khayelitsha, a township 20 km from Cape Town’s center with an
estimated 500,000 inhabitants. At the time of recruitment, an estimated 16% of its
population was HIV infected [102]; tuberculosis case notification was 917/100,000 per year
and TB/HIV co-infection was 60% (City of Cape Town, 2015). Inclusion and exclusion criteria
are shown in table 1.1. Informed consent was obtained for screening and again for

enrolment for each participant. The protocol was approved by University of Cape Town
Human Research Ethics Committee (HREC 136/2013), Institute of Tropical Medicine (ITM)
Institutional Review Board (882/13), and the Antwerp University Hospital Ethical Committee

(13/20/224).

TABLE 1.1 — Inclusion and exclusion criteria of the PredART trial

Inclusion criteria

Exclusion criteria

HIV-infected

CD4 count <100 cells /ul (in the past 3 months)
ART-naive

Confirmed diagnosis of TB or strong clinical and
radiological evidence of TB with symptomatic response to
TB treatment

On TB treatment for less than 30 days prior to study entry
Eligible for ART and patient consents to start ART within
30 days of starting TB treatment

Written informed consent

Kaposi’s sarcoma
Pregnant
< 18 years old
TB meningitis or tuberculoma at TB diagnosis
Clinical syndrome of pericardial TB at TB diagnosis
Rifampicin-resistant TB
Uncontrolled diabetes mellitus
On corticosteroids for another indication or on any other
immunosuppressive medication within the past 7 days
The following abnormal laboratory values:
Alanine aminotransferase > 200 1U/I
Absolute neutrophil count < 500/mm3
Not on standard intensive phase TB treatment
Poor clinical response to TB treatment prior to ART as
judged by the clinical investigators
Hepatitis B surface antigen positive

ART = antiretroviral therapy; TB = tuberculosis

Study drug and treatment of tuberculosis and HIV

Participants were randomized 1:1 to receive oral prednisone 40 mg daily for 14 days
(started within 48 hours of initiating ART), followed by 20 mg daily for 14 days, or identical

placebo. Tuberculosis was treated at participant’s local clinic following the South African
Department of Health guidelines [103] and consisted of weight-based daily doses of
isoniazid (INH), rifampicin (RIF), pyrazinamide (PZA) and ethambutol (EMB) for 2 months,
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followed by INH and RIF for another 4 months. ART was provided according to the South
African Department of Health guidelines [104], the majority of participants receiving first
line ART consisting of tenofovir (TDF) 300 mg, emtricitabine (FTC) 200 mg and efavirenz
(EFV) 600 mg daily.

Trial procedures

Study visits occurred at screening, enrolment, week 0 (the day the participant starts study
drug and ART), week 1, week 2, week 4, week 8, and week 12. Assessments done at each
visit are summarized in Table 1.2. If the attending clinician suspected TB-IRIS, laboratory
investigations, including a bacterial blood culture, and a chest radiograph were performed.
Outside the scheduled visits, participants could attend for unscheduled visits, if they
experienced symptomatic deterioration or if deemed necessary by the attending clinician.

TABLE 1.2 - Schedule of events

Study visit Scr Enr Wk o0 Wk 1 Wk 2 Wk 4 Wk 8 Wk12 Uuv
ART day 0 7+4 14+4 28+4 56+4 84+7 Notspecified
Document HIV status X

Screening ICF X

Enrolment ICF X

Study drug dispensed X X

Symptoms? X X X X X X X X X
Karnofsky score X X X X X X X X
Pill countt X X X X X X
HR-QoL assessments X X X
Examination X (x) X X X X X X X
Laboratory investigations® X (x) X X X X (x)
CD4 count, HIV viral load X X

Serum HBsAg

Serum CrAg

Urinary pregnancy test X (x) (x) (x) (x) (x) (x) (x) (x)

Storage bloods and X X X X If IRIS

immunology assays suspected

Storage urine X X If IRIS
suspected

Chest radiograph (x) X If IRIS
suspected

Sputum Xpert MTB/RIFY, TB  x X X

culture and DST

Initiate ART X

Scr = screening visit; Enr = enrolment visit; UV = unscheduled visit; ART = antiretroviral therapy; ICF = informed consent
form; HR-QolL = health-related quality of life; HBsAg= hepatitis B surface antigen; CrAg = cryptococcal antigen; TB =
tuberculosis; DST = drug sensitivity testing; x = performed; (x) = if clinically indicated @ This includes all symptoms, and
specific screening for adverse events and TB-IRIS; b ART and study drug during week 1-4, ART thereafter; ¢ Full blood
count with leucocyte differentiation, sodium, potassium, creatinine, glucose, alanine aminotransferase, alkaline
phosphatase, C-reactive protein; 9 Cepheid, Sunnyvale, CA, USA
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For participants with ongoing TB-IRIS at week 12, follow-up was extended in order to
ascertain the end date of TB-IRIS. During the course of this trial, results of the Investigation
of the Management of Pericarditis (IMPI) trial [88] became available, showing an increased
incidence of cancer in patients with HIV-related tuberculosis pericarditis prescribed
prednisolone, compared to those prescribed placebo. On the basis of these results, we
added one visit at week 28 and a telephonic follow-up at one year to monitor for HIV-
related cancers. All other analyses remained restricted to data obtained over 12 weeks.
When TB-IRIS was suspected, investigations mentioned above were performed with the
main aim to exclude alternative causes of clinical deterioration. Adherence to ART,
tuberculosis treatment and trial medication was also assessed using pill counts. If TB-IRIS
was diagnosed, the study drug could be stopped and open label prednisone started, at a
starting dose of 1.5 mg/kg/day, which was weaned over 4 weeks or longer depending on
clinical response. The decision to treat with open label prednisone was made by the trial
doctor.

Endpoints

The primary endpoint was the development of paradoxical TB-IRIS within 12 weeks of
starting ART, defined using the International Network for the Study of HIV-associated IRIS
(INSHI) consensus case definition [27]. This was adjudicated by a committee of three clinical
experts not active at the clinical site who were given access to all clinical, laboratory data,
and digital chest radiographs (CXR) and reports of other radiographic studies. They also

TABLE 1.3 — Secondary study endpoints

Secondary efficacy endpoints Secondary safety and tolerability endpoints

Time to TB-IRIS event from start of ART Corticosteroid-associated adverse events?

Severity of TB-IRIS events (defined by need for Laboratory safety data: glucose, full blood count and
hospitalization, neurological involvement and C-reactive electrolytes

protein) Other infections and malignancies

Duration of TB-IRIS events All grade 1, 2, 3, and 4 adverse eventsP

Mortality attributed to TB and TB-IRIS

All-cause mortality

Composite endpoint of death, hospitalization, or
hepatotoxicity

Other (non-TB) IRIS events

Health-related quality of life assessments¢

Adverse events and severe adverse events ascribed to TB
treatment or ART

Discontinuation of ART or TB treatment for > 5 days due
to adverse events

Number of hospitalizations and total days hospitalized

ART = antiretroviral therapy; TB = tuberculosis 2 These are pre-defined as hypertension, hyperglycaemia,
hypomania/mania, depression, acne, epigastric pain, upper gastro-intestinal bleeding, Cushingoid features, new edema,
and avascular bone necrosis. b Using the DAIDS AE grading table [105] ¢ Using the Patient Reported Outcomes Quality of
Life-HIV (PROQOL-HIV) [106], an adaptation of the HIV-symptom index by Justice [107], and the EQ-5D-3L
[www.euroquol.org]
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accessed TB-IRIS narrative summaries that were written by the trial doctor for any clinical
deterioration after initiation of ART. After completion of the trial, committee members
independently assessed all available information from each participant who experienced
clinical deterioration after initiation of ART. Cases where there was disagreement, were
resolved by consensus between the members.

Secondary endpoints are listed in table 1.3.

Statistical analysis

The primary end point and the secondary efficacy end points were analyzed using the
intention- to-treat approach; secondary safety analyses using the all patients treated
approach. The analysis of the primary end point was performed with the use of the chi-
square test. Secondary end points were analyzed with the use of chi-square, Fisher’s exact,
or Wilcoxon rank-sum tests, as appropriate. Time to event analysis was used to compare
time from the start of ART to TB-IRIS between study arms.

Main study findings

Participants

Between August 2013 and February 2016, 321 participants were screened and 240
randomized to receive either prophylactic prednisone or placebo (Figure 1.2). Two
participants never started ART.

321 screened

81 excluded:

+ 23 HBsAg +

+ 16 not ART naive

+ 11 unable to start ART within 30 days of start
TB-Rx

+ 7 not on standard first line TB treatment

* 24 other
(3 RIF resistant, 3 KS, 3 on corticosteroids, 3 meved out of
area, 2 ALT 200, 2 CD4 >100, 2 no improvement on TB-Rx,

1 neurological T8, 1 no confirmed T8, 1 cryptosporidium, 1
CMV, 1 no venous access, 1 never returmed after screening
visit)

240 randomized

120 prednisone 120 placebo
+ 5death * 4 death

+ 9lost to follow-up + 9lost to follow-up
« 4returned to trial « 4returned to trial
clinic after week 12 clinic after week 12
« 5 never returned A « 5 never returned
106 completed 107 completed
week 12 visit week 12 visit

FIGURE 1.2 — Flow of participants in the PredART trial

Figure adapted from [43].
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Baseline characteristics are summarized in Table 1.4. The median age of participants was 36
(IQR 30 -42), 60% were men, and 73% had microbiologically confirmed tuberculosis; the
median CD4 count was 49 cells / ul (IQR 24 - 86), and the median HIV viral load was 5.5
log10 copies per milliliter (IQR 5.2 - 5.9). Patients had received antituberculosis treatment

for a median of 17 days before starting ART.

TABLE 1.4 — Baseline characteristics

Prednisone arm (n=120)

Placebo arm (n=120)

Age (years) 36 (31-42) 36 (29-42)
Male sex 71 (59.2%) 73 (60.8%)
Body mass index (kg/m2) 21 (19-24) 21 (19-24)
CD4 count (cells/ul) 51 (27-84) 49 (23-88)
HIV RNA (log10 copies/ml) 5.5 (5.2-5.9) 5.6 (5.2-5.9)
Microbiologically confirmed TB? 86 (71.7%) 89 (74.2%)
Hemoglobin (g/dl) 9.7 (8.8-11.1) 9.8 (8.5-10.9)
White cell count (x 109 cells/I) 3.7(2.9-5.1) 3.4 (2.6-5.0)
Neutrophil count (x 109 cells/I) 2.3(1.5-3.1) 2.0(1.4-2.9)
Platelet count (x 109 cells/I) 311 (259-413) 300 (226-396)
Sodium (mmol/l) 136 (134-139) 137 (135-139)
Creatinine (umol/l) 57 (50-66) 59 (50-70)
Total bilirubin (umol/l) 6 (4-7) 6 (4-8)
Alanine aminotransferase (1U/I) 26 (18-38) 28 (20-40)
Alkaline phosphatase (1U/l) 113 (87-149) 115 (91-163)
C-reactive protein (mg/) 10.9 (4.0-30.1) 10.7 (4.6-29.9)
Karnofsky performance score 90 (80-90) 90 (80-90)
Duration TB treatment to ART (days) 16 (15-22) 17 (15-21)

Data are shown as medians (interquartile range) or number (percentage). ART = antiretroviral
therapy; TB = tuberculosis @ Microbiologically confirmed included Mycobacterium tuberculosis
detected on culture or Xpert MTB/RIF assay, or positive acid fast-bacilli on microscopy. Table

adapted from [43].

Primary and secondary end points

In the placebo arm 56/120 (46.7%) were diagnosed with paradoxical TB-IRIS, compared with
39/120 (32.5%) in the prednisone arm (p=0.03; RR 0.70; 95% CI 0.51 - 0.96) (Figure 1.3). The
absolute difference in TB-IRIS incidence was 14.2% (95% Cl 1.9 - 26.4).

The hazard of TB-IRIS was lower in the prednisone arm (hazard ratio 0.61; 95% Cl 0.41 -
0.92) (Figure 2b). The median time to TB-IRIS symptom onset among the 95 participants
diagnosed with TB-IRIS was similar by arm: 8 days in the placebo arm (IQR 4-12) and 10 days
in the prednisone arm (IQR 5-13).
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FIGURE 1.3 Cumulative incidence of TB-IRIS

Left: number of participants with TB-IRIS at week 12. Right: cumulative incidence of TB-IRIS over 84 days. Day 0 is the day
antiretroviral therapy was started. RR = relative risk; HR = hazard ratio; Cl = confidence interval. Figure adapted from [43]

In the prednisone arm, fewer participants fulfilled at least one major INSHI criterion (RR
0.57; 95% Cl1 0.37 - 0.87). Fewer participants were treated for TB-IRIS with open-label
corticosteroids in the prednisone arm (RR 0.47; 95% Cl 0.27 - 0.81). When restricted to the
95 participants diagnosed with TB-IRIS, 34/56 in the placebo arm (60.7%) and 16/39 in the
prednisone arm (41.0%) were treated with open-label corticosteroids (RR=0.68; 95% Cl 0.44
- 1.04, p=0.09). There was no statistically significant difference in any of the other secondary
endpoints.

Lung function during and after tuberculosis

Tuberculosis is a risk factor for lung function impairment. Odds ratios for abnormal
spirometry outcomes in patients with a history of tuberculosis range from 2.13 (95% Cl 1.42
-3.91) t0 3.81 (95% Cl 1.42 - 10.20) compared to those without such a history [108-111].
Both obstructive and restrictive impairment occur. The host immune response is thought to
play an important role in the development of lung tissue damage during active tuberculosis
leading to lung function impairment. Key mediators are matrix metalloproteinases, pro-
inflammatory cytokines, eicosanoids and neutrophils. These immune mechanisms of
parenchymal lung damage are reviewed in chapter 4 of this thesis, including the possibility
of using host-directed therapies to intervene in these processes.

Studies evaluating lung function in patients during and after tuberculosis treatment find
abnormal lung function in 45-87% [112-115], with even higher percentages in multi-drug
resistant tuberculosis [116, 117]. With an estimated 10 million people falling ill with
tuberculosis in 2018 [11], tuberculosis could well be one of the most important causes of
chronic lung disease worldwide. However, little research has been done into post-
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tuberculosis lung disease. Lung function data in patients with HIV-associated tuberculosis
are even more scarce. HIV in itself is a risk factor for - mainly obstructive - lung function
impairment [118-120]. At the same time, several factors suggest that tuberculosis
associated lung damage might be less in patients co-infected with HIV: patients with HIV-
associated tuberculosis and low CD4 counts (CD4 < 200/ul) often present with atypical chest
radiograph (CXR) findings, or even normal CXRs [121]. Moreover, several of the
inflammatory mediators involved in lung damage associated with tuberculosis are
attenuated by HIV co-infection [122, 123]. By contrast, inflammation and inflammatory
mediators are increased during TB-IRIS, suggesting that TB-IRIS could result in more lung
function impairment. Evidence from available studies for both the effect of HIV co-infection
and TB-IRIS on lung function is conflicting. One study assessing post-tuberculosis lung
disease in patients with and without HIV co-infection found less pulmonary impairment in
HIV positive patients [114], but other studies did not find this association between HIV
status and spirometry outcomes [115, 124, 125]. As for TB-IRIS, recent studies suggest TB-
IRIS may cause lung function impairment [79, 126, 127], but in these studies the number of
patients developing TB-IRIS was small. In the first study [79], lung function tests were
performed in 14 patients 2 years after completion of treatment for HIV-associated
tuberculosis. In the three patients that had developed TB-IRIS, lower FEV1 values (FEV1
percentage of predicted 65% vs 79%) as well as a lower FEV1/FVC ratio (FEV1/FVC
percentage of predicted 75% vs 100%) were found compared to the non-IRIS controls. In the
second study [126], 63 patients treated for HIV-associated tuberculosis underwent
longitudinal lung function tests, of whom 23 also underwent 18[F] fluorodeoxyglucose (FDG)
positron emission tomography — computed tomography (PET-CT) scans. More inflammation
on the PET-CT scan associated with worse lung function at baseline (start of ART). An
increase in inflammation over time was seen in the 12 patients that showed a decrease in
lung function between baseline and week 4. Moreover, the authors describe an association
between increased inflammation over time and lower baseline CD4 count, higher baseline
HIV viral load and shorter time interval between the start of anti-tuberculosis therapy and
ART, although only the latter was statistically significant. They reason increased
inflammation may be due to undiagnosed TB-IRIS (only 3 patients developed clinical TB-
IRIS), which may then be associated with impaired lung function. In a third study [127] by
the same authors using the same patient cohort, longitudinal lung function tests were
performed in 101 patients, six of whom developed TB-IRIS. The authors focus on the 50
patients with a significant decline in lung function over time (drop in FEV1 > 100ml) and
describe a ‘substantial virologic decreases and CD4 increases on ART’ (actual data not
available). Reasoning along the same lines as in their previous paper, they suggest a
relation between decrease in lung function and TB-IRIS and state that otherwise
unexplained drops in pulmonary function on ART warrant consideration as an additional
criterion for a TB-IRIS diagnosis. FEV1 at 48 weeks was similar for patients with and without
initial lung function decline.
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Objectives and outline

The main objective of this thesis is to assess the effect of prednisone on
immunopathological mediators and pulmonary function in HIV-associated tuberculosis and
TB-IRIS (chapters 3 and 5). As a secondary objective | evaluated and investigated ways to
validate and enhance the International Network for the Study of HIV-associated IRIS (INSHI)
consensus case definition for paradoxical TB-IRIS [27] (chapter 2).

The diagnosis of paradoxical TB-IRIS relies on characteristic clinical features that have been
synthesized in the International Network for the Study of HIV-associated IRIS (INSHI)
consensus case definition. There is no confirmatory laboratory test. In chapter two, | report
a study in which | applied latent class analysis to model a potential gold standard case
definition for TB-IRIS, using data from 217 participants in the PredART trial. | used the
model-predicted probability of TB-IRIS for each participant to assess the performance of the
INSHI case definition and compare its diagnostic accuracy with several adapted case
definitions. | did the statistical analyses during my stay in Antwerp with the oversight of
biostatistician Dr. Jozefien Buyze and the advice of Dr. Joris Menten. In this chapter, |
describe the diagnostic accuracy of the INSHI case definition and several proposed amended
case definitions. The contents of this chapter have been published as: Stek C, Buyze J,
Menten J, Schutz C, Thienemann F, Blumenthal L, Maartens G, Boyles T, Wilkinson RJ,
Meintjes G, Lynen L. Diagnostic accuracy of the INSHI consensus case definition for the
diagnosis of paradoxical tuberculosis-IRIS. ) Acquir Immune Defic Syndr. 2020 Dec 17. | led
the writing of the manuscript as first author.

In chapter three, | report a study in which | investigated the associations between
cytokine/chemokine profiles, LTA4H genotype, development of TB-IRIS and use of
prophylactic prednisone. | used stored plasma from 183 PredART participants, taken at
baseline (start of antiretroviral therapy (ART) and 2 weeks after the start of ART to measure
levels of 31 cytokines and chemokines. | determined /ta4h genotype of 213 PredART
participants using DNA extracted from stored blood. | have extracted the DNA from the
stored samples and performed the chemo- and cytokine assays under the supervision of Dr.
Muki Shey. Khuthala Mnika conducted the genotyping in the laboratory. | describe the
association between cytokine profiles and TB-IRIS at baseline and week 2, and the effect of
prednisone prophylaxis on cytokine levels. | also describe the association between TB-IRIS,
efficacy of prednisone and LTA4H genotype. | have written the protocol for this substudy,
analyzed the data, and written the results.

Chapter four provides a comprehensive review of the mechanisms of lung damage in
tuberculosis and potential strategies to prevent it. | first review the literature that has
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characterised lung damage in human tuberculosis. Next, | give an overview of the different
immune pathways involved in lung damage in tuberculosis, once again focusing on findings
in human tuberculosis and highlighting some of the challenges related to research in this
area. Based on these findings, | discuss the potential of certain registered medications to
serve as host-directed therapies to reduce lung damage and review the available evidence
for their use. This chapter serves as an introduction to chapter five, in which | describe a
lung function substudy conducted within the PredART trial. The contents of chapter four
have been published; | conducted the literature review for this publication and led the
writing of the manuscript as first author (Stek, C., Allwood, B., Walker, N. F., Wilkinson, R. J.,
Lynen, L., Meintjes, G., The Immune Mechanisms of Lung Parenchymal Damage in
Tuberculosis and the Role of Host-Directed Therapy. Front Microbiol, 2018. 9: p. 2603).

Chapter five describes a study of lung function impairment during and after completion of
treatment for HIV-associated tuberculosis. | determined the prevalence of lung function
abnormalities in patients with HIV-associated tuberculosis and CD4 counts < 100 cells/ul and
assessed the effect of prophylactic prednisone and the development of paradoxical TB-IRIS
on lung function impairment. | have developed the protocol for this substudy. Together with
research worker Nobom Masimini, | performed spirometry and six-minute walk test at
baseline (week 0), week 4, 12, and 28 in 153 participants of the PredART trial. | scored chest
radiographs performed at baseline and week 28 together with Dr. Elsa du Bruyn under the
supervision of Dr. Brian Allwood. Statistical analysis of the data was done in close
collaboration with Dr. Jozefien Buyze. In this chapter, | present the findings of this PredART
substudy, published in Stek C, Allwood B, Du Bruyn E, Buyze J, Schutz C, Thienemann F,
Lombard A, Wilkinson RJ, Meintjes G, Lynen L., The effect of HIV-associated tuberculosis,
tuberculosis-IRIS and prednisone on lung function, Eur Respir J. 2020 Mar 12;55(3).

In chapter six | summarize the findings of the studies, draw broad conclusions from across
the studies presented and provide recommendations for future research in these areas.

All chapters of this thesis are substudies of the PredART trial [43]. | played a central role in
the recruitment and follow-up of the participants on this trial, as well as in the collection,
management, cleaning, and analysis of the data.

The PredART trial was approved by the University of Cape Town Human Research Ethics
Committee (HREC ref nr 136/2013), Institute of Tropical Medicine Institutional Review
Board (IRB nr 882/13), and the Antwerp University Hospital Ethics Committee (UA ref nr
13/02/224). The substudies have been approved by the same ethical committees that
approved the main trial (for the laboratory study: HREC ref nr 136/2013; IRB nr 1246/18; UA
ref nr 18/40/425; for the lung function study HREC ref nr 925/2014; IRB nr 974/14; UA ref nr
14/46/471).
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Diagnostic accuracy of the INSH|
consensus case definition for the
diagnosis of paradoxical tuberculosis-IRIS

Introduction

Paradoxical tuberculosis-associated immune reconstitution inflammatory syndrome (TB-
IRIS) is an immunopathological reaction resulting in new or recurrent TB signs and
symptoms, shortly after starting antiretroviral therapy (ART). It complicates treatment of
HIV-associated tuberculosis (TB) in approximately 18% of cases, with rates more than 50% in
high risk groups, causing significant morbidity [18, 80]. The diagnosis of TB-IRIS is largely
based on its characteristic clinical presentation; there is no confirmatory laboratory test.
The International Network for the Study of HIV-associated IRIS (INSHI) consensus case
definition is used to diagnose TB-IRIS [27]. It requires a diagnosis of TB with an initial
positive response to treatment, characteristic clinical features (such as new or enlarging
lymphadenopathy, constitutional, respiratory or abdominal symptoms, or new or worsening
radiological features), and exclusion of alternative explanations for clinical deterioration —
see Panel 2.1. It is designed for use by both clinicians and researchers in a variety of settings
and has been validated in several studies [31-33]. However, in the absence of a gold
standard, validation was always performed against diagnostic assignment based upon
expert opinion. Having a gold standard for TB-IRIS would allow for a more objective
validation of the INSHI case definition and assessment of the ability of new variables to
improve its diagnostic accuracy.

Latent class analysis (LCA) is a modelling technique that can identify unobserved groups, or
classes, in a population. It has been used and shown utility in several diseases characterized
by the lack of a gold standard, such as latent TB or sepsis [128-132]. LCA divides the
population in two groups: those who have the disease, and those who do not have the
disease. In the absence of a diagnostic standard for the disease, the disease itself cannot be
measured directly. Instead, many clinical signs and symptoms exist, that are each in
themselves imperfect predictors of the disease. These signs and symptoms cluster in
different patterns in different individuals. The observed frequencies of these patterns allow
for the construction of models estimating the prevalence of the disease and the sensitivity
and specificity of each sign or symptom, or combinations thereof.
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(A) Antecedent requirements

Both of the two following requirements must be met:
e Diagnosis of tuberculosis
e Initial response to tuberculosis treatment

(B) Clinical criteria
The onset of TB-associated IRIS manifestations should be within 3 months of ART (re)initiation or regimen
change because of treatment failure. Of the following, at least one major or two minor criteria are
required:
Major criteria

* New or enlarging lymph nodes, cold abscesses, or other focal tissue involvement

* New or worsening radiological features of tuberculosis

* New or worsening central nervous system tuberculosis

* New or worsening serositis
Minor criteria

* New or worsening constitutional symptoms such as fever, night sweats or weight loss

* New or worsening respiratory symptoms such as cough, dyspnea, or stridor

* New or worsening abdominal pain accompanied by peritonitis, hepatomegaly, splenomegaly or

abdominal adenopathy

(C) Alternative explanations for clinical deterioration must be excluded if possible
*  Failure of tuberculosis treatment because of tuberculosis drug resistance
*  Poor adherence to tuberculosis treatment
*  Another opportunistic infection or neoplasm
*  Drug toxicity or reaction

PANEL 2.1: INSHI case definition for paradoxical tuberculosis associated IRIS [27]

We used LCA to generate a surrogate gold standard for TB-IRIS. Next, we used the LCA-
predicted probability of TB-IRIS for each participant to assess the performance of the INSHI
case definition and compare its diagnostic accuracy with several adapted case definitions.
We assessed the ability of additional variables to improve the diagnostic accuracy of the
case definition. Finally, we assessed the ability of C-reactive protein (CRP) as a rule-out test
for TB-IRIS.

Methods

Main trial and setting

We performed a retrospective analysis of data collected in the PredART trial [43]. This
randomized, double-blind, placebo-controlled trial showed that a 28-day course of
prophylactic prednisone in adult patients identified as being at high risk (time between
initiation of antituberculosis treatment and ART < 30 days; CD4 count <100 cells/ul) for
paradoxical TB-IRIS reduced the incidence of paradoxical TB-IRIS, without an excess of
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adverse events. Between August 2013 and February 2016, the trial enrolled 240 participants
from Khayelitsha, Cape Town, South Africa. Their median age was 36, 60% were men, and
their median CD4 count was 49 cells/ul. The primary endpoint of the trial was the
development of TB-IRIS, which was adjudicated by a committee of three clinical experts not
active at the clinical site who were given access to all clinical, laboratory data, and digital
chest radiographs (CXR) and reports of other radiographic studies. They also accessed TB-
IRIS narrative summaries that were written by the trial doctor for any clinical deterioration
after initiation of ART. After completion of the trial, committee members independently
assessed all available information from each participant who experienced clinical
deterioration after initiation of ART. The INSHI consensus case definition was used to
diagnose TB-IRIS (INSHI TB-IRIS). In addition, committee members were given the option to
indicate when they considered that a participant developed TB-IRIS, even though not
fulfilling the INSHI case definition (paradoxical TB-IRIS not fulfilling the INSHI criteria); these
participants were included in the analyses and defined as not having TB-IRIS according to
INSHI criteria. Cases where there was disagreement, were resolved by consensus between
the members.

Selection of variables

As variables for our latent class model we included the following: baseline participant
characteristics (sex, age, details about current and previous TB episodes); INSHI major
criteria; all individual symptoms of the INSHI minor criteria; any additionally documented
signs and symptoms provided they occurred in more than 10 (4%) participants and could
feasibly be related to TB-IRIS; baseline (immediately prior to starting ART) and follow-up
laboratory variables (hemoglobin, leucocytes, creatinine clearance, alanine transferase,
alkaline phosphatase, CRP, CD4 count and HIV viral load); signs and symptoms that were
identified as possibly related to TB-IRIS during the TB-IRIS adjudication process; and baseline
urine lipoarabinomannan (LAM), determined retrospectively on stored urine using Alere
Determine lateral flow assay.

Data for variables included were restricted to the first four weeks after ART initiation (95%
of the TB-IRIS cases in our cohort occurred within four weeks, with a median time between
ART initiation and TB-IRIS of 8 (IQR 5-13) days).

In LCA as we applied it, variables need to be binary: a sign or symptom was either present or
absent in the first four weeks. Therefore, continuous variables were transformed into binary
ones by plotting them in a receiver operating characteristics (ROC) curve and - after
excluding variables with ROC area under the curve < 0.55 - selecting a cut-off that obtained
the maximum of the sum of the computed sensitivities and specificities. For these variables
to be positive, the highest (or, for hemoglobin (Hb), the lowest) value of that variable
measured anytime during the first four weeks needed to be higher (lower for Hb) than the
cut-off.

Given the relatively small number of participants in the study, only a limited number of
variables could be included in the LCA model to avoid overfitting the model to the data.
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To select which variables to include in the latent class model, we first calculated the
unadjusted odds ratio (OR) for each individual variable and the consensus decision of the
adjudication committee for INSHI TB-IRIS, using Stata version 14.2. These are listed in Table
2.1. We combined the abdominal symptoms associated with TB-IRIS into one new variable,
that comprised ‘abdominal pain with either hepatomegaly, splenomegaly, or abdominal
lymph nodes, or abdominal tenderness on clinical examination without other explanation’.
We combined cough, dyspnea and chest pain into the variable ‘respiratory symptoms’. Both
new variables did not affect the selection of any other variable for inclusion in the latent
class model.

We assessed different unadjusted ORs as cut-off for variable inclusion in the multivariable
model: OR > 2.0 or < 0.5 (2-model), OR > 3.0 or < 0.3 (3-model), and OR > 5.0 or < 0.2 (5-
model). We chose the 3-model, because it was the most parsimonious.

We did not include urine LAM in the initial latent class model, because of a higher number
of participants with missing data (n = 35). Rather, we used a model containing urine LAM as
an alternative model to compare findings with our final model.

Next, we combined variables selected based on their unadjusted OR in a backward multiple
logistic regression model. Those variables with a p-value < 0.1 were retained and entered in
the latent class model, together with the INSHI major criteria. The LCA model was limited to
a maximum of ten variables to avoid too many variable combinations with no or very few
observations. This limits the number of observations to nine per variable, in line with the
recommendation to limit the number of variables in a logistic regression model to one per
ten cases [133].

Latent class model

We performed LCA using LEM software [J. Vermunt, Tilourg, The Netherlands, 1993;
https://jeroenvermunt.nl]. We assumed the presence of two latent classes, corresponding
to TB-IRIS and no TB-IRIS. We initially fitted models applying the conditional independence
assumption. Goodness of fit tests — using the Chi-squared test - confirmed there was no
requirement to include conditional dependencies between variables in the LCA model. We
excluded 21 participants with missing data on any of the selected variables as LEM does not
allow missing values. Baseline variables for these participants were comparable to those of
the included participants (data not shown).

Diagnostic accuracy of various case definitions and CRP

After running the latent class model, we used the LCA-predicted probability of TB-IRIS for
each participant to first calculate the positive and negative predictive values for each sign or
symptom initially considered for LCA, followed by their sensitivity and specificity, again
using Stata version 14.2. We combined the individual signs and symptoms to match the
INSHI consensus case definition or form several adapted case definitions. Doing so, we could
assess the performance of the INSHI case definition and compare its diagnostic accuracy
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with the adapted case definitions. We also assessed the diagnostic ability of CRP to rule-out
TB-IRIS, using a range of lower cut-off values, aiming for a high sensitivity.

Results

Out of the 240 participants in the PredART trial, complete data for latent class modelling
were available for 217 participants (Figure 2.1). Baseline variables for these 217 were
comparable to those of all participants in the PredART trial (data not shown).

240 pts enrolled in

PredART trial
2 never started
< ART
Y
238 pts for univariate
analysis
19 excluded
> because of
Y missing data

217 pts included in
latent class model

FIGURE 2.1 Flow of participants

Presentation of paradoxical TB-IRIS

Eighty-nine participants (41%) developed TB-IRIS according to the INSHI criteria. Twelve
(6%) participants were adjudicated by the committee to have paradoxical TB-IRIS not
fulfilling the INSHI criteria. Of the INSHI TB-IRIS cases, 66 (74%) fulfilled at least one INSHI
major criterion, criteria 1 and 2 (new or enlarging lymph nodes or new or worsening chest
CXR abnormalities) being the most frequent. None of the participants fulfilled INSHI major
criterion 3 (neurologic features). All but one of the participants who developed TB-IRIS also
fulfilled at least one minor criterion. Twenty-three participants (26%) had a diagnosis of TB-
IRIS based on having two or more minor criteria without a major criterion. Of the
participants without TB-IRIS, 26 (20%) fulfilled one minor criterion; this included all 12
participants assessed by the committee to have paradoxical TB-IRIS, but not fulfilling the
INSHI criteria.
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TABLE 2.1 Variables initially included in the selection for the latent class model, their unadjusted odds ratio for INHSI IRIS, and
their occurrence in participants with and without TB-IRIS according to the INSHI consensus case definition.

Unadjusted odds ratio for INSHI-IRIS (n = 89) No INSHI-IRIS (n = 128)
INSHI IRIS (n = 238)

Baseline variables

Sex (M) 0.8 56 (63%) 76  (59%)
Age (<40Yy) 2.1 67 (75%) 76 (59%)
Previous tuberculosis 0.9 8 (9%) 14 (11%)
Microbiological evidence of tuberculosis 1.8 71  (80%) 89 (70%)
Time from start of tuberculosis treatment to start of antiretroviral 0.9 85 (96%) 89 (70%)
therapy (< 14d)

Baseline CD4 count (< 50 cells/pl) 35 70 (79%) 62 (48%)
Baseline HIV viral load (< 150000 cp/ml) 1.0 12 (14%) 38 (30%)
Baseline urine LAM (> 1) 4.0 62 (73%) 45 (38%)

INSHI related variables

Major criteria

Enlarged lymph nodes - 30 (34%) 0 (0%)
New/worsening radiological features - 40 (45%) 0 (0%)
Central nervous system TB-IRIS? - 0 (0%) 0 (0%)
New/worsening serositis - 3 (3%) 0 (0%)
Minor criteria

Weight loss® 4.0 45 (51%) 27 (21%)
Fever® 8.7 33 (37%) 8 (6%)
Night sweats 8.4 50 (56%) 14 (11%)
Anorexia 3.2 47 (53%) 32 (25%)
Weakness 3.8 30 (34%) 13 (10%)
Cough 3.9 32 (36%) 16 (13%)
Chest pain 6.4 24 (27%) 8 (6%)
Dyspnea 8.3 22 (25%) 4 (3%)
Abdominal pain with hepatomegaly, splenomegaly or enlarged 4.3 8 (9%) 3 (2%)

abdominal lymph nodes
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TABLE 2.1 - continued

Included other adverse events®

Headache 3.8 22 (25%) 11 (9%)
Dizziness 0.5 6 (7%) 10 (13%)
Arthralgia 1.1 6 (7%) 8 (6%)
Back pain 0.6 4 (4%) 8 (6%)
Flank pain 1.3 5 (6%) 5 (4%)
Epigastric pain 1.5 5 (6%) 5 (4%)
Abdominal pain 4.5 20 (22%) 8 (6%)
Nausea 2.8 27  (30%) 17  (13%)
Vomiting 2.5 34 (38%) 25  (20%)
Diarrhea® 4.3 28 (31%) 9 (7%)
Herpes simplex infection 2.2 17 (19%) 13 (10%)
Pruritis 1.1 6 (7%) 7 (5%)
Paresthesia 0.9 7 (8%) 10 (8%)
Papular pruritic eruption 0.4 3 (3%) 11 (9%)

Variables raised during TB-IRIS adjudication

Tachycardia (heart rate > 120/min) 4.9 62 (70%) 39 (30%)
Return of any (non-INSHI) initial tuberculosis symptom 2.5 21  (24%) 12 (9%)
Abdominal pain and tenderness without any other explanation 14.9 9 (10%) 1 (1%)
Raised C-reactive protein 5.7 55 (62%) 27  (21%)

Laboratory variables’

Haemoglobin (< 10 g/dl) 2.0 52 (58%) 51 (39%)
Leucocytes (> 10 x 10° cells/1) 1.0 33 (37%) 11 (9%)
C-reactive protein (> 90 mg/I) 5.7 55 (62%) 27 (21%)

Unadjusted odds ratios were computed including all participant of the PredART trial who had taken at least one dose of ART. Comparison between participants with and without TB-IRIS
was done in participants included in the latent class model. 2 None of the participants developed neurological TB-IRIS b Weight loss is defined as > 2.5% in 2 weeks or > 5% in 4 weeks ¢ Fever
is defined as temperature > 37.7 °C, following the DAIDS table for grading the severity of adverse events [105] that was current during the collection of data 4 The following adverse events
were excluded from analysis because of an unlikely association with TB-IRIS: upper respiratory tract infection (including coryza), blocked nose, ear symptoms, tooth ache, heartburn,
hemorrhoids, swollen feet, a patient history of feeling hot or cold, scabies, urinary tract infection, and low potassium. e This includes both diarrhea and ‘more frequent than normal loose
stools’ fThe following laboratory variables were excluded from analysis because the area under the curve in the receiver operating characteristic curve was < 0.55: creatinine clearance,
alanine transferase, alkaline phosphatase, increase in CD4 count at week 12, decrease in HIV viral load at week 12
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The most frequent symptoms in participants with INHSI TB-IRIS were respiratory symptoms
(65%), night sweats (56%), loss of appetite (53%) and loss of weight (51%), followed by
vomiting (38%), diarrhea or loose stool (31%) and weakness (34%). Fever (temp > 37.7 °C)
was present in 37% of the participants with INSHI TB-IRIS, and tachycardia (heart rate >
120/min) in 70%. Sixty-two percent had a CRP > 90 mg/| (Table 2.1).

TABLE 2.2: LCA-predicted sensitivity and specificity of variables included in the final
latent class model.

LCA predicted LCA predicted
Variable sensitivity specificity
Respiratory symptoms 0.57 0.79
Night sweats 0.58 0.91
INSHI major 1 (new or enlarging lymph nodes) 0.28 0.96
INSHI major 2 (new or worsening CXR abnormalities) 0.38 0.96
INSHI major 4 (new or worsening serositis) 0.02 0.99
Maximum C-reactive protein > 90 mg/I 0.73 0.88
Maximum heart rate > 120 bpm 0.79 0.78
Maximum temperature > 37.7 °C 0.44 1.00
Nadir CD4 count < 50 cells/pl 0.81 0.54

Latent class model

The final latent class model included 9 variables: respiratory symptoms, night sweats, INSHI
major criteria 1, 2, and 4 (new or enlarging lymph nodes, radiological abnormalities, and
serositis respectively), maximum CRP > 90 mg/I, maximum heart rate > 120/min, maximum
temperature > 37.7 °C, and pre-ART CD4 count < 50 cells/pl. The model showed a good fit to
the data (x2 = 337, p = 1.0). The model-estimated incidence of TB-IRIS was 43%. The
predicted sensitivities and specificities of the variables included in the model are
summarized in Table 2.2. Other models, eg. a model with the 5-model selected variables, a
model including baseline urine LAM instead of maximum CRP, or a model including weight
loss instead of fever showed similar results to the selected model (Table 2.3)
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TABLE 2.3 LCA-predicted sensitivity and specificity of variables in alternative latent
class models.

Model with variables Model replacing Model replacing fever
selected based on maximum CRP with with weight loss
unadjusted OR > 5.0 or < 0.2 baseline urine LAM
(5-model)

Variable LCA LCA LCA LCA LCA LCA
predicted predicted predicted predicted predicted predicted
sensitivity specificity sensitivity specificity sensitivity specificity

Respiratory 0.59 0.84 0.60 0.83 0.56 0.81

symptoms

Night sweats 0.61 0.98 0.59 0.96 0.54 0.92

INSHI major 1 0.27 0.97 0.28 0.99 0.27 0.98

(new or enlarging

lymph nodes)

INSHI major 2 0.36 0.97 0.36 0.96 0.34 0.96

(new or worsening

CXR

abnormalities)

INSHI major 4 0.02 0.99 0.02 1.00 0.03 1.00

(new or worsening

serositis)

Maximum C- 0.66 0.86 - - 0.71 0.92

reactive protein >

90 mg/I

Maximum heart - - 0.76 0.77 0.76 0.79

rate > 120 bpm

Maximum 0.41 1.00 0.42 0.99 - -

temperature >

37.7°C

Nadir CD4 count < - - 0.79 0.54 0.78 0.54

50 cells/ul

Baseline urine - - 0.76 0.67 - -

LAM (> 1)

Weight loss - - - - 0.58 0.89

Comparison of case definitions

Using the model-predicted probability of TB-IRIS for each participant, we found the INSHI
consensus case definition had a sensitivity of 0.77 and a specificity of 0.86. We constructed
several adapted case definitions, replacing one or two of the required INSHI minor criteria
with one or more of the model-derived variables CRP (> 90 mg/l), heart rate (> 120/min) or
fever (temperature > 37.7 °C). The adapted case definitions had sensitivities and specificities
similar to the INSHI consensus case definition. A definition replacing all the minor criteria
with objective measures (CRP elevation, fever, and/or tachycardia) showed better
diagnostic accuracy, with a sensitivity of 0.89 and a specificity of 0.88. Performance of the
INSHI case definition and the adapted case definitions to identify TB-IRIS is summarized in
Table 2.4.
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TABLE 2.4: Diagnostic accuracy of INSHI and adapted case definitions.

TB-IRIS definition Sensitivity Specificity LR+ LR-

INSHI case definition: presence of at least 0.77 0.86 5.50 0.27
e 1 INSHI major criterion OR
e 2 INSHI minor criteria

CRP >90 mg/I 0.73 0.88 6.08 0.31
Baseline urine LAM > 1 0.76 0.67 2.30 0.36
Presence of at least 1 INSHI major criterion only 0.60 0.92 7.50 0.43
Presence of at least 0.85 0.78 3.86 0.19

e 1 INSHI major criterion OR
e 2 INSHI minors criteria OR
e 1 INSHI minor criterion and CRP > 90 mg/|
Presence of at least 0.86 0.83 5.06 0.17
e 1 INSHI major criterion OR
e 1 INSHI minor criterion and CRP > 90 mg/I
Presence of at least 0.93 0.82 5.17 0.09
e 1 INSHI major criterion OR
e 1 INSHI minor criterion and one of the following:
o CRP>90mg/l
o heartrate >120/min
o temperature > 37.7°C
Presence of at least 0.89 0.88 7.42 0.13
e 1 INSHI major criterion OR
e two of the following:
o CRP>90mg/I
o heartrate >120/min
o temperature > 37.7°C

LR+ = positive likelihood ratio; LR- = negative likelihood ratio
Case definitions were constructed, and their sensitivity, specificity, and positive and negative likelihood
ratios computed using the LCA-predicted probability of TB-IRIS for each participant.

CRP to rule out TB-IRIS

Using the model-predicted probability of TB-IRIS for each participant, we found CRP values
of > 10 mg/ml to > 50 mg/ml all had a sensitivity above 0.9 and a negative likelihood ratio of
<0.15 (indicating a moderate to large decrease in probability of having a CRP value lower
than the cut-off when having TB-IRIS) (Table 2.5). The area under the ROC curve was 0.86.
The association between CRP and likelihood of TB-IRIS is shown in Figure 2.1, showing the
inverse likelihood ratio, which indicates how many times less likely each CRP value is
associated with TB-IRIS. We repeated the analysis using an alternative model including
baseline urine LAM instead of CRP to confirm our findings; this analysis showed similar
results (data not shown).

35



TABLE 2.5: LCA-predicted sensitivity and negative
likelihood ratio of different cut-off values of CRP

LCA predicted

CRP value LCA predicted negative likelihood

(mg/ml) sensitivity ratio
>10 0.99 0.07
>20 0.97 0.09
>30 0.95 0.13
>40 0.93 0.15
>50 0.92 0.13
> 60 0.88 0.20
>70 0.80 0.27
>80 0.77 0.28
>90 0.73 0.30
> 100 0.64 0.39

Discussion

Because of the lack of a gold standard, validation of the INSHI consensus case definition for
paradoxical TB-IRIS has previously been performed against diagnostic assignment based
upon expert opinion [31, 32] or another expert-opinion based case definition [33], showing
sensitivities of 0.72-0.91 and specificities of 0.93-1.0. We applied LCA, using participant data
from a prospective trial of a TB-IRIS prevention strategy, to provide a surrogate gold
standard for TB-IRIS. Participants included in this trial were all co-infected with HIV and TB
and starting ART. This surrogate gold standard enabled us to validate the INSHI consensus
case definition and confirm its reasonable diagnostic accuracy found in the previous studies
using a data-derived approach.

The INSHI consensus case definition consists of 3 components: a prerequisite of a diagnosis
of TB with an initial positive response to treatment, clinical features summarized in a
combination of major and minor criteria, and exclusion of other reasons for clinical
deterioration. The first and the last component are largely unambiguous. However, many of
the INSHI minor criteria have a subjective component and depend on patient reported
symptoms. Replacing these with objective variables could make the definition more robust
and improves uniformity, which is advantageous if the definition is to be used for endpoint
definition in clinical trials. We found that amending the case definition by replacing the
INSHI minor criteria with the more objective variables tachycardia, fever, and/or CRP
elevation improved sensitivity without loss of specificity.

CRP in itself may have utility as a rule-out test for TB-IRIS. We assessed this diagnostic ability

of CRP and found that a normal CRP (< 10 mg/l) can be used to rule out TB-IRIS. Because the
majority of patients with HIV-associated TB will however have a CRP > 10 mg/| [134-136],

36



we also assessed higher CRP cut-offs. Figure 2.1 showed that especially a low CRP is useful in
excluding TB-IRIS, but higher cut-off values of CRP still have added value in ruling-out TB-
IRIS. A CRP value of 82.4 corresponds to the cut-off that is equally likely for patients with or
without TB-IRIS.

10

Inverse LR of TB-IRIS

= I I I I I I I
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CRP

FIGURE 2.1 The association between CRP and likelihood of TB-IRIS

CRP (mg/l) is plotted against the inverse likelihood ratio of TB-IRIS, as predicted by the latent class model. The inverse
likelihood ratio indicates how many times less likely each CRP value is associated with TB-IRIS.

Our study has several limitations: first, a relatively small study cohort and inclusion of a
large number of possible variables in the latent class model resulted in the need to pre-
select variables based on their univariate association with TB-IRIS so as not to exceed 10
variables in the model. Consequently, some important variables may have been excluded.
However, we explored different selection criteria which resulted in similar results giving
assurance of the robustness of the model. Second, there were no participants with a
temperature above 37.7 °C among those who were classified as not having TB-IRIS
according to the latent class models. Leaving temperature out of the model did not affect
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this finding. Looking at the raw data, however, only four of the 41 participants with a
temperature above 37.7 °C did not have TB-IRIS, according to either the INSHI case
definition or the adjudication committee; all four had a more likely alternate diagnosis
(gastro-intestinal infection, drug resistant TB, drug rash and drug-induced liver injury). Third,
in the PredART trial CXRs were only repeated on ART when suspected TB-IRIS or other
clinical deterioration prompted the clinician to request a CXR. As a consequence, we do not
have documented normal CXRs for all participants who did not develop TB-IRIS, and
therefore cannot say with certainty that none of the participants in this group had new or
worsening CXR features. However, in the absence of other symptoms one can question its
clinical relevance. Fourth, this was a restricted patient population, purposefully selected for
its high risk of TB-IRIS: only patients with a CD4 count < 100 cells/ul and antituberculosis
treatment for < 30 days before starting ART were included in the trial. It could be our model
performs differently in a population with a lower incidence of TB-IRIS. Moreover, our
findings only apply to patients with HIV-associated TB starting ART and not to paradoxical
reactions that may occur in HIV-negative patients undergoing immune reconstitution for
other reasons. Fifth, the method we used allows for only the estimation of the diagnostic
indicators of variables included in the model as well as other variables. Calculation of the
uncertainty and resulting confidence intervals of these estimates is however complex and is
hampered by the inherent multiplicity due to variable selection in LCA model building. For
this reason, we did not estimate confidence intervals for diagnostic accuracy measures in
this analysis. Consequently, these estimates should be seen as exploratory and will need
validation in an independent dataset to correctly estimate the bias and uncertainty in these
estimates.

In conclusion, we found that the INSHI case definition identifies TB-IRIS with reasonable
accuracy. Amending the case definition by replacing the INSHI minor criteria with the
objective variables tachycardia, fever, and/or CRP elevation improved sensitivity without
loss of specificity in a population at high risk of TB-IRIS. We recommend that in future
studies on TB-IRIS a version of the INSHI case definition with objective measure be used,
next to the traditional case definition. CRP appears to be promising as a test for ruling out
TB-IRIS.
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Soluble inflammatory markers and LTA4H
genotype in tuberculosis-associated IRIS
and the effect of prophylactic prednisone

Introduction

Paradoxical tuberculosis-associated immune reconstitution inflammatory syndrome (TB-
IRIS) complicates treatment in 18% (95%Cl 16-21%) of patients receiving treatment for HIV-
associated tuberculosis (TB). This immunopathological reaction results in new, recurrent, or
worsening signs or symptoms of TB and usually occurs within the first few weeks after
starting antiretroviral therapy (ART) [18]. TB-IRIS can be treated with prednisone, which
leads to less hospitalizations and therapeutic interventions and a more rapid improvement
of symptoms and chest radiograph abnormalities, and a more rapid decrease of C-reactive
protein (CRP) [37]. We have recently completed a randomized, double-blind, placebo-
controlled trial, the PredART trial [43, 137]. The primary objective was to determine
whether prednisone is effective in preventing the development of TB-IRIS. Participants
identified as being at high risk for paradoxical TB-IRIS received either a 28-day course of
prophylactic prednisone or identical placebo within 48 hours after starting antiretroviral
therapy. TB-IRIS diagnosis was adjudicated by an independent committee using the
International Network for the Study of HIV-associated IRIS (INSHI) criteria [27]. We found
prednisone reduces the risk of TB-IRIS by 30%. How prednisone reduces the risk of TB-IRIS is
not clear. It is unlikely that prednisone only suppresses TB-IRIS symptoms: the median time
to TB-IRIS (in participants developing TB-IRIS) was similar in both the prednisone and the
placebo arm; moreover, prednisone also reduced the incidence of more severe TB-IRIS,
judged from the number of patients with TB-IRIS fulfilling at least one INSHI major criterion
or receiving prednisone treatment for TB-IRIS. Also, there did not appear to be
“breakthrough cases” when the 28-day course of prednisone was stopped suggesting that
the course of prednisone had prevented the onset of the syndrome, rather than merely
suppressing or delaying symptoms.

TB-IRIS associates with hypercytokinemia [59]. The immunopathological mechanisms
underlying it are not completely understood. Patients with TB-IRIS show expansion of
interferon-y (IFN-y) producing Th1 cells, but as this expansion is not present in all patients
with TB-IRIS, and also occurs in some patients without it, it seems unlikely that this
association is causal. The same holds true for other T cell subsets [138]. Moreover,
neutrophils, natural killer (NK)-cells, and monocytes/macrophages have all been associated
with TB-IRIS [138]. Transcriptomic profiling of whole blood of patients with TB-IRIS shows
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involvement of the innate immune system: inflammation in TB-IRIS occurs early and innate
immune signaling and activation of the inflammasome appear to be early events, resulting
in upregulation of cytokines and chemokines [67]. Prednisone affects several cytokines and
chemokines in patients with HIV-associated TB: treatment of TB-IRIS with prednisone was
shown to reduce the serum concentrations of interleukin (IL)-6, IL-10, 1L-12p40, IFN-y, C-X-C
motif chemokine ligand (CXCL)-10 (IFN-y induced protein 10 (IP-10)), and tumor-necrosis
factor-a (TNF-a) [139]; adjunctive corticosteroid treatment for TB before starting ART was
associated with lower pre-ART concentrations of these same cytokines as well as CXCL-8 (IL-
8) and IL-18 [63]. In the latter study, however, patients also differed from their non-
corticosteroid controls in the severity and type of TB, which may have confounded the
observed association.

A recent study suggests that the efficacy of corticosteroids as adjunctive treatment in TB
might depend on /ta4h genotype [96]. LTA4 hydrolase (LTA4H) is an enzyme that hydrolyses
leukotriene (LT) A4 into the pro-inflammatory LTB4 [97]. It is regulated by a single
nucleotide polymorphism (SNP) close to the promoter region of the /ta4h gene [98]. The
wildtype genotype (CC) is associated with lower concentrations of LTA4H, whereas the
double mutant genotype (TT) is associated with increased LTA4H activity. Several studies
have evaluated the effect of [ta4h polymorphism on outcomes in TB. The initial study,
including patients from Vietnam, showed that heterozygosity (intermediate LTA4H
expression) is associated with protection from both pulmonary and meningeal TB and
results in fewer deaths from TB meningitis (TBM). Moreover, only those with the
hyperinflammatory TT genotype benefitted from treatment with corticosteroids for TBM
[96]. Other studies assessing lta4h genotype and TB found different results: the association
with pulmonary TB could not be shown in cohorts from Russia [140], China [141], and
Mozambique [142]. Results for TBM are also equivocal: heterozygosity - in the same cohort
from China - was associated with less extrapulmonary TB, including TBM [141], but no
association with TBM or its outcome was found in an Indonesian cohort [143]. A more
recent Vietnamese cohort study showed survival benefit in TBM for those with the TT
genotype, but only in HIV uninfected patients. HIV-infection was a risk factor for death,
independent from /ta4h genotype [144]. None of the other studies included HIV infected
patients in their analysis. In all studies, except the initial study from Vietnam, all patients
were treated with dexamethasone.

The increased production of pro-inflammatory cytokines in mutant genotypes as a result of
increased LTB4 production, especially the hyperinflammatory TT genotype, could potentially
play a role in the development of TB-IRIS. One study evaluated /ta4h genotype in TB-IRIS:
they found no effect of genotype on the incidence of TB-IRIS in an Indian cohort of 142
patients with newly diagnosed TB and low CD4 cell counts. However, severe IRIS (defined as
a Karnofsky score of 50 or less or a clinical condition mandating hospitalization or
prolonging of hospital admission) was more common in those with mutant genotypes (CT
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and TT) compared to those with wildtype (CC) [99]. In contrast to the findings from the TBM
study in Vietnam [96], steroids were effective in treating TB-IRIS in all genotypes [99].

In this study, we aimed to further investigate the immunological mechanisms underlying TB-
IRIS and the mechanisms by which prednisone is effective in preventing it. Moreover, we
assessed the role of /ta4h genotype in relation to the risk of TB-IRIS and the efficacy of
prophylactic prednisone. Specifically, we wanted to assess the following:

1. The association between (concentrations of) cytokines/chemokines and (the
development of) TB-IRIS in patients with HIV-associated TB, at baseline and two
weeks after starting ART.

2. The effect of prednisone use on concentrations of cytokines/chemokines in patients
with HIV-associated TB two weeks after starting ART.

3. The effect of prednisone use on the change in concentrations of
cytokines/chemokines in patients predicted to develop TB-IRIS (using a baseline
predictive model for TB-IRIS including cytokines/chemokines and other patient
characteristics, restricted to participants in the placebo arm). We compared
concentrations of cytokines/chemokines at week 2 (two weeks after starting ART) in
the prednisone vs the placebo arm in those predicted to develop TB-IRIS, regardless
of whether they developed TB-IRIS or not; and also compared cytokines/chemokines
at week 2 in those predicted to develop TB-IRIS in the prednisone arm with those not
predicted to develop TB-IRIS in the placebo arm.

4. The association between LTA4H genotype and the development of TB-IRIS overall
and in the placebo arm.

5. The association between LTA4H genotype and cytokine/chemokine profiles in
patients with HIV-associated TB, at baseline and two weeks after starting ART.

6. The interaction between LTA4H genotype and the effect of prednisone in preventing
TB-IRIS in patients with HIV-associated TB.

Methods

Study design, participants and setting

This study was a substudy of the PredART trial [43]. Participants were recruited between
August 2013 and February 2016 from four different clinics in Khayelitsha, Cape Town, South
Africa. Eligible patients were adults, HIV positive with a CD4 count < 100 cells/ul and ART
naive; they were recently diagnosed with TB, either microbiologically confirmed or clinically
diagnosed with a good response to treatment and had been receiving antituberculosis
treatment for 30 days or less. Only participants who took at least one dose of ART were
included in our substudy.
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The substudy was approved by the same ethical committees that approved the main trial.
By enrolling in the Pred-ART trial participants agreed to continued storage of their samples
for future independent research with ethical permission. Separate informed consent for
genetic testing was obtained from all but one participant who was excluded from
genotyping in this substudy.

Procedures

Plasma was isolated and stored at -80 degrees for every participant enrolled in the trial at
week O (start of ART), 2, 4, and 12; additional samples were taken and stored at the time of
suspected TB-IRIS. For this study, we used samples taken at week 0 and week 2.

We measured plasma basic fibroblast growth factor (FGF), eotaxin, granulocyte colony-
stimulating factor (G-CSF), granulocyte- macrophage colony-stimulating factor (GM-CSF),
IFN-y, IL-1B, IL-1 receptor antagonist (ra), IL-2, IL-4, IL-5, IL-6, IL-7, IL-9, IL-10, IL.-12p70, IL-13,
IL-15, II-17, C-C motif chemokine ligand (CCL)-2 (monocyte chemoattractant protein (MCP)-
1), CCL-3 (macrophage inflammatory protein (MIP)-1a), CCL-4 (MIP-1B), CCL-5 (regulated on
activation, normal T cell expressed and secreted (RANTES)), CXCL-8, CXCL-10, platelet-
derived growth factor (PDGF), TNF-a, and vascular endothelial growth factor (VEGF) using
Bio-Plex Pro™ Human Cytokine 27-plex Assay (Bio-Rad, Hercules, CA, USA) according to the
manufacturer’s instructions . IL-18, soluble (s) tissue factor (TF), sCD14, and sCD163 were
measured using standardized enzyme-linked immunosorbent assays (ELISAs) (R&D systems,
Minneapolis, MN, USA) according to the manufacturer’s instructions. Where cytokines
measured by Luminex had a value out of range below (or above) the detection limit, the
value was replaced with the mean of the lowest (or highest) measurable values across all
plates. For cytokines measured by ELISA, the lowest (or highest) standard of that plate was
taken, divided by (or multiplied by) 2. Cytokines with more than 70% of the measurements
below the detection limit were excluded from analysis.

DNA was extracted from whole blood using QlAamp® DNA Blood Midi Kit (Qiagen, Hilden,
Germany), according to the manufacturer’s instructions and stored at -20 degrees. Lta4h
gene promoter region SNP (rs17525495) was analyzed from extracted DNA using singleplex
snapshot PCR (Thermo Fisher, Waltham, MA, USA). Fragments were resolved on an ABI
3130x| Genetic Analyzer and the data analysed on GeneMapper, Bioedit Sequence
Alignment Editor v7.2.5 23, and Finch TV v1.4.0 [145].

Statistical analysis

Cytokines and chemokines concentrations are presented as medians with interquartile
ranges. Correction for batch effect was done for all cytokines/chemokines using limma and
removeBatchEffect in R. In short, this package adjusts for confounding by batch effect by
fitting a linear model to the data including the batches and then removing the component
due to batch effect. LTA4H genotype is presented as wildtype (CC) and mutant (CT and TT).
Consistency of the observed genotypes with the Hardy-Weinberg equilibrium was tested
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using the Pearson Chi square test. Cross-sectional comparisons of cytokines/chemokines
comparing participants with and without TB-IRIS or participants in prednisone and placebo
arms was done using the Wilcoxon rank sum test. Comparisons between different time
points were done by Wilcoxon signed rank test. Analyses were adjusted for multiple
comparisons using the Bonferroni correction (n = 26), a p-value of < 0.002 was considered
significant. For the comparisons between the prednisone and the placebo arms, those in the
placebo arm who started open label prednisone treatment for TB-IRIS before the week 2
sample was taken (n = 5) were excluded from the analysis. Association between LTA4H
genotype and development of TB-IRIS was assessed using the Pearson Chi square test. The
effect of LTA4H genotype on the efficacy of prophylactic prednisone was assessed using Cox
proportional hazard models, and represented in Kaplan-Meier plots, with time to TB-IRIS as
outcome and treatment arm, genotype and their interaction as variables. A predictive
model for TB-IRIS was developed using only the participants from the placebo arm. The
following baseline parameters were included in the model: 26 cytokines/chemokine
concentrations, CD4 count, HIV viral load, hemoglobin, neutrophils, urine LAM, and CRP. A
series of simple logistic regression models with each of the candidate independent variables
was fitted. Next, a multiple logistic regression model was fitted including all individual
variables with a p-value < 0.20. One at a time the variables whose p-value in the multiple
regression model was > 0.10 were removed, starting from the one with the highest p-value.

Results

Study participants

Between August 2013 and February 2016, 240 participants were enrolled in the PredART
trial. Two participants never started ART and were excluded from the analyses. Of the
remaining 238, 181 had plasma available for analysis; plasma for 57 participants could not
be used due to an error when processing the samples: samples were randomly diluted when
extracting peripheral blood mononuclear cells from the same tubes, without recording the
dilution factor. LTA4H genotyping was done in 213 participants; six participants had no
blood stored for DNA extraction for logistic reasons, genotyping was unsuccessful in 18
participants. Baseline characteristics of the 181 participants with plasma available are
summarized in Table 3.1A; those for the 213 participants with genotyping done in Table
3.1B. These are comparable to the baseline characteristics of the entire PredART cohort.
Seventy-two participants (40%) developed TB-IRIS at a median of 9.5 days (IQR 6-13 days)
after starting ART.

G-CSF, GM-CSF, IL-5, IL-15 and VEGF all had lower than detectable values in more than 70%
of the participants and were excluded from the analysis.
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TABLE 3.1A Baseline characteristics for participants for whom plasma was available
for analysis (n = 181).

Prednisone arm Placebo arm TB-IRIS No TB-IRIS
(n=93) (n=88) (n=72) (n=109)

Age 37 (31-42) 37 (29-43) 35 (29-41) 38 (31-44)
Male sex 57 (61%) 56 (64%) 48 (67%) 65 (60%)
CD4 count (cells/ul) 51 (24-84) 55 (25-90) 39 (23-60) 67 (28-102)
HIV viral load (logio cp/ml) 5.5 (5.2-5.9) 5.6 (5.2-5.9) 5.5 (5.3-5.9) 5.5 (5.2-5.9)
Time between start TB-Rx and 16 (14-21) 17 (15-21) 16 (14-21) 17 (15-21)
start ART (d)
Prednisone arm 93 (100%) 0 (0%) 30 (42%) 63 (58%)
TB-IRIS 30 (32%) 42 (48%) 72  (100%) 0 (0%)
Time to TB-IRIS (d) 10 (7-13) 8 (6-13) 9.5 (6-13)

d = days; cp = copies. Data are shown as number (percentage) or median (interquartile range).

TABLE 3.1B Baseline characteristics for participants for
whom LTA4H genotyping was done (n = 213).

cC CT/TT

(n=173) (n=40)
Age 36 (29-43) 38 (33-43)
Male sex 105 (61%) 22 (55%)
CDA4 count (cells/pl) 49 (26-84) 47 (18-99)
HIV viral load (logio cp/ml) 5.5 (5.2-5.9) 5.7 (5.1-5.9)
Time between start TB-Rx and 17 (15-22) 16 (14-19)
start ART (d)
Prednisone arm 85 (49%) 19 (48%)
TB-IRIS 67 (39%) 16  (40%)
Time to TB-IRIS (d) 8 (5-13) 11 (7-13)

d = days; cp = copies. Data are shown as number (percentage) or median
(interquartile range).

There was no difference in cytokine profile at baseline between participants who
developed TB-IRIS and those who did not.

When comparing individual cytokines at baseline between participants who developed TB-
IRIS and those who did not (n = 172, participants in both prednisone and placebo arm
included), we did not find an association between plasma concentrations of any of the
cytokines/chemokines and the development of TB-IRIS (Table 3.2).
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TABLE 3.2 Concentrations of cytokines and chemokines at week 0 and week 2 in all participants with and without TB-IRIS

TB-IRIS No TB-IRIS p (IRIS vs no IRIS)
Week 0 (n = 70) Week 2 (n =58) p Week 0 (n = 102) Week 2 (n =98) p Week 0 Week 2

IL-1b 0.13 (0.11-0.14) 0.14 (0.12-0.18) 0.0003 0.12 (0.11-0.16) 0.12 (0.11-0.14) 0.68 0.74 0.009
IL-18 1139.1 (841.5-1792.5) 1004.6 (609.6-1626.8) 0.02 1057.9 (723.6-1815.6) 786.5 (546.5-1333.5) <0.0001 | 0.44 0.12
IL-1ra 110.3 (67.45-175.1) 226.6 (102.4-530.1) 0.0001 121.3 (79.6-267.8) 112.8 (63.0-233.3) 0.07 0.34 0.0002
IL-6 0.10 (0.09-0.21) 0.18 (0.10-0.52) 0.004 0.10 (0.07-0.79) 0.10 (0.07-0.38) 0.55 0.99 0.06
TNF 15.0 (10.1-22.1) 22.6 (16.4-34.0) <0.0001 15.1 (10.5-25.2) 13.6 (8.6-29.6) 0.66 0.96 0.0007
IFN-y 0.41 (0.32-0.77) 0.36 (0.20-0.64) 0.01 0.36 (0.36-0.98) 0.36 (0.11-0.56) 0.0001 0.88 0.19
IL-12p70 0.34 (0.25-0.37) 0.35 (0.25-0.4) 0.20 0.33 (0.25-0.50) 0.34 (0.25-0.45) 0.16 0.91 0.97
IL-17 0.46 (0.25-0.61) 0.46 (0.34-0.65) 0.53 0.46 (0.34-0.52) 0.46 (0.34-0.56) 0.60 0.93 0.47
IL-2 1.21 (0.93-1.74) 141 (1.14-2.25) 0.0013 1.03 (0.62-1.74) 1.00 (0.62-1.99) 0.61 0.14 0.0003
IL-7 1.47 (1.37-2.20) 1.47 (1.40-2.01) 0.83 1.40 (1.03-1.59) 140 (1.37-2.01) 0.02 0.03 0.43
IL-4 0.15 (0.08-0.37) 0.14 (0.10-0.33) 0.07 0.17 (0.08-0.69) 0.14 (0.08-0.66) 0.03 0.34 0.23
IL-9 24.0 (20.3-30.1) 23.3  (19.1-28.3) 0.11 25.8 (21.3-32.7) 24.7 (20.6-32.3) 0.07 0.19 0.23
IL-13 0.05 (0.05-0.07) 0.05 (0.05-0.07) 0.22 0.05 (0.05-0.08) 0.05 (0.05-0.07) 0.54 0.79 0.93
IL-10 0.41 (0.31-0.61) 0.41 (0.31-0.81) 0.32 0.41 (0.24-0.55) 0.41 (0.31-0.58) 0.43 0.23 0.13
CCL2 16.5 (6.3-26.1) 8.19 (2.70-18.53) <0.0001 13.2 (6.5-27.0) 8.97 (3.61-19.80) <0.0001 | 0.72 0.52
CCL3 2.05 (1.21-4.03) 3.40 (1.77-7.56) 0.001 192 (1.22-3.21) 199 (1.15-4.50) 0.12 0.50 0.0011
CcCLa 24,5 (19.5-29.9) 28.6 (23.2-43.5) 0.001 25.2 (21.3-31.7) 25.3 (20.5-33.4) 0.80 0.42 0.01
CCL5 1486.5 (385.4-3287.8) 1208.1 (510.4-2833.9) 0.02 1331.2 (719.7-2334.3) 1025.8 (474.2-1587.4) 0.003 0.92 0.14
CCL11 7.01 (4.34-15.2) 6.47 (3.81-11.91) 0.0016 9.89 (4.95-20.68) 9.49 (5.07-22.61) 0.28 0.17 0.01
CXCL8 1.26 (1.06-3.75) 1.75 (1.06-5.70) 0.005 1.40 (0.95-3.73) 1.12 (0.64-3.73) 0.56 0.72 0.07
CXCL10 997.2 (424.8-1594.3) 1083.0 (412.1-1624.4) 0.31 811.6 (430.5-1561.0) 488.7 (258.9-983.1) <0.0001 | 0.72 0.0017
PDGF 225 (14.2-47.) 246 (16.2-55.3) 0.83 19.9 (11.6-50.3) 20.1 (12.3-49.15) 0.50 0.60 0.48
basic FGF 2.04 (1.29-2.77) 2.04 (1.42-2.93) 0.31 1.99 (1.29-3.40) 1.77 (1.29-2.77) 0.33 0.78 0.12
CD14 4578.3 (3413.9-5401.8) 4485.0 (3539.8-5635.6) 0.12 4319.4 (3379.9-5658.1) 4168.0 (2932.9-5409.2) 0.08 0.71 0.13
CD163 1043.5 (788.9 - 1501.0) 1170.5 (744.8-1655.6) 0.02 1064.4 (813.6-1462.9) 1057.3 (739.3-1479.0) 0.50 0.79 0.20
TF 38.2 (30.0-46.6) 38.7 (30.6-51.6) 0.28 36.7 (30.7-43.6) 38.8 (30.9-46.5) 0.10 0.97 0.82

Data are shown as median (interquartile range). Concentrations (pg/ml) between participants with and without TB-IRIS were compared using the Wilcoxon rank sum test; concentrations between
week 0 and week 2 were compared using the Wilcoxon signed rank test (56 pts with TB-IRIS vs 91 pts without TB-IRIS). After adjusting for multiple comparisons using the Bonferroni correction, a
p-value of < 0.002 was considered significant.
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TABLE 3.3 Concentrations of cytokines and chemokines at week 0 and week 2 in participants with and without TB-IRIS — Placebo

arm only

TB-IRIS No TB-IRIS p (IRIS vs no IRIS)

Week 0 (n=37) Week 2 (n = 32) p Week 0 (n = 45) Week 2 (n =40) p Week 0 Week 2

IL-1b 0.13 (0.11-0.15) 0.16 (0.12-0.25) 0.005 0.12 (0.11-0.14) 0.12 (0.11-0.18) 0.60 0.70 0.07
IL-18 1291.1 (886.5-2577.5) 1045.8 (758.1-2414.6) 0.06 1036.3 (793.2-1815.6) 871.4 (566.3-1583.7) 0.03 0.18 0.23
IL-1ra 140.4 (68.9-233.7) 335.8 (197.4-613.9) 0.0016 127.7 (79.6-234.1) 122.8 (70.7-336.0) 0.70 0.95 0.0022
IL-6 0.10 (0.09-0.18) 0.31 (0.10-0.62) 0.0002 0.10 (0.09-1.40) 0.21 (0.09-1.89) 0.95 0.21 0.47
TNF 18.2 (12.4-24.4) 23.9 (19.5-35.8) < 0.0001 14.7 (10.5-25.2) 17.7 (9.4-36.0) 0.15 0.46 0.02
IFN-y 0.50 (0.33-0.93) 0.36 (0.22-0.71) 0.03 0.36 (0.36-0.85) 0.36 (0.20-0.56) 0.24 0.33 0.55
IL-12p70 0.34 (0.25-0.36) 0.36 (0.31-0.40) 0.05 0.33 (0.25-0.50) 0.34 (0.25-0.42) 0.54 0.92 0.45
IL-17 0.46 (0.34-0.65) 0.54 (0.34-0.83) 0.20 0.46 (0.34-0.50) 0.46 (0.34-0.74) 0.90 0.84 0.29
IL-2 1.33 (0.94-1.84) 1.70 (1.22-2.27) 0.004 1.00 (0.62-1.57) 0.96 (0.62-1.65) 0.60 0.09 0.0024
IL-7 1.47 (1.40-2.57) 1.47 (1.40-2.15) 0.56 1.40 (1.03-1.47) 1.40 (1.03-1.47) 0.27 0.0024 0.02
IL-4 0.21 (0.13-0.54) 0.19 (0.13-0.48) 0.09 0.14 (0.08-0.72) 0.14 (0.08-0.60) 0.01 0.79 0.67
IL-9 25.6 (21.6-32.0) 25.7 (22.7-29.7) 0.16 25.2 (19.4-32.1) 25.5 (20.8-32.8) 0.59 0.95 0.96
IL-13 0.05 (0.05-0.07) 0.05 (0.05-0.06) 0.20 0.05 (0.05-0.06) 0.05 (0.05-0.07) 0.18 0.60 0.76
IL-10 0.41 (0.31-0.62) 0.41 (0.32-1.09) 0.16 0.31 (0.24-0.41) 0.41 (0.24-0.42) 0.32 0.02 0.02
CCL2 16.7 (7.2-38.7) 8.54 (2.83-19.04) 0.0005 13.2 (8.5-27.0) 9.31 (4.84-18.81) 0.03 0.35 0.43
CCL3 2.08 (1.21-3.85) 3.56 (1.87-7.90) 0.02 1.73  (1.22-2.98) 2.07 (1.50-4.72) 0.0005 | 0.17 0.04
CcCLa 24.7 (21.5-30.0) 29.8 (26.2-46.6) 0.005 24.4 (20.4-28.6) 269 (21.6-33.8) 0.007 0.31 0.03
CCL5 1474.6 (476.2-3106.9) 1307.2 (608.6-2362.1) 0.49 1089.5 (608.8-2241.0) 1006.1 (464.0-1746.2) 0.69 0.89 0.25
CCL11 9.51 (4.34-16.63) 6.67 (3.98-15.53) 0.03 8.05 (4.53-19.43) 9.53 (4.82-18.63) 0.07 0.77 0.18
CXCL8 1.50 (1.06-4.33) 2.02 (1.06-11.52) 0.02 1.06 (0.21-3.73) 1.32 (0.55-5.06) 0.52 0.17 0.09
CXCL10 1009.7 (572.7-1690.6) 1208.9 (707.1-1904.6) 0.22 845.4 (298.7-1662.1) 643.8 (278.5-1348.4) 0.13 0.48 0.015
PDGF 20.6 (14.2-48.8) 25.6 (16.2-53.3) 0.50 17.6 (11.6-36.9) 28.6 (15.1-74.4) 0.02 0.64 0.39
basic FGF 2.07 (1.29-2.77) 2.04 (1.37-3.01) 0.52 194 (1.29-2.61) 1.51 (1.29-2.69) 0.75 0.33 0.18
CD14 4848.1 (3441.0-5605.9) 5020.6 (4034.5-6305.2) 0.10 4521.7 (3640.9-5658.1) 4693.6 (3417.2-5491.9) 0.56 0.79 0.18
CD163 1040.2 (820.1-1526.1) 1260.9 (719.5-1889.8) 0.08 1101.6 (881.4-1382.1) 1085.7 (840.2-1509.8) 0.33 0.86 0.32
TF 393 (31.8-45.6) 39.6 (30.8-48.3) 0.94 36.9 (30.7-43.6) 37.2  (30.6-44.4) 0.34 0.51 0.63

Data are shown as median (interquartile range). Concentrations (pg/ml) between participants in the placebo arm with and without TB-IRIS were compared using the Wilcoxon rank sum
test; concentrations between week 0 and week 2 were compared using the Wilcoxon signed rank test (31 pts with TB-IRIS vs 39 pts without TB-IRIS). After adjusting for multiple
comparisons using the Bonferroni correction, a p-value of < 0.002 was considered significant.
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TB-IRIS is associated with higher concentrations of several chemo- and cytokines at
week 2

Plasma concentrations of IL-1b, IL-1ra, TNF-a, IL-2, CCL-3, CCL-4, CCL-11 and CXCL-10 were
higher 2 weeks after starting ART in participants who developed TB-IRIS (n = 156,
prednisone and placebo arms combined) compared to those who did not. After correction
for multiple comparisons, IL-1ra, IL-2, TNF, CCL-3 and CXCL-10 remained significant (Table
3.2 and Figure 3.1). When evaluating the change over time of these cytokines, we found
that plasma concentrations of IL-1ra, IL-2, TNF-a and CCL-3 increase from week 0 to week 2
in participants with TB-IRIS, while no increase is seen in participants without TB-IRIS.
Concentrations of IFN-y and CXCL-10 decrease between week 0 and week 2 in participants
without TB-IRIS, while remaining unchanged in participants with TB-IRIS.

Repeating the analyses only including participants in the placebo arm showed similar

results, although due to smaller numbers most cytokines lost statistical significance (Table
3.3).
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Figure continued on next page
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FIGURE 3.1 Absolute concentrations of selected cytokines and chemokines at
week 0 and week 2 in participants who did and did not develop TB-IRIS.

Concentrations (pg/ml) were compared between participants with and without TB-IRIS using the Wilcoxon rank sum test,
and between week 0 and week 2 using the Wilcoxon signed rank test. After adjusting for multiple comparisons using the
Bonferroni correction, p-value of < 0.002 was considered significant. * < 0.05 ** < 0.002 *** < 0.0002

Prednisone reduces plasma concentrations of several chemo- and cytokines

We compared plasma concentrations of chemo- and cytokines between participants
randomized in the prednisone arm and those in the placebo arm, regardless whether they
developed TB-IRIS. We found prednisone was associated with lower concentrations of IL-1,
IL-18, IL-1ra, IL-6, TNF-a, IL-17, CCL-3, CCL-4, CXCL-10 and sCD14, and at week 2; IL-1ra, IL-
6 and CXCL-10 remained significant after correction for multiple comparisons (Table 3.4).
Prednisone was associated with a decrease in concentration of CXCL-10, (as well as IFN-y ,
IL-18 and CCL-5) between week 0 and week 2, whereas concentrations of those cytokines
remained unchanged over time in the placebo arm. In the placebo arm, IL-1ra, IL-6
(although no longer significant after correction for multiple comparisons), TNF-a and CCL-3
(as well as CCL-4) increased over time, while no increase in these analytes was seen in the
prednisone arm. IL-18 and CCL-2 decreased over time in both arms (Table 3.4 and Figure
3.2).
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FIGURE 3.2 Concentrations of selected cytokines and chemokines at week 0 and
week 2 in participants in prednisone and placebo arms.
Concentrations were compared between participants in the prednisone and the placebo arm using the Wilcoxon rank sum

test, and between week 0 and week 2 using the Wilcoxon signed rank test. After adjusting for multiple comparisons using
the Bonferroni correction, p-value of < 0.002 was considered significant. * <0.05 ** <0.002 *** < 0.0002
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We developed a prediction model in participants randomized into the placebo arm to
identify participants at baseline who would develop TB-IRIS in our cohort. We used the
model to identify participants likely to develop TB-IRIS in both the prednisone and the
placebo arm and reasoned that in those participants identified at risk in the prednisone arm,
subsequently not developing TB-IRIS could be attributed to prednisone. The final model
included baseline CD4 count, Hb, IL-6, IL-12p70, and CCL3. We defined a participant to be
likely to develop TB-IRIS if the model-predicted probability of TB-IRIS was > 0.5. The model
predicted TB-IRIS in the placebo group (n = 85) with a receiver operator curve area under
the curve of 0.84 (Figure 3.3). Because these analyses are more exploratory in nature, we
did not correct for multiple comparisons and considered a p-value of < 0.05 to be significant.

Using the model, we identified 63/141 participants (with plasma available for analysis at
both week 0 and week 2) likely to develop TB-IRIS, 30 in the prednisone and 33 in the
placebo arm (excluding participants who used open label prednisone before the time of
taking week 2 blood (n = 5). To validate the model, we first compared participants predicted
to develop TB-IRIS with those not predicted to develop TB-IRIS in the placebo arm:
concentrations of IL-1ra, TNF-a and CCL-3 were significantly higher at week 2 in participants
predicted to develop TB-IRIS, in line with our findings from the analysis of those who did
develop INSHI-defined TB-IRIS; we also found higher concentrations of IL-18 and sCD14 at
week 2 in participants predicted to develop TB-IRIS, whereas concentrations of IL-7 were
lower in these participants (Table 3.5 and Figure 3.4A). Assessing the effect of prednisone vs
placebo in participants predicted to not develop TB-IRIS showed significantly lower
concentrations of IL-1ra and IL-6 in the prednisone arm at week 2 (Table 3.5 and Figure
3.4B), also in line with our analyses of prednisone vs placebo in the entire study cohort.
When assessing the effect of prednisone on concentrations of chemokines and cytokines in
the entire study cohort, however, its effect on modulating the mediators of TB-IRIS might be

A

Predicted by model

Study arm Placebo Prednisone Placebo Prednisone

INSHI-defined TB-IRIS 23 20 8 10
no INSHI-defined TB-IRIS 10 10 29 31

Figure continued on next page
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FIGURE 3.3 Performance of the model predicting the development of TB-IRIS in trial
participants.

A. Number of participants predicted to develop TB-IRIS and not predicted to develop TB-IRIS by the model and their
outcome defined by the INSHI criteria by study arm.

B. Receiver operator curve area under the curve of the model predicting the development of TB-IRIS in participants in
the placebo arm at baseline.

To construct the model, first a series of simple logistic regression models with baseline values of each of the following
independent variables was fitted: the 26 chemokines/cytokines listed in tables 3.2-6, CD4 count, HIV viral load,
hemoglobin, neutrophils, urine LAM, and CRP. Next, a multiple logistic regression model was fitted including all
individual variables with a p-value < 0.20. One at a time the variables whose p-value in the multiple regression model
was > 0.10 were removed, starting from the one with the highest p-value. The final model included baseline CD4 count,
Hb, IL-6, IL-12p70, and CCL-3. We defined a participant to be likely to develop TB-IRIS if the model-predicted probability
of TB-IRIS was > 0.5.

diluted because prednisone was also given to participants who would never develop TB-IRIS.
Therefore, we next compared concentrations of chemo- and cytokines in participants
predicted to develop TB-IRIS between prednisone and placebo arms. We found lower
concentrations at week 2 of IL-1B, IL-1ra, IL-6, TNF and CXCL-10 in participants in the
prednisone arm (Table 3.5 and Figure 3.4C). Lastly, we tested our hypothesis that
prednisone treatment modifies the cytokine profile of participants at risk of developing TB-
IRIS to resemble the cytokine profile of participants who did not develop TB-IRIS at week 2.
We compared chemo- and cytokine concentrations of participants predicted to develop TB-
IRIS receiving prednisone with those of participants predicted to not develop TB-IRIS in the
placebo arm. We found IL-6 (and IL-9 and PDGF) to be lower at week 2 in participants
predicted to develop TB-IRIS receiving prednisone (Table 3.5 and Figure 3.4D).
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TABLE 3.4 Concentrations of cytokines and chemokines at week 0 and week 2 in all participants by study arm

p (prednisone

Prednisone arm Placebo arm vs placebo)

Week 0 (n = 86) Week 2 (n=79) p Week 0 (n = 86) Week 2 (n=72) p Week 2
IL-1b 0.12 (0.11-0.15) 0.12 (0.11-0.14) 0.98 0.12 (0.11-0.15) 0.13 (0.12-0.20) 0.02 0.01
IL-18 1083.5 (722.2-1670.6) 864.4 (524.1-1221.9) <0.0001 11819 (841.5-1946.9) 972.6 (604.1-1993.3) 0.007 0.03
IL-1ra 107.0 (84.1-242.1) 98.5 (60.0-194.1) 0.05 127.7 (68.9-233.7) 218.5 (87.4-530.3) 0.004 0.0001
IL-6 0.10 (0.07-0.26) 0.10 (0.07-0.18) 0.32 0.10 (0.09-0.57) 0.24 (0.09-1.67) 0.02 0.0002
TNF 14.2  (10.3-21.5) 14.7 (8.2-30.2) 0.65 15.5 (10.5-24.4) 21.2  (11.1-36.0) 0.0001 0.007
IFN-y 0.38 (0.36-1.07) 0.36 (0.13-0.54) < 0.0001 0.37 (0.33-0.87) 0.36 (0.20-0.62) 0.01 0.45
IL-12p70 0.33 (0.25-0.42) 0.33 (0.25-0.40) 0.30 0.34 (0.25-0.37) 0.36 (0.25-0.40) 0.08 0.40
IL-17 0.45 (0.34-0.50) 0.40 (0.32-0.46) 0.14 0.46 (0.34-0.61) 0.46 (0.34-0.78) 0.31 0.04
IL-2 1.10 (0.66-1.74) 1.11 (0.62-2.11) 0.76 1.11 (0.62-1.79) 1.26 (0.64-2.12) 0.01 0.24
IL-7 1.40 (1.14-1.80) 1.47 (1.40-2.01) 0.03 1.40 (1.14-2.01) 1.47 (1.26-1.90) 0.68 0.68
IL-4 0.15 (0.08-0.45) 0.14 (0.08-0.45) 0.44 0.16 (0.08-0.57) 0.16 (0.10-0.55) 0.002 0.45
IL-9 25.4 (20.9-32.4) 22.8 (17.9-29.9) 0.03 24.8 (21.1-32.0) 25.6 (21.3-30.5) 0.21 0.14
IL-13 0.05 (0.05-0.08) 0.05 (0.05-0.07) 0.05 0.05 (0.05-0.07) 0.05 (0.05-0.07) 0.81 0.55
IL-10 0.41 (0.31-0.63) 0.41 (0.31-0.58) 0.90 0.41 (0.28-0.50) 0.41 (0.31-0.70) 0.09 0.77
cCL2 13.3 (6.0-25.4) 8.84 (2.76-18.73) <0.0001 16.5 (6.7-33.5) 8.86 (4.08-19.04) <0.0001 0.59
CcCL3 211 (1.22-3.74) 191 (1.11-5.12) 0.59 1.85 (1.21-3.28) 2.59 (1.66-6.33) 0.0001 0.04
ccLa 25.2 (20.9-32.9) 25.6 (20.5-33.8) 0.57 24.5 (20.4-29.7) 28.3 (23.2-36.9) 0.0001 0.04
CCL5 1469.9 (705.2-2726.1) 1066.3 (453.7-1687.3) <0.0001 1207.2  (490.9-2662.6) 1176.1 (523.3-2141.5) 0.44 0.47
CCL11 9.15 (5.02-17.24) 8.46 (4.98-20.8) 0.40 7.96 (4.24-17.29) 8.05 (4.58-17.99) 0.005 0.79
CXCL8 1.36 (1.06-3.55) 1.06 (0.64-3.73) 0.41 1.16 (1.06-3.75) 1.57 (1.06-5.77) 0.03 0.11
CXCL10 907.3 (397.0-1561.0) 412.1 (219.3-983.1) 0.0002 872.7 (454.7-1680.1) 861.4 (389.8-1582.8) 0.83 0.0003
PDGF 23.0 (11.8-50.3) 18.8 (12.2-43.9) 0.24 20.5 (12.2-46.4) 27.2  (16.1-56.6) 0.03 0.19
basic FGF 2.07 (1.29-4.08) 194 (1.29-2.93) 0.18 2.02 (1.29-2.69) 1.97 (1.29-2.82) 0.48 0.77
CcD14 4264.7 (3265.5-5401.8) 3908.0 (2825.9-5294.1) 0.10 4534.5 (3479.6-5658.1) 4782.5 (3653.7-5664.7) 0.50 0.01
CD163 1045.5 (809.2-1474.9) 1015.2 (724.3-1330.8) 0.39 1062.83 (820.1-1462.9) 1135.0 (751.9-1692.7) 0.06 0.08
TF 36.7 (30.0-46.9) 41.8 (31.2-52.1) 0.06 37.4 (31.7-45.4) 37.8 (30.7-45.5) 0.51 0.16

Data are shown as median (interquartile range). Concentrations (pg/ml) between participants in the prednisone and the placebo arm at week 2 were compared using the Wilcoxon rank
sum test; concentrations between week 0 and week 2 were compared using the Wilcoxon matched-pairs signed ranks test (72 participants with in the prednisone arm vs 70 participants in

the placebo arm). After adjusting for multiple comparisons using the Bonferroni correction, a p-value of < 0.002 was considered significant.
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TABLE 3.5 Concentrations of cytokines and chemokines at week 2 in participants predicted and not predicted to develop TB-
IRIS by study arm

Predicted to develop TB-IRIS

Predicted to not develop TB-IRIS

Prednisone arm (n = 30) Placebo arm (n = 33) P1 Prednisone arm (n = 41) Placebo arm (n = 37) P2 P3 P4
IL-1b 0.12 (0.09-0.14) 0.13 (0.11-0.2) 0.04 0.12 (0.11-0.14) 0.13 (0.12-0.19) 0.30 0.67 0.07
IL-18 947.0 (606.5-1286.5) 1333.5 (849.5-2318.9) 0.09 689.8 (420.8-1080.0) 753.8 (498.7-1333.2) 0.31 0.02 0.45
IL-1ra 120.6 (86.6-279.0) 338.2 (122.8-644.5) 0.003 80.0 (54.2-148.7) 139.4 (77.7-327.9) 0.01 0.009 0.80
IL-6 0.10 (0.07-0.18) 0.20 (0.09-0.54) 0.01 0.10 (0.09-0.18) 0.33 (0.10-1.96) 0.007 0.41 0.002
TNF 15.4 (8.8-27.4) 26.6 (18.7-37.8) 0.007 10.3 (7.7-31.8) 19.2 (10.1-29.5) 0.19 0.02 0.58
IFN-y 0.36 (0.2-0.67) 0.36 (0.19-0.64) 0.66 0.36 (0.11-0.36) 0.36 (0.29-0.60) 0.10 0.65 0.95
IL-12p70 0.31 (0.25-0.36) 0.33 (0.25-0.36) 0.28 0.36 (0.25-0.50) 0.36 (0.25-0.58) 0.86 0.25 0.11
IL-17 0.43 (0.34-0.56) 0.52 (0.34-1.01) 0.13 0.45 (0.32-0.46) 0.46 (0.34-0.58) 0.60 0.15 0.99
11-2 1.24 (0.62-1.91) 1.44 (0.92-2.25) 0.15 1.06 (0.62-2.11) 1.22 (0.62-1.99) 0.82 0.21 0.92
IL-7 140 (1.14-2.01) 1.47 (1.40-1.80) 0.13 147 (1.40-2.11) 1.40 (1.03-2.10) 0.13 0.03 0.49
IL-4 0.19 (0.10-0.61) 0.18 (0.14-0.50) 0.92 0.14 (0.08-0.26) 0.14 (0.08-0.55) 0.52 0.59 0.50
IL-9 22.6 (17.6-28.2) 23.7 (21.3-28.3) 0.58 23.1 (20.6-30.9) 26.3  (22.3-33.4) 0.18 0.11 0.04
IL-13 0.05 (0.05-0.07) 0.05 (0.05-0.06) 0.30 0.05 (0.05-0.07) 0.05 (0.05-0.09) 0.64 0.96 0.68
IL-10 0.41 (0.31-0.81) 0.41 (0.31-1.00) 0.90 0.41 (0.31-0.42) 0.41 (0.27-0.63) 0.80 0.21 0.37
CCL2 10.6 (3.6-21.0) 9.29 (3.59-19.54) 0.66 7.43 (2.45-11.24) 8.89 (4.63-18.53) 0.28 0.96 0.89
CCL3 2.73  (1.41-7.27) 3.65 (2.03-8.11) 0.10 1.79 (1.14-4.94) 2.03 (1.26-3.26) 0.67 0.004 0.36
CcCLa 26.5 (20.6-37.4) 29.1 (25.6-44.4) 0.10 26.2 (21.5-30.8) 27.3 (23.0-33.4) 0.41 0.11 0.50
CCL5 991.0 (452.6-1481.9) 1140.2 (470.4-2134.8) 0.62 1140.1 (684.1-1936.25) 1373.7 (576.4-2267.7) 0.64 0.40 0.17
CCL11 11.1  (5.8-20.8) 8.40 (4.55-18.59) 0.45 7.10 (4.04-15.55) 8.45 (4.60-17.8) 0.67 0.99 0.35
CXCL8 1.57 (0.64-3.73) 1.94 (1.06-8.85) 0.16 1.06 (0.61-2.22) 1.32 (0.98-5.52) 0.50 0.15 0.99
CXCL10 455.3 (202.4-1052.3) 1166.1 (598.9-1928.6) 0.003 412.1 (230.8-827.4) 660.0 (281.7-1353.3) 0.09 0.05 0.16
PDGF 18.6 (11.8-40.9) 24.3 (16.2-39.2) 0.52 22.7 (13.5-51.4) 32.8 (16.2-73.6) 0.24 0.07 0.04
basic FGF 197 (1.29-2.93) 2.02 (1.29-2.93) 0.88 2.02 (1.29-2.96) 1.82 (1.29-2.77) 0.78 0.61 0.82
CD14 4001.4 (3118.3-5921.1) 5166.1 (4367.5-5856.4) 0.08 3894.4 (2789.2-5056.4) 4160.3 (3028.7-5272.8) 0.23 0.02 0.94
CD163 1148.5 (865.0-1749.7) 1170.5 (719.5-1780.1) 0.91 868.7 (679.3-1226.4) 1085.7 (858.4-1509.8) 0.05 0.72 0.58
TF 42.3 (35.2-55.1) 38.2 (30.0-45.0) 0.06 37.6 (30.8-45.9) 39.0 (31.0-47.9) 0.88 0.64 0.07

Data are shown as median (interquartile range). Concentrations were compared using the Wilcoxon rank sum test. P1 relates to the comparison of chemo- and cytokines

between the prednisone and placebo arm in participants predicted by the model to develop TB-IRIS; P2 relates to with the comparison of chemo- and cytokines between the
prednisone and the placebo arm in participants predicted by the model to not develop TB-IRIS; P3 relates to with the comparison of chemo- and cytokines between participants
predicted to develop and not to develop TB-IRIS in the placebo arm; P4 relates to with the comparison of chemo- and cytokines between participants predicted by the model to
develop TB-IRIS who received prednisone and participants predicted by the model to not develop TB-IRIS who received placebo. A p-value of < 0.05 was considered significant.
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FIGURE 3.4 Fold-change of concentrations of cytokines and chemokines at week 2
comparing different groups of participants from the model predicting the

development of TB-IRIS.

Concentrations were compared between participants using the Wilcoxon rank sum test. A p-value of < 0.05 (*) was
considered significant.

A comparison between participants predicted to develop and not to develop TB-IRIS in the placebo arm; B comparison
between the prednisone and the placebo arm in participants predicted not to develop TB-IRIS; C comparison between the
prednisone and placebo arm in participants predicted to develop TB-IRIS; D comparison between participants predicted to
develop TB-IRIS who received prednisone and participants predicted to not develop TB-IRIS who received placebo.
Comparisons (refer to figure 3.3A) are depicted below:
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No association between LTA4H genotype and the development of TB-IRIS was
demonstrated.

Among the 213 participants who had LTA4H genotyping performed, 173 (81%) had a CC, 31
(15%) had a CT and 9 (4%) had a TT genotype. The overall observed distribution of alleles
roughly resembles the African distribution (Ensembl.org) (Figure 3.5), however our findings
were not consistent with the Hardy Weinberg equilibrium (p < 0.0001).

17
198

African population Study sample

FIGURE 3.5 Distribution of /ta4h genotypes in the African population and our study
sample.
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Because of the low frequency of mutant genotypes CT and TT, we grouped them together
for further analysis. We found no association between LTA4H genotype and the
development of TB-IRIS, both in the entire cohort (p = 0.88) as well as in participants in the
placebo arm only (p = 0.51) (Figure 3.6).

All participants (n = 213) Participants in placebo arm (n = 109)
100~ 100 B nolRIS
Bl RIS
® S
" 50 -
p=0.88 p=0.51
0- o
cc cT/TT cc cT/TT
genotype genotype

FIGURE 3.6 Association between /ta4h genotype and TB-IRIS

Comparisons were done using the Pearson Chi square test. A p-value of < 0.05 was considered significant.

No association between genotype and cytokine/chemokine concentrations at baseline

or two weeks after start of ART was demonstrated

We compared different chemo- and cytokines between participants with a wildtype and a
mutant LTA4H genotype. We found no association between genotype and cytokine profile,
at week 0 or at week 2 (Table 3.6).
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TABLE 3.6 Cytokine concentrations comparing wildtype (CC) vs mutant (CT and TT) /ta4h genotype at week O (start ART) and week 2.

Week 0 Week 2
Wildtype (CC) (n = 124) Mutant (CT/TT) (n=32) p-value Wildtype (CC) (n = 105) Mutant (CT/TT) (n = 28) p-value
IL-1b 0.12 (0.11-0.14) 0.14 (0.12-0.18) 0.03 0.12 (0.11-0.16) 0.15 (0.11-0.2) 0.16
IL-18 1125.8 (793.2-1946.9) 901.0 (647.9-1629.1) 0.14 890.1 (564.7-1333.2) 894.6 (506.5-1493.3) 0.72
IL-1ra 112.7 (73.7-235.4) 116.8 (91.2-267.3) 0.60 122.8 (73.5-299.8) 157.5 (90.0-520.6) 0.28
IL-6 0.10 (0.09-0.31) 0.10 (0.07-0.24) 0.66 0.14 (0.09-0.61) 0.12 (0.09-0.42) 0.85
TNF 14.1 (9.7-22.9) 18.5 (14.0-25.1) 0.03 17.9 (9.1-32.4) 20.2 (9.8-30.6) 0.39
IFN-y 0.36 (0.32-0.86) 0.39 (0.34-0.90) 0.73 0.36 (0.19-0.55) 0.36 (0.24-0.65) 0.33
IL-12p70 0.33 (0.25-0.41) 0.34 (0.25-0.36) 0.91 0.34 (0.25-0.40) 0.33 (0.25-0.36) 0.44
IL-17 0.46 (0.34-0.51) 0.34 (0.25-0.55) 0.36 0.46 (0.34-0.58) 0.46 (0.28-0.79) 0.99
IL-2 1.07 (0.62-1.59) 1.28 (0.79-2.27) 0.17 1.22 (0.62-2.11) 1.06 (0.63-2.39) 0.95
IL-7 1.40 (1.14-1.64) 1.47 (1.14-2.48) 0.33 1.40 (1.14-1.80) 1.47 (1.40-2.39) 0.10
IL-4 0.15 (0.08-0.54) 0.18 (0.08-0.46) 0.95 0.14 (0.08-0.51) 0.22 (0.14-0.46) 0.24
IL-9 24.4  (19.5-32.5) 28.3  (22.1-31.4) 0.26 23.7 (19.4-30.4) 26.1 (23.2-30.3) 0.14
IL-13 0.05 (0.05-0.07) 0.05 (0.05-0.06) 0.32 0.05 (0.05-0.07) 0.05 (0.05-0.06) 0.40
IL-10 0.41 (0.31-0.58) 0.41 (0.31-0.54) 0.84 0.41 (0.31-0.58) 0.41 (0.31-0.95) 0.48
CCL2 12.4 (5.8-25.8) 16.5 (6.9-26.1) 0.46 8.14 (2.70-17.81) 9.82 (5.42-20.25) 0.15
CCL3 1.92 (1.15-3.35) 2.00 (1.12-3.89) 0.88 2.25 (1.39-5.63) 2.15 (1.10-6.36) 0.67
CcCLa 24.4  (19.4-30.0) 25.5 (21.6-31.2) 0.27 26.1 (21.5-33.9) 28.8 (23.9-39.4) 0.18
CCL5 1289.6 (572.5-2764.4) 1178.8 (477.7-2692.1) 0.68 1208.2 (546.7-1953.0) 1082.6 (496.5-2414.1) 0.94
CCL11 9.43 (4.45-18.14) 8.62 (5.29-16.35) 0.94 8.35 (4.38-20.8) 11.2 (6.0-17.4) 0.55
CXCL8 1.21 (0.91-3.64) 1.32 (1.06-4.25) 0.50 1.40 (0.91-4.61) 1.09 (1.02-3.98) 0.84
CXCL10 997.2 (406.0-1595.3) 848.1 (552.9-1636.4) 0.86 602.5 (281.7-1326.9) 675.4 (361.6-1406.0) 0.59
PDGF 20.1 (11.9-50.4) 21.3 (11.5-37.4) 0.63 22.6 (13.4-52.7) 30.4 (15.7-57.8) 0.31
basic FGF 1.95 (1.29-3.31) 2.04 (1.29-2.85) 0.79 194 (1.29-2.93) 2.02 (1.29-2.70) 0.71
CD14 4285.8 (3347.3-5401.3) 4404.7 (3397.3-5772.0) 0.61 4162.0 (3028.7-5294.1) 4195.2 (3314.1-5531.0) 0.82
CD163 1063.3 (822.0-1462.9) 1015.9 (711.7-1474.9) 0.54 1039.6 (727.6-1491.8) 986.1 (727.6-1296.6) 0.77
TF 37.3  (30.8-43.6) 349 (29.5-46.2) 0.56 38.7 (30.7-45.9) 37.6 (31.1-49.2) 0.69

Data are shown as median (interquartile range). Concentrations were compared using the Wilcoxon rank sum test, adjusting for multiple comparisons using the Bonferroni
correction. A p-value of < 0.002 is considered significant.
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TABLE 3.7 The effect of LTA4H genotype on the efficacy of prophylactic prednisone

Hazard ratio 95% CI p-value
Prednisone arm 0.66 0.41-1.07 0.10
Mutant genotype 1.14 0.59-2.24 0.69
Interaction 0.66 0.21-2.11 0.49

Cox proportional hazard models with time to TB-IRIS as outcome and treatment arm, genotype and their interaction as
variables.

There was no association shown between LTA4H genotype and the efficacy of
prednisone to prevent TB-IRIS

We assessed whether LTA4H genotype affects the efficacy of prednisone to prevent TB-IRIS.
Although prednisone seems to prevent TB-IRIS more effectively in the mutant genotype
group (HR 0.66, 95% Cl 0.21 — 2.11), the difference was not statistically significant (p = 0.49)
and a wide confidence interval prevented us from making any conclusions regarding efficacy
in relation to genotype (Table 3.7 and Figure 3.7).
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FIGURE 3.7 Cumulative incidence of TB-IRIS by /ta4h genotype and study arm.
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Discussion

In our study, we have assessed the association between soluble chemo- and cytokines and
TB-IRIS in a cohort of participants at high risk of TB-IRIS receiving either prednisone or
placebo from the initiation of ART.

We found no statistically significant association between plasma concentrations of chemo-
or cytokines at baseline and the development of TB-IRIS. Several other studies have
evaluated chemo- and cytokine concentrations to predict TB-IRIS. Although individual
studies describe roles for certain cytokines in predicting TB-IRIS, assessing studies together
shows that baseline concentrations of individual cytokines are generally not associated with
TB-IRIS across studies [21, 38, 48, 60-66, 146, 147], a finding we confirmed in our study. Our
finding needs to be interpreted with caution, however, as participants in our cohort have
been selected for their high risk of TB-IRIS and may therefore be more uniform than a less
selected population.

As described in other studies [59, 67], we found TB-IRIS was associated with increased
concentrations of several chemo- and cytokines 2 weeks after starting ART. Particularly TNF-
o, CXCL-10, CCL-3, IL-1ra and IL-2 were increased, with a trend for higher IL-1 B, IL-6 and
most of the other chemokines. TNF-a has long been associated with both protection and
pathology in TB [86] and raised plasma concentrations have been found in patients with TB-
IRIS [21, 59, 61-63, 67], a finding we confirm in our study. CXCL-10 plasma concentrations
are raised in patients with active TB with and without HIV [148] and decline during TB
treatment [149, 150]. Similar to other studies [60, 62, 66], we found raised concentrations
of plasma CXCL-10 in participants with TB-IRIS when compared to non TB-IRIS controls, it
appears because concentrations did not decline on ART in patients with TB-IRIS [62, 66].
However, not all studies show these increased plasma CXCL-10 concentrations during TB-
IRIS [61, 63, 151], possibly as a result of difference in time between starting antituberculous
therapy and ART between the TB-IRIS patients and non-TB-IRIS controls. Our finding of
increased concentrations of CCL-3 in participants with TB-IRIS is not reported consistently in
the literature, with both increased and decreased CCL-3 concentrations found during both
TB and TB-IRIS [61, 63, 152-155]. We found increased concentrations of IL-1ra in
participants with TB-IRIS. IL-1ra is a naturally occurring competitive inhibitor of the pro-
inflammatory cytokines IL-1a and IL-1B. Increased plasma concentrations have been found
in patients with TB [156, 157] and TB-IRIS [61, 64, 65]; the latter may represent
compensatory anti-inflammatory and immune-regulatory responses accompanying the
excess inflammation of TB-IRIS. IL-1ra is secreted by monocytes together with IL-1.
Because of the short half-life time of IL-1B, making it difficult to measure, IL-1ra has been
used as a surrogate for IL-1 [65]. So alternatively, rather than reflecting decreased
inflammation, increased IL1-ra concentrations in our study may mirror increased IL-1
concentrations.
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Initial studies of IRIS showed an increase in antigen-specific, IFN-y producing CD4+ T

cells and their pro-inflammatory cytokines associated with IRIS [46, 52]. Subsequent studies
showed increases in polyfunctional (co-expressing IFN-y, TNF-a and IL-2) tuberculosis-
specific CD4+ T-cell responses were associated with TB-IRIS [49, 50]; these are considered
an effector memory population [48, 51]. These cells may simultaneously stimulate innate
(macrophage activation via IFN-y and TNF-a) and adaptive (T cell proliferation via IL-2)
immune responses. More data emerged pointing to a role for the innate immune system in
the pathogenesis of TB-IRIS [38, 60, 64, 67]: TB-IRIS associates with increased
concentrations of IL-6 and IL-18; and a transcriptomic signature of TB-IRIS predicts
activation of innate signalling pathways and production of proinflammatory cytokines and
chemokines [67]. Moreover, monocytes and macrophages have been associated with TB-
IRIS. The role of macrophages in TB-IRIS was first suggested in a case report of unmasking
TB-IRIS describing macrophages as the dominant cell type present in affected lung tissue
[158]. An animal model of TB-IRIS, using T-cell deficient mice, showed similar findings [159].
Subsequent studies further suggest a role for monocytes or macrophages in TB-IRIS [160],
especially expansion and activation of the CD14** CD16 subset [61].

Our data support a conclusion that an interaction between the innate and adaptive immune
responses plays a role in TB-IRIS. The increased concentrations at the time of TB-IRIS of IL-2
and CXCL-10 indicate the involvement of a Th1 response, whereas increased concentrations
of TNF-a and CCL-3 could indicate macrophage activation. However, we did not find
increased concentrations of sCD14 and sCD163 - markers associated with monocyte and
macrophage activation. This could of course mean factors other than macrophage activation
are involved in the increased concentrations of TNF-a and CCL-3.

Prophylactic prednisone, when compared to placebo, was associated with lower plasma
concentrations at week 2 of those chemo- and cytokines that were found to be increased in
TB-IRIS — with the exception of IL-2. This is in line with previous studies showing a decrease
in plasma concentrations of several cytokines (IL-6, IL-10, IL-12p40, IFN-y, CXCL-10, and TNF-
a) in patients treated with prednisone for TB-IRIS [139] or pericardial tuberculosis [161]
compared to placebo. Because prednisone reduces the incidence of TB-IRIS [43] it is not
possible to conclude from our study whether lower concentrations in the prednisone arm
mediated the reduction or are a consequence thereof. Moreover, discerning the effect of
prednisone could be diluted when given to all participants and not only to participants who
will develop TB-IRIS. We tried to overcome these limitations by developing a model that
predicted which participants would develop TB-IRIS and which would not, repeating the
analysis only including participants predicted to develop TB-IRIS. We reasoned that if the
subgroup of these participants allocated to the prednisone arm subsequently did not
develop TB-IRIS, this could be attributed to prednisone. Comparing prednisone to placebo in
participants predicted to develop TB-IRIS, we could confirm lower concentrations of IL-1ra,
TNF-a and CXCL-10 as well as IL-1B and IL-6 in participants in the prednisone arm. We
further reasoned that if prednisone modifies the cytokine profile of participants predicted
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to develop TB-IRIS to resemble the cytokine profile of participants without TB-IRIS, their
cytokine profile at week 2 would resemble the cytokine profile of participants not predicted
to develop TB-IRIS in the placebo arm. We identified cytokines with lower plasma
concentrations in the prednisone arm compared to the placebo arm in participants
predicted to develop TB-IRIS. We compared their concentrations to cytokine concentrations
of participants in the placebo arm of participants predicted to not develop TB-IRIS, and
found the difference in concentrations was no longer statistically significant. The only
exception is IL-6, which is still lower in the prednisone arm. However, because of small
numbers in all compared groups, it is not possible to draw solid conclusions.

Corticosteroids inhibit inflammatory signals via three different mechanisms: regulation of
gene expression via interaction with glucocorticoid-responsive element; interaction with
transcription factors such as NF-kB — occurring at lower corticosteroid concentrations; and
signaling through membrane-associated receptors and second messengers [162]. NF-kB has
also been proposed to play a role in TB-IRIS, triggering the production of an array of
cytokines, including TNF-a and IL-6 or activating the inflammasome, leading to the
production of IL-1 [163].

We assessed /ta4h genotype in patients at risk for TB-IRIS. We found our study sample did
not comply with the Hardy Weinberg equilibrium. An explanation for the lower than
expected proportion of heterozygotes in our cohort could be the large proportion of
participants with extrapulmonary TB; in some studies the heterozygote CT genotype was
associated with a decreased risk for extrapulmonary TB [96, 141] - although this association
has not been found in other studies [140-142].

LTA4H directly affects LTB4, a strong attractor of neutrophils and macrophages to sites of
inflammation. Therefore, one could expect /ta4h genotype to both associate with
inflammation in TB-IRIS and influence the plasma chemo- and cytokine profile. However, we
did not find an association between /ta4h genotype and TB-IRIS, similar to the only other
study to date assessing LTA4H and TB-IRIS [99]. We also did not find an association between
Ita4h genotype and cytokine profile. Only one other study assessed this association, in
cerebrospinal fluid (CSF) rather than in plasma, in patients with tuberculous meningitis
(TBM). The authors found higher concentrations of IL-1B, IL-2 and IL-6 in patients with
mutant genotypes (CT and TT), but only in those not infected with HIV [144]. Possible
reasons why we did not find this association between genotype and cytokine concentration
include: (1) A possible difference in the role of LTA4H in HIV-infected and uninfected
patients: in the above-mentioned study /ta4h genotype did not affect CSF cytokine
concentrations in HIV-infected patients, and a survival benefit for those with a TT genotype
was also only evident for patients not infected with HIV [144]. Moreover, HIV affects the
ability of neutrophils [164] and alveolar macrophages [165] to produce LTB4 in vitro; LTB4 -
usually elevated in bronchoalveolar lavage (BAL) fluid of patients with bacterial pneumonia
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[166] - was not elevated in HIV infected patients with pneumonia compared to healthy
controls [167]. (2) The difference between pulmonary TB and TBM: studies showing a
difference in clinical picture and genotype all relate to TBM [96, 141], whereas studies
assessing pulmonary TB did not find this association [140-142]. LTA4H is not only involved in
generation of the pro-inflammatory LTB4, it also breaks down Proline-Glycine-Proline (PGP)
[168]. PGP is a tripeptide that is generated from collagen by matrix metalloproteinases
upregulated in TB. It attracts neutrophils and plays a role in inflammatory lung disease [169,
170]. Although our study cohort included many participants with not only pulmonary but
also extrapulmonary TB, patients with TBM were excluded from the trial. If the role of
LTA4H as anti-inflammatory enzyme — by breaking down PGP - is more important in
pulmonary TB, whereas its role as pro-inflammatory enzyme is more important in TBM, this
might explain our findings.

We did not find a statistically significant effect of Ita4h genotype on the efficacy of
prednisone to prevent TB-IRIS. This could be due to the low frequency of mutant alleles in
our African study population (10%) compared to other studies performed in Southeast Asia,
where mutant alleles are much more frequent (33%) (Ensembl.org). However, a study done
in South India, in which 40% of the participants had a mutant genotype, also did not find the
response to steroids (used as treatment for TB-IRIS, not as prophylaxis) to be genotype
dependent [99].

We recognize an important limitation to our study. Because inclusion of participants in our
trial took place over a period of 2.5 years, there is a difference in storage time between the
samples. Most cytokines are stable when stored at -80 degrees for a period of 2 years but
can degrade afterwards. In a study assessing the effect of long term storage on cytokine
concentrations, concentrations of IL-1B IL-5, IL-8, IL-10, IL-13 and IL-15 all decreased below
50% after 4 years [171]. Our samples have been stored for a median of 3.5 years. We
recognize that as a consequence, we might not be able to measure these unstable
cytokines. We calculated median storage time, which did not differ between the different
groups. Assuming that cytokine degradation over time occurs with similar kinetics in all
groups, we can still reliably interpret differences in cytokine concentrations between
groups. We have chosen to assess chemo- and cytokines measuring direct plasma levels
rather than using cell stimulation assays because of convenience, the ease of performance,
and a relatively low cost. We realize that would we have used cell stimulation assays, levels
of chemo- and cytokines may have been less affected by short half-life times of individual
analytes as well as degradation over time. Moreover, simultaneously assessing changes in
the frequency and immunophenotype of relevant circulating immune cells like monocytes
or T-cells, rather than only analyzing plasma analytes, would have been able to better guide
us towards the origin of the various chemo- and cytokines.
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Due to a relatively small sample size, we are limited in our ability to assess the effect of TB-
IRIS or prednisone in certain subgroups (placebo arm only or participants predicted to
develop TB-IRIS only. Moreover, a difference in chemo- and cytokine levels between groups
may have been detected if we had been able to include more participants in our analysis.

In conclusion, our findings support previous findings that TB-IRIS is characterized by excess
inflammation and hypercytokinemia, with a prominent role for the innate immune system.
Prednisone used to prevent TB-IRIS was associated with a decrease in these cytokines. In
our study, Ita4h genotype associated with neither the incidence nor the cytokine profile of
TB-IRIS. We were unable to show that the efficacy of prednisone to prevent TB-IRIS is
genotype dependent.
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The immune mechanisms of lung
parenchymal damage in tuberculosis and
the role of host-directed therapy

Introduction

In 2016, an estimated 10.4 million people developed tuberculosis (TB) worldwide. Although
effective diagnosis and treatment saved about 53 million lives between 2000 and 2016, TB
remains a major threat worldwide: 16% of TB cases die from the disease, corresponding to
1.7 million deaths in 2016 [172]. Among those who are cured successfully, residual
pulmonary impairment is common. Various studies have looked at lung function in patients
with a known history of TB; they found abnormal lung function in 34% - 94% of patients,
varying in severity from mild to severe [112, 114, 116, 124, 173-179]. It results in
considerable medical costs [180] and decreased quality of life [124, 175].

Impaired lung function is associated with chest radiograph (CXR) abnormalities in most of
the studies. It can easily be measured using spirometry, which measures air volumes and
airflow rates of the lung. Forced vital capacity (FVC) is the maximal volume of air exhaled by
a patient from the position of maximal inspiration, by means of a rapid, maximally forced
expiration; forced expiratory volume in 1 second (FEV1) is the amount of air exhaled during
the first second of the FVC maneuver. The nature and severity of pulmonary impairment can
be categorized by combining these two measurements: obstruction is defined as a FEV1 /
FVC ratio < 70%, restriction is suggested by a low FVC (< 80% of the predicted value).
Obstruction, low FVC, and mixed defects have all been reported in patients with previous
TB.

Purpose of review

The aim of TB treatment is to kill the causative mycobacteria with anti-mycobacterial
agents. Because of the lengthy duration of the treatment, the possibilities of drug toxicity,
and increasing drug resistance, host-directed therapies (HDT), have gained attention [92,
181, 182]. HDTs are agents that can augment host defense mechanisms, modulate excessive
inflammation or both, by manipulating the hosts response to a pathogen rather than
targeting the pathogen itself. This may lead to improved clinical treatment outcomes such
as reduced morbidity, mortality, and end-organ damage, and long-term functional recovery.
Supplementing anti-TB treatment with drugs that reduce pulmonary damage could result in
improved pulmonary function. To predict which interventions could be beneficial, an

66



understanding of the pathogenesis of pulmonary damage in TB is important. What are the
immunological processes leading to lung damage in humans? Where and how in the process
could we intervene to prevent or reduce lung damage? How much damage is already done
at diagnosis and how much still occurs during treatment?

What does pulmonary damage in human TB look like?

The established paradigm positions the caseating granuloma as the characteristic lesion of
TB. However, this paradigm originates from animal studies in the late 20th century, when
data on histology of human TB had become rare. Studies done before the 1950s describe
two characteristic presentations in human pulmonary TB: the caseous granuloma and the
tuberculous pneumonia. They divide lung pathology into primary and post-primary TB.
Primary TB is the infection that occurs when people first encounter Mycobacterium
tuberculosis (Mtb). Post-primary TB occurs later, as a result of reactivation of latent TB or
reinfection, and causes the majority of clinical TB [183]. The two differ with regard to their
location in the lung, the host immune response and their histopathology. Primary TB
typically occurs mainly in the lower zones of the lung. It is usually self-limiting but leads to
consolidative pneumonia or lymphadenitis in a small proportion of individuals. It is
characterized by a greater bacillary load and reduced lipid accumulation in the alveoli and
the interstitium compared to post-primary TB, as well as an acute inflammatory response;
cavitation however, is rare. Post-primary TB is said to develop mainly in the apices of the
lung. It is characterized by obstructive pneumonia, which is frequently asymptomatic in its
early stages. Endobronchial spread from the small peripheral airways can lead to necrotic
caseous pneumonia, associated with progressive tissue necrosis and cavity formation or
fibrocaseous disease [184, 185]. TB typically heals with persisting cavities, scarring, and
pleural adhesions, as observed in autopsies of persons with previous TB who died of other
causes [186]. However, abnormal findings need not be present and viable TB can be found
in both macroscopically normal and abnormal appearing lung tissue [187].

Chest radiographs (CXR) are commonly used to visualize pulmonary damage. Radiologists
distinguish primary and post-primary TB as the two typical patterns in active TB. Primary TB
is characterized by lymphadenopathy and air space consolidation often in the middle or
lower lobes, with or without an accompanying pleural effusion. Post-primary TB consists of
consolidation and/or nodules, frequently in the upper lobes or apices of the lower lobes,
with or without cavitation [188]. CXRs of people with previous TB show abnormalities in 14-
100%, including fibrosis, bronchiectasis, and persisting cavities, the latter occurring more
often in re-treatment patients or those with multi-drug resistant TB [189]. All these
abnormalities are associated with impaired lung function.
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Computed tomography (CT) scans are more sensitive than CXRs, especially for imaging of
centrilobular small nodules or the so-called tree-in-bud sign; these classical features of early
endobronchial spread of TB are often underestimated on a CXR [190];
[18F]-fluoro-2-deoxy-D-glucose positron emission tomography (FDG-PET) with CT combines
anatomic imaging with imaging of metabolic activity of lesions. It has been used in TB to
follow the evolution of lung lesions during treatment [191, 192] and, importantly, has
shown that metabolically active lung lesions may be present before the onset of clinical
disease [193], and persist after treatment completion [191].

What happens after Mtb enters the lung?

After Mtb enters the lung, the bacilli are taken up by alveolar macrophages, dendritic cells,
and neutrophils, or occasionally epithelial cells; the latter possibly resulting in limited early
bacterial growth. Infected cells start producing and secreting antimicrobial peptides,
cytokines (like interleukin (IL)-1B, tumor necrosis factor (TNF)-a, IL-12, and IL-6) and
chemokines. Other immune cells and permissive macrophages are attracted to the site of
infection [86]. Mtb itself, using multiple strategies, directs the recruitment of macrophages
and triggers granuloma formation [194]. Secondary granulomas are formed by infected
macrophages departing the primary granuloma or when a granuloma ruptures. While Mtb
replicates freely in the macrophages, dendritic cells migrate to the local lymph nodes, to
activate T cells. The arrival of Mtb specific T-cells in the lung usually does not happen until
14-21 days after initiation of the infection [195]. Their production of TNF-a and interferon-y
(IFN-y) stimulates killing activities by macrophages. Moreover, T-cells complete granuloma
formation by forming the lymphocytic cuff surrounding it [86].

The balance between the eicosanoids prostaglandin E2 (PGE2) and lipoxin A4 (LXA4) affects
the mode of death of infected macrophages. LXA4 promotes macrophage necrosis, resulting
in cell lysis of the macrophage, thereby allowing Mtb to escape and spread to neighboring
cells. PGE2 stimulates apoptosis, leaving the macrophage plasma membrane intact,
containing the bacilli, and enhancing immunity [196]. Leukotriene (LT) B4, through
regulation of TNF-a production [96] and possibly attraction of neutrophils [197], is also
involved, with both high and low levels of LTB4 inducing macrophage necrosis [96].

In only 10% of individuals, progressive primary disease occurs; in the remaining 90% the
initial infection is contained and latent infection is established [86]. Current thinking views
active and latent TB on a spectrum of tuberculosis disease, rather than as two distinct
disease states as historically classified. [198].
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Granulomas

Most human granulomas are composed of a center of infected macrophages, with the
ability to differentiate, for example into epithelioid cells, multi-nucleated giant cells, and
foamy macrophages. An outer layer of lymphocytes surrounds these cells, and many other
cells, including neutrophils, dendritic cells, natural killer (NK) cells and fibroblasts may form
part of the granuloma. The granuloma contains the mycobacteria, preventing their spread,
but at the same time serves as a site of replication and persistence for Mtb [194]. Different
types of granuloma exist: cellular, suppurative, fibrotic, or caseous [199]. Caseous necrosis
occurs when cells within the granuloma undergo necrosis [86]; alternatively, it has been
suggested that - in post-primary TB - granulomas form in response to existing areas of
necrotic caseous pneumonia [184]. Caseous necrosis happens in conjunction with
extracellular matrix (ECM) destruction. In the classical paradigm, tissue destruction occurs
as a result of caseous necrosis [86]. However, an alternative theory proposes that collagen
destruction precedes caseation and, therefore, ECM destruction is the initial pathological
event [200].

Diverse types of granulomas can be present in one lung at the same time, ranging from
small cellular granulomas to multiple caseous granulomas that coalesce and expel their
contents to form large cavities; they behave independently of each other, and different
immunologic profiles exist between [201, 202] and within [203] granulomas. Granulomas
can be stable, or either resolve or progress. Clinically, the behavior of a few or even a single
poorly controlled granuloma can determine the outcome of the disease on a host level
[204].

Cavities, bronchiectasis and fibrosis

The lung consists of both cellular and extracellular components. The ECM is comprised of
the interstitial connective tissue matrix, which forms the parenchyma of the lung,
surrounding cells and providing structural scaffolding, and the basement membrane, which
separates the alveolar epithelium or endothelium from the surrounding stroma. Support of
the alveoli by the ECM is needed for normal lung function; destruction or abnormal
remodeling of the ECM occurs in many pulmonary diseases and leads to pulmonary
impairment [205]. The ECM of the lung is mainly made up of type | collagen and elastin.
Type lll and IV collagen are important components of the alveolar wall and basement
membrane. Large fibers are connected by smaller fibrils. Dissemination of mycobacteria
from the lung parenchyma into the airways as well as formation of cavities requires
destruction of the ECM through cleavage of both small fibrils and large fibers. Collagens,
however, are highly resistant to cleavage by proteolytic enzymes; only matrix
metalloproteinases (MMPs) are capable of completely degrading the ECM [205].
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Consequently, MMPs play an important role in the development of cavities, bronchiectasis
as well as fibrosis.

The development of cavities in TB has been studied extensively in rabbits, using
Mycobacterium bovis. In these studies, cavities developed from liquefied caseating
granulomas, that contained large numbers of actively growing bacteria. Bacteria release
high amounts of tuberculin-like products causing a tissue-damaging delayed-type
hypersensitivity reaction [206]. This T-cell mediated immune reaction is important; cavities
developed mainly in pre-sensitized rabbits and desensitization or immune suppression could
prevent cavity formation [207, 208]. Cavities are formed when expanding granulomas
ruptures their caseous contents into a bronchus [206].

Histologic studies in humans show a different picture of cavity formation that challenges the
paradigm described in rabbits [184]: cavities do not develop from liquefied caseating
granulomas, but from a caseous pneumonia. Host lipids and mycobacterial antigens
accumulate in the alveoli, but only small numbers of bacteria are present. Similar to the
rabbit model, sudden necrosis related to a delayed-type hypersensitivity reaction against
mycobacterial antigens occurs [184]. However, an alternative yet controversial theory,
based on the small numbers of bacteria observed and several observations related to
autoimmunity seen in patients with TB, proposes a role for autoimmunity: mycobacteria
induce inappropriate host responses to self-antigens, causing autoimmune inflammation
[209]. A considerable overlap in gene expression signatures between TB and autoimmune
diseases, greater than seen with other infectious diseases, supports this theory [210].

The lipid-rich necrotic material in granulomas does not have the enzymatic activity to
degrade collagen and consequently, its build-up is only one component of cavity formation.
Extracellular matrix breakdown takes place and involves MMPs. Indeed, increased
concentrations of MMPs have been found in TB cavities in rabbits [211] and in humans [212,
213]. Neutrophils have also been found in cavities [212].

Bronchiectasis, an irreversible dilatation of the bronchi, is caused by an ongoing
inflammatory process (like TB), which results in damage to the airway epithelium, leading to
an inability to clear secretions, as well as destruction of the elastin in the airway walls [214].
Similar to cavity formation, MMPs have been implicated in the development of
bronchiectasis, with increased levels being found in sputum, bronchoalveolar lavage fluid
(BALF), and the lamina propria of patients with bronchiectasis [215-217]. Neutrophils,
together with macrophages and T-cells, are the dominant cell type in bronchiectatic
inflammation [218]. Alternatively, traction bronchiectasis can occur, secondary to scarring
of the adjacent parenchyma or narrowing of more proximal bronchi [214].

Fibrosis results from the excessive deposition of components of the ECM such as collagen
and fibronectin in and around inflamed or damaged tissue by myofibroblasts. Its
pathogenesis is complicated [219], with many innate and adaptive immune cells and
cytokines playing a role. Transforming growth factor (TGF-B), produced by macrophages,
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lung epithelial cells, and fibroblasts, is one of the key players [219] and indeed, higher levels
of TGF-B in serum and BALF correlate with an increase in fibrosis seen on high-resolution CT
scan in patients with TB six months after the start of treatment [220]. TNF-a, IL-B, and IL-17-
induced neutrophil recruitment also seems to play a crucial role in the development of
fibrosis [219]. MMPs appear to be involved: some MMPs reduce fibrosis, but others —
perhaps counterintuitively — promote it [221]. In a Taiwanese study, patients with an MMP-
1 (-1607G) gene polymorphism, leading to excessive MMP-1 production, were more likely to
have moderate to advanced fibrosis on CXR one year after completion of TB treatment
[222].

What are the immunological mediators and processes leading to lung
damage?

Much of our recent knowledge of immunological processes in TB comes from animal
models. Mice, rabbits, guinea pigs, and zebra-fish have all been used to study TB. However,
none of these models completely replicate the immunopathology seen in human TB. More
recently, non-human primates have also been used, exhibiting a spectrum of pathology
closely resembling TB in humans [223].

For this review, we included studies done in humans, where serum and BALF markers are
commonly used to assess the immunological processes in the lung. Serum measurements
reflect systemic responses and do not represent what happens in individual granulomas, as
was shown by a difference in gene expression patterns between granuloma and blood
[201]. BALF more closely reflects responses taking place in the lung, however, even BALF
only reflects processes taking place in the airways and not necessarily those in the lung
parenchyma. Histology is the only way to assess the immunological processes occurring
within a granuloma; however, histological samples are more difficult to obtain and,
therefore, most study findings in humans are built on assumptions using available body
fluid. Studies that do include histological samples cannot present longitudinal data.

When conducting our review, we searched for studies that assessed inflammatory
mediators, and associated them with radiological abnormalities as a marker for pulmonary
damage (Figure 4.1).

Matrix metalloproteinases
There are 23 MMPs in humans. They can be secreted by a variety of cells, including

macrophages/monocytes, neutrophils and lung epithelial cells. Their generation is tightly
regulated. They are not stored requiring gene transcription immediately before secretion;
exceptions being MMP-8 and -9 stored in neutrophils. Once activated, they are regulated by
endogenous inhibitors, called tissue inhibitors of metalloproteinases (TIMPs). Expression of
MMPs is increased by prostaglandin and several cytokines (including IL-1B, IL-17 [224], TNF-
o, and IFN-y) [225]; hypoxic conditions, present in TB lesions, also increase expression and
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secretion of MMP-1 through the induction of hypoxia-inducible factor 1a [226]. A recent
study has demonstrated a role for platelets in MMP-1 upregulation in Mtb-infected
monocytes, in addition to upregulation of IL-1B and IL-10 [227].
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FIGURE 4.1 Mediators of lung damage in TB and interplay with HIV

4 = virulent Mtb, COX = cyclooxygenase, IFN-I = type | interferon, IFN-y = interferon gamma, IL = interleukin, LOX =
lipoxygenase, LT = leukotriene, LTA4H = leukotriene A4 hydrolase, LX = lipoxin, m¢ = macrophage, MMP = matrix
metalloproteinase, Mtb = mycobacterium tuberculosis, neu = neutrophil recruitment, NO = nitric oxide, PGE2 =
prostaglandin E2, TNF = tumor necrosis factor. NO inhibits assembly of the NLRP3 inflammasome [228]

As described above, degradation of collagens and elastins by MMPs during active TB leads
to the formation of cavities. Strong evidence of the role of MMPs in lung damage comes
from studies in transgenic mice expressing human MMP-1. Wildtype mice do not express
the ortholog of MMP-1 in lung and do not develop caseous necrosis or cavities in response
to Mtb; in human MMP-1 transgenic mice, however, infection with TB leads to collagen
destruction and caseous necrosis [200, 229]. MMPs also play a role in granuloma formation
[230].

Several MMPs are upregulated in blood, sputum, and BALF of patients with active TB,
primarily MMP-1, -3, -7, -8, and -9 [225]. MMP-1 is the dominant collagenase in TB [229]; its
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secretion is driven by Mtb directly by activation of multiple intracellular signaling pathways
and by intercellular networks [231]. Corresponding TIMPs are not similarly upregulated by
Mtb, leading to a matrix-degrading phenotype in TB [232]. In a zebrafish model, using M.
marinum to study granuloma formation, mycobacterial-derived ESAT-6 induced MMP-9
secretion, enhancing monocyte recruitment to granulomas [233, 234].

Increased levels of MMPs correlate with pulmonary damage: sputum levels of MMP-1, -2
and -8 were elevated in patients with cavities and correlated positively with the extent of
infiltrates on CXR [123, 212]. Similarly, sputum levels of membrane type-1 MMP (a
membrane-bound collagenase expressed on monocytes), plasma concentrations of
procollagen Il N-terminal propeptide (PIIINP, a degradation product of collagen type lll),
BALF levels of MMP-3, -7, and -8, and serum concentrations of MMP- 1, -8 and -9,
correlated with more extensive CXR abnormalities in patients with TB from several different
countries [235-239]. These findings suggest a central role for MMPs and extracellular matrix
degradation in the development of lung damage in TB.

Neutrophils
Neutrophils are abundant in the airways of humans with active TB [240]. Their role in TB

appears dichotomous: high numbers of neutrophils in the blood at the time of exposure are
associated with lower likelihood of infection [241]. Conversely later in TB their numbers in
blood were associated with worse patient outcomes [242, 243]. Various soluble mediators
(amongst others 1I-1B, IL-8, IL-17, PGE2, LTB4 and granulocyte colony-stimulating factor)
promote neutrophil recruitment [244]; others, like IFN-y and nitric oxide (NO), reduce
neutrophil recruitment and survival, partly via inhibition of IL-17 [245], IL-1B and 12-
lipooxygenase (12-LOX) [246].

At the time of presentation with active TB, neutrophils are associated with lung damage: a
neutrophil-driven, IFN-inducible whole-blood transcript signature [247], higher blood [248,
249] and BALF [250] neutrophil counts, and higher serum levels of S100 proteins (a protein
produced by neutrophils, promoting their own recruitment) [251, 252] in patients with
active TB all relate with the extent of lung radiographic disease. Lung damage is thought to
be contributed to by their indiscriminate killing mechanisms, which can result in significant
bystander damage to surrounding host tissue. Moreover, neutrophils are the only cells that
store MMPs [212], while they do not synthesize TIMPs, thus allowing for unrestrained
effects of MMPs [253]. Removing infected or dying neutrophils is necessary to protect the
surrounding tissue. Removal of apoptotic neutrophils by macrophages promotes
subsequent killing of Mtb, whereas removal of necrotic neutrophils allows for mycobacterial
survival and proliferation inside the macrophages. Mtb drives neutrophil necrosis, a process
that requires neutrophil-derived reactive oxygen species (ROS) [254]. Inhibition of ROS-
production could restore growth control of Mtb by macrophages [255].
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Eicosanoids
The eicosanoids PGE2, LXA4 and LTB4 are all metabolites of arachidonic acid (AA).

Cyclooxygenase (COX) converts AA into PGE2, while 5-lipooxygenase (5-LOX) generates
LTA4, which is again converted into either LXA4 by 12-LOX, or LTB4 by leukotriene A4
hydrolase (LTA4H) [256]. As mentioned previously, the balance between these eicosanoids
influences the mechanism of macrophage death [196]. Macrophage apoptosis leads to an
early immune response with better control of the infection and minimal immunopathology,
while macrophage necrosis leads to a delayed immune response, inadequate control of
infection and greater immunopathology [257]. Virulent strains of Mtb promote LXA4
production, thereby stimulating necrosis and mycobacterial spread [196]. To our
knowledge, no studies have correlated PGE2 or LXA4 with pulmonary function in human TB;
one can speculate that tipping the eicosanoid-balance towards PGE2 may result in less lung
damage. Findings in mice and latent TB in humans, however, show that levels of PGE2 were
low early in the infection and increased later in and during active TB [258-261]. This
underlines the complex and poorly elucidated role of PGE2 in TB infection and may even
suggest a changing role for PGE2 during the course of the disease. LTB4, which is generated
by LTA4H, has been correlated with severity of TB on CXRs in one study [262].

Cytokines
Various studies have assessed the association between cytokines (including IFN—y and TNF-

a, and several pro- and anti-inflammatory interleukins) and CXR abnormalities in TB [123,
220, 239, 247, 250, 263-274]. The different measuring methods used and the fact that
several cytokines are not limited to a single effector function make comparison and
interpretation challenging.

Only TNF-a and IL-1B in both blood and BALF seem to unambiguously correlate with CXR
abnormalities. Higher levels of TNF-a and IL-1B correlate with the presence or size of
cavities [220, 239, 263, 266] and with the extent of pulmonary involvement [123, 269].
Moreover, lower levels of these cytokines were found in patients with an early radiological
response to TB treatment (improved CXR after two months of treatment) compared to
those with a later (at six months) response [265]. In animal models, the effect of TNF-a
seems to be dose dependent, where both high and low doses lead to tissue destruction [96,
275]. LTA4H polymorphism, and subsequently eicosanoid patterns, play a role in its
regulation [96]. Both TNF-a and IL-1pB affect secretion of MMPs and MMPs in their turn can
play a role in the release, activation or inactivation of TNF-a and IL-1p [205]. IL-1PB also
associates with activation of fibroblasts [276] and the recruitment of neutrophils [244, 246],
which all associate with lung damage.

Autophagy
Autophagy is an intracellular self-digestion process: cytosolic material is engulfed by a

double-membrane vesicle called the autophagosome, that delivers it to lysosomes for
degradation and subsequently releases the degraded products back to the cytosol.
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Autophagy can be used by the host to eliminate intracellular pathogens and plays an
important role in defense against Mtb [277]; both IFN-y and TNF-a can induce autophagy
[278]. It can also downregulate IL-1B production mediated through the inflammasome (an
intracellular multiprotein complex that triggers formation of proinflammatory cytokines), by
removing large inflammasome complexes or damaged mitochondria - which, through
production of ROS, trigger the inflammasome [279]. Virulent Mtb can inhibit autophagy
[280], subsequently leading to increased IL-1B production [278]. It was found that patients
infected by Mtb strains with poor in vitro autophagy-inducing ability displayed more severe
radiographic extent of disease [281]. Consequently, inducing autophagy could limit lung
damage.

The modulating role of HIV

Globally, 13 percent of people with active TB who know their HIV status are co-infected with
HIV-1 [172]. Although TB is also a risk factor for airflow obstruction in patients with HIV
[119, 120, 282], in HIV positive patients with a low CD4 count (CD4 < 200/mm3) TB often
presents with atypical CXR findings or even normal CXRs, while cavitation is fourfold less
common [121]. These findings suggest that TB-related pulmonary damage might be reduced
in HIV co-infected patients and the host immune response, necessary for protection against
TB, is required for the development of cavities. Indeed, several of the factors previously
discussed and implicated in pulmonary damage, are affected by HIV co-infection. For
example, sputum levels of MMP-1, -2, -8, and -9 are reduced in HIV-TB co-infected patients,
compared to patients without HIV [19, 123] as is the activity and life span of neutrophils
[122]. The effect of HIV co-infection on the levels of several of the other cytokines is variable
across studies and thus it is difficult to interpret a clear trend [123, 150, 283-287].

Paradoxical TB-associated immune reconstitution inflammatory syndrome (TB-IRIS)
develops in approximately 18% (95% Cl 16-21%) of patients on treatment for HIV-associated
TB, usually within the first few weeks after starting ART [18]. It results in new or recurrent
TB signs and symptoms, commonly involving the lungs, such as cough, chest pain, and
worsening radiographic pulmonary infiltrates. TB-IRIS is associated with increased levels of
several cytokines, particularly IL-6, TNF-a and IFN-y [21, 59, 63, 67] and inflammasome
activation [67]. It results in increased neutrophil recruitment [76], and up-regulation of
MMP-1, -3, -7, -8, and -10 [19, 78, 79]. LT4AH also appears to play a role, as more severe TB-
IRIS has been reported in patients with mutant (TT and CT) LTA4H genotypes [99].

These findings suggest that TB-IRIS could result in pulmonary damage and impaired lung
function. To date, only one study has explored the relationship between TB-IRIS and lung
function in 14 patients with HIV-associated TB, 3 of whom developed TB-IRIS [79]. The study
found that an increase in MMP-8 between baseline pre-ART and 4 weeks post-ART initiation
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strongly associated with impairment in lung function, but the small sample size limits
definitive conclusions.

Where can we intervene to prevent or reduce lung damage?

There are several uncertain areas around therapies to prevent or limit lung damage in TB.
Changes in the lungs start to develop before clinical symptoms appear [193, 288, 289], and
therefore, a large proportion of lung damage may already have occurred by the time the
patient presents; several mediators of lung damage may have different roles at different
stages of the disease; granulomas in various stages can be present at the same time in a
single individual, and only a single or a few progressive granulomas can determine the
outcome of the disease. Therefore, it remains uncertain what happens for example to the
contained granulomas if we systemically treat the patient with potentially
immunosuppressive therapy or what the right time is to intervene (Figure 4.2).

early late

 neutro: MMPs

IL-1, IL-8, IL-17,

PGE2, LTB4, G-CSF

- roTE { neutro: N neutro:
md apoptosis: i IFN:y, NO IL-1, I8, IL-17,
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FIGURE 4.2 The potential effect of immune mediators on the development of lung
damage at different stages of disease

G-CSF = granulocyte-colony stimulating factor, IL = interleukin, LTB4 = leukotriene B4, LXA4 = lipoxin A4, md = macrophage,
neutro = neutrophils, NO = nitric oxide, PGE2 = prostaglandin E2, TNF = tumor necrosis factor.

Antituberculous therapy as host-directed therapy
Sputum Mtb load is associated with systemic inflammation and, combined with pre-
treatment C-reactive protein levels, inversely correlates with CXR improvement 60 days
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after start of treatment [290]. Time between first TB symptoms and start of treatment [116,
173], duration of treatment [174], and smear positivity [174] are associated with impaired
pulmonary function, suggesting that prompt diagnosis and treatment will limit lung damage.
In addition to a direct anti-mycobacterial effect, in vitro studies suggest that some
antimycobacterial agents may have immunomodulatory action. Pyrazinamide directly
reduces levels of TNF-a, IL-6 and IL-13 [291], quinolones downregulate MMP-1, -3, and -9
[238], and rifampicin downregulates MMP-3 production by bronchial epithelial cells [238]
and inhibits PGE2 production [292]. P-aminosalicylic acid (PAS), which is an aspirin derivate,
suppresses PGE2-dependent MMP-1 production [293]. Both isoniazid (INH) and
pyrazinamide (PZA) enhance autophagy [294].

Medicines used in other human diseases as host-directed therapy for TB
In an adjunctive approach to TB therapy, treatment could be supplemented with host-

directed therapies. Several readily available drugs affect cytokines, MMPs or eicosanoids
and therefore potentially reduce pulmonary damage (Table 4.1).

Steroids have been used as adjunctive treatment in TB for several decades [295, 296],
mainly in TB meningitis, pericarditis, and TB-IRIS, even though corticosteroid use without
concomitant TB treatment increases the risk of developing TB [297]. Two recent reviews
concluded that there is no high quality evidence that steroid treatment significantly affects
mortality or sputum conversion rate in pulmonary TB [89]. An earlier review — including
mostly studies done in the 1960s and patients not on rifampicin-based TB treatment - did
find a beneficial effect of steroids on radiographic resolution and regression of cavities
[298]. A meta-regression analysis of 12 studies found steroids do accelerate sputum TB
culture conversion [91] — which is inversely associated with development of airflow
obstruction [299]; however high doses (134 mg prednisone daily) for an extended period (2
months) are required to reach clinically relevant outcomes [91]. Moreover, the only two
studies in this analysis in which patients were on rifampicin-based treatment show
contradicting results.

Corticosteroids inhibit various cytokines in TB (IFN-y, TNF-a, IL-13) and TB-IRIS (IL-6, IL-10,
IL-12p40, TNF-a, IFN-y and IP-10) [90, 139, 300, 301]. In patients with tuberculous
meningitis, the effect of corticosteroids was found to be LTA4H genotype modulated, with
only patients with the mutant TT genotype, leading to a higher inflammatory response,
benefitting from steroid treatment [96]. In patients with TB-IRIS, however, this difference in
genotype on the effect of steroid treatment was not confirmed [99]. The effect of
corticosteroid treatment and TB-IRIS on pulmonary function is being assessed in a substudy
of the PredART trial [43, 302].

Little evidence is available for other TNF-a blocking therapies. A trial of 16 patients with HIV-
associated TB treated with etanercept (but no ART) showed a tendency to greater CXR
improvement from baseline to six months compared to a placebo group, although this was
not statistically significant (p=0.2) [303]. Case reports describe successful treatment of
paradoxical TB reactions or TB-IRIS - involving the pleura, lymph nodes or brain - with
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infliximab [42, 304, 305] or adalimumab [306, 307]. Although only one case refers to
pulmonary TB-IRIS (occurring after interruption of prior anti-TNF-a treatment [306]), these
case reports support the possible benefits of TNF-a blockers in the treatment of
(complicated) TB. Restarting TNF-a blockers during or after TB treatment was safe and only
led to one recurrence of TB in a cohort of 22 patients in Turkey followed for a median of 53
months [308].

Doxycycline is the only licensed MMP-inhibitor for use in humans. It suppresses MMP-1, -3
and -9 secretion by Mtb infected human macrophages and bronchial epithelial cells [123].

TABLE 4.1 Host-directed therapies potentially inhibiting lung damage and/or

promoting lung repair

Host-directed therapy

potentially inhibiting lung damage

Potential mechanism

Steroids

Doxycycline

Vitamin D

Rapamycin, everolimus
NSAIDs

Zileuton

Phosphodiesterase-4 inhibitors
Metformin

Statins

TNF-a blockers

PGE2!

IFN-y

Mesenchymal stromal cells

4 INF-y, TNF-q,, IL-1f (and IL-6, IL-10, IL-12p40, and IP-10
in TB-IRIS)

4 MMP-7 (in TB-IRIS)

4 MMP-1, -3, and -9

4 MMP-7 and -9

4 IFN-y, IL-6, IL-10, TNF-o
T autophagy

4 MMP-1 and -3

T autophagy

4 PGE21 and T LXA4

d 5-LOX

J TNF-a

J neutrophil recruitment
4 TNF-a

T autophagy

T autophagy

J TNF-a
T PGE21
T IFN-y

Control inflammation and mediate tissue repair

1 The effect of inhibiting or increasing PGE2 on lung damage could vary depending on the stage of the disease

Other agents also inhibit MMPs in vitro: prednisone — in patients with TB-IRIS - suppresses
MMP-7 gene expression [78], vitamin D inhibits secretion of MMP-7 and -9 [309, 310], and
rapamycin (an mTOR-inhibitor and a known autophagy inducer that can also affect
macrophage polarization [311]) inhibits MMP-1 and MMP-3 [312]. Use of the latter in TB is
limited by the interaction with rifampicin. In mice, broad spectrum inhibition of MMPs

enhances the efficacy of INH and RIF treatment [313]. Conceptually, inhibition of MMPs may

lead to less pulmonary damage, but so far, no clinical trials have directly assessed this.
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Currently, everolimus, a rapamycin derivate, is being tested as HDT in patients with
moderate to far advanced pulmonary tuberculosis (together with vitamin D, auranofin (a
gold complex with antimicrobial activity used in rheumatoid arthritis), and CC-11050 (a
phosphodiesterase 4 (PDE4) inhibitor)), using rifabutin-based anti-TB treatment
(ClinicalTrials.gov NCT02968927); with change in FEV1 being one of the secondary
outcomes. Both rapamycin, its derivates, and vitamin D could theoretically reduce lung
damage through inhibition of MMPs, although the effect of vitamin D treatment on CXR
abnormalities is variable (see below). PDE4 inhibitors, in combination with INH treatment,
have been shown to reduce TB-associated lung damage in rabbits [314] and pulmonary
bacillary load in mice [315]. Doxycycline is being investigated for its potentially modulating
effect on tissue destruction in pulmonary TB (ClinicalTrials.gov NCT02774993).

NSAIDs inhibit the enzyme cyclooxygenase (COX), thereby inhibiting PGE2 production and
enhancing LXA4 production. An adjunctive role for NSAIDs in treatment of human TB has
only been shown for acetylsalicylic acid in reducing PZA-induced arthralgia [316, 317] and
possibly in TB meningitis [318-320]. Negative effects have been described: a Taiwanese
study found an association between NSAID use (both traditional NSAIDs and selective COX-2
inhibitors) and an increased risk of active TB [321]. However, it is not clear whether this
association is causative (i.e. decreased apoptosis at the very early stages of TB) or merely
reflects an increased use of NSAIDs early during TB. In mice, inhibition of PGE2 by the NSAID
ibuprofen was shown to affect lung pathology: inhibition early in the disease process leads
to an increase in pulmonary inflammation and pathology [258], whereas inhibition later
during disease decreased lung pathology and neutrophil influx [258, 322]. Increasing PGE2
by early (day one post infection) administration of exogenous PGE2 (dinoproston - normally
used for induction of labor) and/or the 5-lipo-oxygenase inhibitor zileuton (used in the
treatment of asthma) to IL-1 deficient mice resulted in less necrotic lung pathology by TB
[259]. No studies with dinoproston or zileuton have been performed in human TB to date. A
pilot study is currently investigating the effect of ibuprofen added to multi-drug resistant TB
treatment on radiological improvement of TB, amongst other endpoints (ClinicalTrials.gov
NCT02781909).

In in vitro models, metformin, a widely-used antidiabetic agent, has been shown to inhibit
TNF production by monocytes [323], affect macrophage polarization [324], and promote
autophagy [325]. It affects Th1 responses, but data are conflicting: in mice infected with TB,
metformin treatment promotes the expansion of Mtb-specific IFN-y secreting T cells in the
lungs [325], whereas in human THP-1 cells (not infected with Mtb) metformin suppressed
the production of Thi-related cytokines [326]. Metformin use in patients with diabetes
mellitus on treatment for TB was associated with decreased mortality compared to patients
using other anti-diabetic drugs in two retrospective observational cohorts [325, 327]. A
retrospective cohort study of TB patients with diabetes mellitus showed that those using
metformin at diagnosis and during TB treatment had fewer cavities and fewer CXR
abnormalities compared to those using other anti-diabetic drugs [325]. Another
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retrospective study, however, showed increased cavitatory disease in patients using
metformin [327].

Vitamin D3 induces autophagy [328] and inhibits the secretion of MMP-7, -9 [309, 310], and
several cytokines, for example IFN-y, TNF-a, IL-6, and IL-10 [329, 330] in vitro. However, its
effect on radiological outcomes are ambiguous: three trials comparing vitamin D3 as
adjunctive therapy demonstrated no effect on CXR score [331-333] or pulmonary function
[332], while one study found more CXR improvement in the vitamin-D3 treated group [334].
Statins are widely-used inhibitors of cholesterol biosynthesis. They induce autophagy in vitro
[335] with broad anti-inflammatory effects, although not directly demonstrated in TB [336].
Their use has been associated with a reduced risk of developing active TB in some studies
[337-339], but not in all [340]. No studies have been performed in humans assessing statins
in relation to pulmonary damage in TB; in mice, statins have been found to reduce lung
pathology [335]. A future study will look at the effect of pravastatin added to standard TB
treatment on pulmonary function (NCT03456102).

Several studies looked at the effect of IFN-y as adjunctive therapy for TB [341]. The studies
were small, and most were performed in patients with multi-drug resistant TB. Aerosolized
IFN-y in combination with TB treatment resulted in better CXR outcomes compared to TB
treatment alone. This contradicts the finding in mice, where adding IFN-y resulted in worse
pulmonary outcomes [342]. The authors conclude that IFN-y might be beneficial as
adjunctive therapy in TB, but larger trials are needed to confirm this.

Mesenchymal stromal cells are tissue-resident non-hematopoietic adult progenitor cells.
They are believed to facilitate organ homeostasis and tissue repair and can modulate
immune responses; they have been used in treatment of graft-versus-host-disease and
autoimmune diseases [343]. In a phase 1 trial in patients with drug resistant TB, infusions of
autologous mesenchymal stromal cells, 4 weeks after starting TB treatment, was safe and
resulted in CXR improvement in 25/36 patients compared to 15/36 controls [344].

Conclusion

The immune mechanisms of parenchymal lung damage in human TB are complex and
incompletely understood. The difference between pulmonary damage in animal models
(mostly occurring as a result of primary TB) and humans (mostly occurring as a result of
post-primary TB) further complicates study of this phenomenon. Processes taking place in
the lung are heterogeneous, with granulomas with varying degrees of mycobacterial control
existing next to each other and inflammatory cells and cytokines appearing to have different
effects at different time points. MMPs seem to play an important role and consequently,
inhibition of MMPs may lead to reduction in pulmonary damage, however this remains to
be proven in clinical trials. Neutrophils are another key mediator of pulmonary damage,
whose recruitment could potentially be inhibited by NSAIDs. The role of other effectors is
less clear and better insight into their effects over the course of TB infection and disease is
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needed to be able to guide potential intervention. Future studies of human TB and (host-
directed) therapy should include radiographically assessed lung damage and pulmonary
function as an outcome.
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The effect of HIV-associated tuberculosis,
tuberculosis-IRIS, and prednisone on lung
function

Introduction

Tuberculosis (TB) is frequently complicated by lung function impairment. The odds of
abnormal spirometric test results are 2- to 3-fold higher in patients with a history of TB
compared to those without a history of TB, with both obstructive and/or restrictive
impairments occurring [109, 111]. Studies of lung function in people with a history of TB
found abnormal lung function in 45-87% [112, 114, 115], with even higher proportions
reported in multi-drug resistant TB [116, 117]. HIV is an independent risk factor for
predominantly obstructive lung function impairment [118, 120], however data on lung
function impairment in HIV-associated TB are scarce, as HIV co-infected patients are
frequently excluded from studies. TB-related lung damage may be less common in those co-
infected with HIV, however current data are conflicting. (1) A single large study found less
pulmonary impairment after TB in patients who were HIV positive patients [114], while
other studies have not supported this beneficial association between HIV status and
spirometric outcomes [115, 124, 345]. (2) Further, chest radiograph (CXR) findings in
patients with HIV-associated TB and low CD4 counts (CD4 < 200/ul) are frequently normal or
atypical [121], (3) and HIV co-infection results in lower levels of several of mediators usually
implicated in inflammatory lung damage [346]. Conversely, paradoxical tuberculosis
immune reconstitution inflammatory syndrome (TB-IRIS) after the start of antiretroviral
therapy (ART) causes inflammation and high levels of inflammatory mediators [19, 76, 79,
163]. Two recent studies suggest TB-IRIS may cause lung function impairment [126, 127],
one showing increased inflammation, as assessed by PET-CT scan, was associated with
worse lung function outcomes [126]. However, in these cohorts only small numbers of
patients developed pre-defined TB-IRIS, yet the authors hypothesize that increases in
pulmonary inflammation can occur as part of not-clinically recognized TB-IRIS. To date, the
only other study exploring the relationship between TB-IRIS and lung function found worse
spirometric outcomes in the three patients who developed TB-IRIS compared to eleven
controls [79].

Corticosteroids reduce inflammation and inhibit several of the immune mediators
implicated in lung damage during TB [78, 90, 139, 300], and may therefore reduce lung
function impairment associated with TB. Previous studies assessing this association did not
find a significant effect of corticosteroid use on tests of lung function [347-350]. However,
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most of these studies were performed before the introduction of rifampicin, and none
included HIV co-infected patients.

In this study, we determined the prevalence of lung function impairment over time in a
randomized controlled trial of patients treated for HIV-associated TB. Additionally, we
assessed the effect of prednisone evaluated in comparison to placebo for prevention of TB-
IRIS on pulmonary outcome in this patient group.

Methods

Design and setting

This was a substudy of the PredART trial [43], a randomized, double-blind, placebo-
controlled trial assessing the efficacy of prednisone to prevent TB-IRIS. Participants were
recruited from Khayelitsha, a peri-urban township in Cape Town, South Africa. They were
ambulant and treated in an outpatient setting. They received either prednisone or placebo
(40 mg/day for 2 weeks, followed by 20 mg/day for 2 weeks), starting within 48 hours after
starting ART. Study drug could be replaced with open-label prednisone (1.5 mg/kg/day for 2
weeks, followed by 0.75 mg/kg/day for 2 weeks or longer if clinically indicated) for
treatment of TB-IRIS. TB-IRIS events were adjudicated by three clinical experts using the
International Network for the Study of HIV-associated IRIS (INSHI) consensus case definition
[27].

Enrolment for the substudy started later than the main trial. Participants already enrolled in
the main trial could enrol in the substudy from their next eligible visit, if they had not
completed the main trial yet. Participants treated for multi-drug resistant TB or who
prematurely discontinued TB treatment were excluded from the analysis at week 28.
Successful completion of TB treatment was defined following South African National
Tuberculosis Management Guidelines [103].

The substudy was approved by the same ethical committees that approved the main trial
[43]. Separate written informed consent was obtained.

Procedures

Substudy visits were scheduled at week O (initiation of ART and study drug), 4, 12, and 28.
At each visit, pulmonary symptoms (cough, dyspnoea at exertion, and dyspnoea at rest)
were assessed by the trial doctor and spirometry and six-minute walk test (6MWT) were
performed. Forced vital capacity (FVC) and forced expiratory volume in 1 second (FEV1)
were measured using a desktop spirometer (MIR Spirolab Ill, Roma, Italy). Tests were
performed and results interpreted using the 2005 American Thoracic Society / European
Respiratory Society guidelines for spirometry, using NHANES reference ranges [351]. We
defined four possible outcomes (Figure 5.1): normal lung function (FEV1/FVC > 70% and FVC
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Acceptability criteria met? L» Technically incorrect
Yes
No
FEV1/FVC < 70%? —_— > FVC < 80% of predicted?
Yes Yes No

Obstruction with (mixed) or .
without low EVC Low FVC Normal lung function

FIGURE 5.1 Definitions of different spirometry outcomes

> 80% of the predicted value), low FVC (FEV1/FVC > 70% and FVC < 80% of the predicted
value), obstructive impairment with and without low FVC (FEV1/FVC < 70% of the predicted
value), and ‘technically incorrect’, consisting of participants who performed spirometry but
did not meet criteria for interpretation (Table 5.1). 6MWTs were performed following the
2002 American Thoracic Society guidelines [352] on a 20-meter outdoor track. CXRs were
performed at week 0 and 28. After completion of the study, digitized CXRs were scored by
two independent blinded readers, using an adapted version of the Timika score as described
by Kriel et al [353]. Where discrepancy existed, defined as a difference in score of more than
10 points, a third reader evaluated the CXR and consensus was found using a 2-1 vote.

TABLE 5.1 Acceptability criteria for the recording of FVC and FEV1 using spirometry

No artefacts Coughing during first second of expiration
Glottis closure
Early termination or submaximal effort

leak
Obstructed mouthpiece
Good starts Extrapolated volume < 5% of FVC or 0,15, whichever is greater
Exhalation Duration > 6 s, plateau in the volume-time curve, or if the subject cannot or

should not continue

Miller MR, Hankinson J, Brusasco V, Burgos F, Casaburi R, Coates A, Crapo R, Enright P, van der Grinten CP, Gustafsson P, Jensen R
Johnson DC, Macintyre N, Mckay R, Navajas D, Pedersen OF, Pellegrino R, Viegi G, Wanger J, Force AET. Standardisation of Spirometry.
Eur Respir J 2005; 26: 319-338
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Statistical methods
Analyses were performed using Stata 14.1. For categorical variables the proportions and for

continuous variables the medians with interquartile ranges (IQR) were estimated at
different time points. Comparison of the Karnofsky Performance Score (KPS) between
groups was done using a mixed effects proportional odds model. Correlation between CXR
score and lung function was done using mixed effects regression (linear or logistic) models.
Mixed effect models including a random intercept and covariates were used to model the
evolution of pulmonary function over time. The effect of prophylactic prednisone on
pulmonary function was tested using a test of the interaction of prednisone and visit
number; participants receiving prednisone as treatment for TB-IRIS were analysed in their
intention-to-treat arm (ie. study placebo or prednisone). The effect of TB-IRIS was tested
using a joint test of the main effect of TB-IRIS and its interaction with visit number. A p-
value of < 0.05 was considered statistically significant.

Results

Between January 2015 and February 2016, 153 participants were enrolled, 77 from the
prednisone arm and 76 from the placebo arm. The flow of participants is described in Figure
5.2; baseline characteristics are summarized in Table 5.2. Seventy-one participants (46%)
developed TB-IRIS, 30 in the prednisone and 41 in the placebo arm; 46 (30%) participants
received open-label prednisone as treatment for TB-IRIS, 16 in the prednisone and 30 in the
placebo arm.

Overall prevalence of lung function abnormalities

Symptoms

Eighty percent of participants reported cough, dyspnoea on exertion, and/or dyspnoea at
rest as one of their presenting TB symptoms. At week 0, a median of 16 (IQR 15-21) days
into TB treatment, 50% had one or more of these symptoms. Symptoms improved over
time; however, 8% of participants who successfully completed their TB treatment at week
28 still had one or more respiratory symptom (Table 5.3).
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FIGURE 5.2 Number of participants per visit

Spirometry

A total of 426 spirometry tests were performed. In 15 substudy participants, spirometry was
not performed at one or more time points; 5 of these participants were too ill to perform
spirometry, the remaining 10 were not done for logistic reasons. Spirometic outcomes at
different time points are shown in Table 5.3. The proportion of participants with a normal
spirometry outcome was 26.4% at week 0, increasing to 47.4% at week 28. Low FVC was the
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TABLE 5.2 Baseline characteristics and participants developing TB-IRIS and
receiving prednisone as treatment according to trial arm

Prednisone Placebo

Male 49 (64%) 41 (54%)
Age (years) 38 (31-43 38 (31-44)
CDA4 count (cells/pl) 46 (24-81) 50 (24-86)
HIV viral load (logio copies/ml) 5.5 (5.2-5.8) 5.6 (5.3-5.9)
Extra-pulmonary TB (n=123) 24 (38%) 33 (55%)
Microbiologically confirmed tbh 53 (70%) 59 (79%)
Previous TB 6 (8%) 8 (11%)
Time on TB treatment at week 0 (days) 16 (15-22) 16 (14-21)
Smoking status at week 0 / py (n=127)

never smoked 36 (55%) 41 (67%)

ever smoked 30 (45%) /2.2 (0.8-5.0) 20 (33%) / 3.75 (1.0-10.0)
Previous lung disease 1(1.3%) 0 (0%)
Spirometry

FEV1 (% of predicted) 75 (61-88) 73 (59-86)

FVC (% of predicted) 74 (66-89) 73 (65-81)

FVC/FEV1 (%) 83 (79-85) 82 (77-86)
TB-IRIS 30 (39%) 41 (54%)
Treatment with open-label prednisone for 16 (21%) 30 (39%)
suspected TB-IRIS

TB = tuberculosis, pulmonary tuberculosis = participants with one or more pulmonary signs or symptoms (such as cough, shortness of
breath, abnormal chest radiographs) of tuberculosis at presentation, extrapulmonary tuberculosis = participants with signs of
extrapulmonary tuberculosis (such as pleural effusion or enlarged lymph nodes), microbiologically confirmed TB = participants with
Mycobacterium tuberculosis detected on culture, with the use of the Xpert Mtb/RIF assay (cepheid), or as positive acid-fast bacilli on
smear microscopy, py = packyear. data are shown as number (percentage) or median (interquartile range).

commonest abnormality. The proportion of participants with obstruction with or without
low FVC was low and roughly the same over time. We found no effect of CD4 cell count
recovery on change over time of spirometric outcomes (p = 0.71 for FEV1).

At week 0, 23 (21.7%) participants performed a technically incorrect test; the main reason
was the inability to exhale for 6 seconds. To assess if this possibly reflected more impaired
lung function, we compared six-minute walking distance (6MWD) and KPS between
participants with correctly and incorrectly performed tests. On average, the participants
with an incorrect test had a 6MWD which was 56 meters (95% Cl 30-83; p < 0.001) shorter
and a lower KPS (p < 0.001). At week 12, 13 out of 20 participants with an initial incorrect
test had obstruction and/or a low FVC; with similar findings in 11 out of 16 participants at
week 28.
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TABLE 5.3 Symptoms, spirometric outcomes, 6MWD and CXR score in the whole study group
at different time points

week 0 week 4 week 12 week 28
Symptoms (N) 107 99 110 111
cough 40 (37.4%) 29 (29.3%) 14 (12.7%) 5 (4.5%)
dyspnoea at exertion 37 (34.6%) 27 (27.3%) 12 (10.9%) 5 (4.5%)
dyspnoea at rest 11 (10.3%) 8 (8.1%) 3 (2.7%) 1 (0.9%)
total 54 (50.5%) 43  (43.4 %) 20 (18.2%) 9 (8.1%)
Spirometry outcome (N) 106 96 110 114
normal 28  (26.4%) 36 (37.5%) 50 (45.5%) 54 (47.4%)
low FVC 48 (45.3%) 42 (43.8%) 43 (39.1%) 44 (38.6%)
obstruction +/- low FVC 7 (6.6%) 7 (7.3%) 10 (9.1%) 11 (9.7%)
technically incorrect 23 (21.7%) 11 (11.5%) 7 (6.4%) 5 (4.4%)
6MWD (N) 102 91 104 113
520 (465-576) 524 (450-579) 539 (483-608) 585 (520-655)
CXR score (N) 135 61
4 (0.8-11.7) 0.9 (0-3.75)

N = total number of participants per test per visit; Symptoms total = cough, and/or dyspnea at exertion, and/or dyspnea at rest; normal = FEV1/FVC
>70% and FVC > 80% of the predicted value; low FVC = FEV1/FVC > 70% and FVC < 80% of the predicted value; obstruction +/- low FVC = FEV1/FVC
< 70%; technically incorrect = test not fulfilling criteria for interpretation; 6MWD = six-minute walk distance in meters; CXR = chest X-ray; week 0 =
the start day of anti-retroviral therapy and prednisone/placebo (median 16 days after start of antituberculosis treatment). Data are shown as number
(percentage) or median (interquartile range).

Six-minute walking distance
A total of 410 6MWTs were performed; 29 substudy participants did not perform a walking

test at one or more time points, main reasons being painful feet or rain. Median 6MWD was
520 meters (IQR 465-576) at week 0 and 585 meters (IQR 520-655) at week 28 (Table 5.3).

Chest radiograph score
CXR scores were available for 135 participants at week 0, and for 61 participants at week 28.

Possible scores ranged from 0 to 140, with higher scores indicating more CXR abnormalities.
The median CXR scores were low: 4.0 (IQR 0.8-11.7) at week 0, and 0.9 (IQR 0-3.75) at week
28 (Table 2). Cavities were present in 8 (6%) participants at week 0 and 1 (2%) participant at
week 28. Overall, CXR scores showed significant correlation with respiratory symptomes,
6MWD and FEV1: for an increase of 10 points in CXR score, an OR of 1.51 for symptoms
(95% Cl 1.13-2.03; p = 0.006) was observed (Table 5.4); the average 6MWD decreased by 21
meters (95% Cl 11-31; p < 0.001); and the average FEV1 percentage of predicted decreased
by 3.3 % (95% Cl 1.9-4.8; p<0.001). However, in CXRs with lower scores (i.e. below 10), the
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FEV1 varied markedly, and both normal and impaired lung function were seen in
participants with little or no CXR abnormalities (Figure 5.3).
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FIGURE 5.3 The association between chest X-ray score and FEV1 percentage of
predicted (n = 135).

Chest X-rays were scored using an adapted version of the Timika scorel): visible lung fields on the chest X-ray were divided
into six zones and the percentage of affected lung in each zone and its prominent opacification type were estimated. A
total score was generated by adding up the percentages of each zone and dividing the total by the number of scored zones
(usually 6), adding an additional 40 points if one or more cavities > 1cm in diameter were present. Therefore, total scores
could range from 0 to 140. Chest X-ray scores were statistically significantly correlated with FEV1 percentage of predicted
(p <0.001).

There was no significant association between CXR score at week 0 and spirometry results at
week 28 (OR for normal lung function at week 28 per 10 points increase in CXR score at
week 0 was 0.77 (95% Cl 0.55-1.08; p = 0.13); and average FEV1 percentage of predicted at
week 28 was 1.87% lower (95% Cl 3.98 - -0.24; p = 0.08) for every 10-point increase of week
0 CXR score).

TABLE 5.4 Association between chest X-ray score and respiratory symptoms

Odds ratio p-value
Cough 1.24 0.08
Dyspnoea at exertion 1.45 0.007
Dyspnoea at rest 1.03 0.89
Total 1.51 0.006

Total = cough, and/or dyspnea at exertion, and/or dyspnea at rest. Odds ratio’s are calculated for an increase of 10 units
in chest-X-ray score. A p-value of < 0.05 is considered significant.
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TABLE 5.5 The effect of prednisone prophylaxis on change over time of pulmonary
function parameters

Change over time of six-minute walking distance (6MWD) in meters

6MWD 95% ClI
Intercept
(average 6MWD at week 0 for non-smokers) 504 484 — 523
Mean change in 6MWD 95% ClI p-value
Effect of smoking (ever vs never) 14 -11-39 0.275
Mean change in 6MWD
from week O 95% ClI p-value
Effect of time (visit) <0.0001
week 4 -27 -50--3
week 12 32 10-54
week 28 64 42 - 86
Effect of prophylactic prednisone 0.034
week 4 42 13-72
week 12 2 -26-30
week 28 13 -15-41

Change over time of forced expiratory volume in 1 second (FEV1) as % of predicted value

FEV1 % 95% CI
Intercept
(average FEV1 % at week 0 for non-smokers) 76.9 73.6—80.2
Mean change in FEV1 % 95% ClI p-value
Effect of smoking (ever vs never) -4.7 -8.8--0.5 0.027
Mean change in FEV1 %
from week O 95% ClI p-value
Effect of time (visit) <0.0001
week 4 -1.1 -4.4-2.1
week 12 33 0.2-6.4
week 28 6.8 3.6-10.0
Effect of prophylactic prednisone 0.029
week 4 4.9 0.7-9.0
week 12 -0.4 -4.4-35
week 28 -1.5 -5.6-2.6

Intercept and estimated coefficients with their 95% confidence intervals (95% Cl) from the mixed effects regression models are listed.
Data are adjusted for all other covariates presented in the table. Effect of time (visit) refers to the effect of time in the placebo arm.
Because allocation to either the prednisone or the placebo arm was randomized, no adjustment for baseline variables other than smoking
was done.
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Effect of prednisone

There was no statistically significant difference in the change over time of symptoms
(p=0.13) or CXR score (p=0.92) between the prednisone and the placebo arm. The change in
6MWD over time was statistically significantly different between the groups (p=0.03), with
the largest difference at week 4: participants in the prednisone arm walked 42 (95% Cl 13-
72) meters further compared to participants in the placebo arm. Change over time of both
FEV1 and FVC were also statistically significantly different between the two arms (p = 0.03
and p = 0.01), once again most obvious at week 4, with those in the prednisone arm having
a FEV1 percentage of predicted that was 4.9% (95% Cl 0.7-9.0%) higher and a FVC
percentage of predicted that was 4.9% (95% Cl1.3-8.5%) higher at week 4 compared to
those in the placebo arm. Adjusting for the use of prednisone as treatment for TB-IRIS gave
similar results (Table 5.6). Baseline lung function did not statistically significantly affect the
impact of prednisone (p = 0. 56 for FEV1) (Table 5.7). At week 28, there was no longer a
clear difference in either the 6MWD or FEV1 and FVC between the arms (Figure 5.4 and
Tables 5.5 and 5.6).
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FIGURE 5.4 The effect of prednisone prophylaxis to prevent TB-IRIS on lung function.

Patients treated for HIV-associated TB received either prednisone (in green) or identical placebo (in blue) during the first 4
weeks of antiretroviral therapy. Week 0 is the day when antiretroviral therapy and prednisone or placebo were started. (A)
Change over time of six-minute walk distance was statistically significantly associated with prednisone use (p = 0.034). (B)
Change over time of FEV1 and FVC percentage of predicted was statistically significantly associated with prednisone use
(p=0.029 & p=0.015, respectively). Graphs represent data for non-smokers. Curves for smokers are parallel.
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TABLE 5.6 The effect of prednisone prophylaxis on change over time of pulmonary
function parameters, adjusted for prednisone as treatment

Change over time of six-minute walking distance (6MWD) in meters

6MWD 95% ClI p-value
Intercept
(average 6MWD if all other co-variates are 0) 662 595 -729
Mean change in
6MWD 95% ClI p-value
Effect of prednisone as treatment -20 -44 - 4 0.097
Effect of smoking (ever vs never) -45 -70--20 <0.001
Effect of age (per increase of one year in age at week 0) -3 -4--1 <0.001
Effect of gender (female vs male) -108 -133--82 <0.001
Effect of type of TB (participants without signs of 35 -9-78 0.12
extrapulmonary TB vs those with signs of extrapulmonary
TB)
Effect of HIV viral load (per logio cps/ml increase at -1 2--1 <0.001
screening)
Effect of CD4 count (per increase of 10 CD4 cells/ul at -1 -3-2 0.48
screening)
Effect of previous tuberculosis -26 -64-13 0.19
Mean change in
6MWD from
week 0 95% ClI p-value
Effect of time (visit) <0.0001
week 4 -27 -50--4
week 12 34 13-56
week 28 69 48 -91
Effect of prophylactic prednisone 0.020
week 4 44 15-72
week 12 -0.03 -27-27
week 28 3 -23-30
Change over time of forced expiratory volume in 1 second (FEV1) as % of predicted value
FEV1 % 95% ClI p-value
Intercept
(average FEV1 % if all other co-variates are 0) 80.7 65.9 —95.5
Mean change in
FEV1 % 95% ClI p-value
Effect of prednisone as treatment 1.5 -3.7-6.8 0.57
Effect of smoking (ever vs never) -5.6 -10.3--0.8 0.022
Effect of age (per increase of one year in age at week 0) 0.06 -0.2-0.3 0.66
Effect of gender (female vs male) -3.5 -8.8-1.9 0.21
Effect of type of TB (participants without signs of 0.7 -8.6-10.1 0.88

extrapulmonary TB vs those with signs of extrapulmonary
TB)
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TABLE 5.5 - continued

Effect of HIV viral load (per logio cps/ml increase at 0.04 -0.1-0.2 0.64
screening)
Effect of CD4 count (per increase of 10 CD4 cells/ul at -0.7 -1.3--0.2 0.008
screening)
Effect of previous tuberculosis -14.8 -23.4--6.2 0.001
Mean change in
FEV1 % from
week 0 95% ClI p-value

Effect of time (visit) <0.0001

week 4 -1.5 -4.8-1.8

week 12 2.9 -0.3-6.1

week 28 6.4 3.1-9.6
Effect of prophylactic prednisone 0.043

week 4 5.1 09-94

week 12 -0.04 -4.1-4.0

week 28 -1.0 -5.1-3.2

Intercept and estimated coefficients with their 95% confidence intervals (95% Cl) from the mixed effects
regression models are listed. Data are adjusted for all other covariates presented in the table. We have not
adjusted for TB-IRIS because we assume it to be on the causal pathway.

TABLE 5.6 The effect of prednisone prophylaxis on change over time of forced vital

capacity (FVC) as % of predicted value

FVC % 95% Cl
Intercept
(average FVC % at week 0 for non-smokers) 77.3 74.4 —80.3
Mean change in FVC % 95% CI p-value
Effect of smoking (ever vs never) -5.0 -8.7--1.2 0.009
Mean change in FVC %
from week O 95% ClI p-value
Effect of time (visit) <0.0001
week 4 -0.8 -3.7-2.0
week 12 4.3 1.6-7.0
week 28 7.3 45-10.1
Effect of prophylactic prednisone 0.015
week 4 4.9 1.3-8.5
week 12 -0.1 -3.5-34
week 28 -0.8 -4.4-2.7

Intercept and estimated coefficients with their 95% confidence intervals (95% Cl) from the mixed effects regression models are listed.
Data are adjusted for all other covariates presented in the table.
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TABLE 5.7 The effect of baseline spirometry outcome on the effect of prednisone on change
over time of forced expiratory volume in 1 second (FEV1) as % of predicted value

FEV1 % 95% CI

Intercept
(average FEV1 % at week 0 for non-smokers
with abnormal spirometry result) 67.1 63.4-70.8 <0.001

Mean change in FEV1 % 95% ClI p-value
Effect of spirometry outcome at baseline
(normal vs abnormal) 25.6 20.2-31.0 <0.001
Effect of smoking (ever vs never) -2.0 -6.0-2.0 0.33

Mean change in FEV1 %

from week O 95% ClI p-value
Effect of time (visit) <0.0001
week 4 -0.3 -45-338
week 12 4.3 0.4-8.2
week 28 9.8 5.6-14.0
Effect of prophylactic prednisone 0.12
week 4 5.9 0.7-11.2
week 12 0.8 -4.5-6.0
week 28 -0.4 -6.1-5.3
Effect of normal spirometry at baseline 0.41
week 4 -0.4 -7.6-6.7
week 12 -3.0 -10.5-4.5
week 28 -6.7 -15.0-1.6
Effect of normal spirometry at baseline on 0.56
the effect of prophylactic prednisone
week 4 -5.3 -14.2-3.6
week 12 -5.7 -15.0-3.7
week 28 -3.3 -13.6-7.1

Intercept and estimated coefficients with their 95% confidence intervals (95% Cl) from the mixed effects regression models are listed.
Data are adjusted for all other covariates presented in the table. Because allocation to either the prednisone or the placebo arm was
randomized, no adjustment for baseline variables other than smoking and baseline spirometry outcome was done. Only participants
who had a baseline spirometry test done (n = 83) were included in this analysis.

Effect of TB-IRIS
When comparing participants who developed paradoxical TB-IRIS to those who did not, TB-

IRIS was associated with a change in the presence of symptoms over time (p = 0.03), but
there was no statistically significant difference in change over time of FEV1 percentage of
predicted (p = 0.11), FVC percentage of predicted (p = 0.054), 6MWD (p = 0.62), or CXR
score (p = 0.20) (Figure 5.5 and Tables 5.8 and 5.9).

94



TABLE 5.8 The effect of tuberculosis-associated immune reconstitution
inflammatory syndrome (TB-IRIS) on change over time of pulmonary function
parameters

Change over time of six-minute walking distance (6MWD) in meters

6MWD 95% CI p-value
Intercept
(average 6MWD if all other co-variates are 0) 837 711-964
Mean change in
6MWD 95% CI p-value
Effect of TB-IRIS at week 0O -4 -35-27 0.79
Effect of smoking (ever vs never) -44 -69—-19 0.001
Effect of age (per increase of one year in age at week 0) -3 -4--2 <0.001
Effect of gender (female vs male) -112 -138--86 <0.001
Effect of type of TB (participants without signs of
extrapulmonary TB vs those with signs of extrapulmonary TB) 30 -14-74 0.19
Effect of HIV viral load (per logio cps/ml increase at screening) -32 -50--13 0.001
Effect of CD4 count (per increase of 10 CD4 cells/ul at
screening) -2 -4-1 0.21
Effect of previous tuberculosis -21 -60—-18 0.28
Mean change in
6MWD from
week 0 95% CI p-value
Effect of time (visit) <0.0001
week 4 -16 -45-14
week 12 40 13-67
week 28 72 44 -100
Effect of TB-IRIS 0.68
week 4 -21 -54-13
week 12 -11 -44 -21
week 28 -7 -40-27
Effect of prophylactic prednisone 0.036
week 4 41 13-70
week 12 0 -27-26
week 28 4 -22-31
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TABLE 5.8 - continued

Change over time of forced expiratory volume in 1 second (FEV1) as % of predicted value

FEV1 % 95% CI p-value
Intercept
(average FEV1 % if all other co-variates are 0) 83.9 57.5-110.3
Mean change in
FEV1 % 95% CI p-value
Effect of TB-IRIS at week 0 3.2 -2.7-9.2 0.29
Effect of smoking (ever vs never) -5.9 -10.6--1.1 0.02
Effect of age (per increase of one year in age at week 0) 0.04 -0.2-0.3 0.76
Effect of gender (female vs male) -3.6 -9.0-1.8 0.19
Effect of type of TB (participants without signs of
extrapulmonary TB vs those with signs of extrapulmonary TB) 0.7 -8.6-10.1 0.88
Effect of HIV viral load (per logio cps/ml increase at screening) -0.5 -45-3.4 0.79
Effect of CD4 count (per increase of 10 CD4 cells/ul at
screening) -0.8 -1.3--0.2 0.005
Effect of previous tuberculosis -14.8 -23.4--6.1 0.001
Mean change in
FEV1 % from
week 0 95% CI p-value
Effect of time (visit) <0.001
week 4 14 -3.0-5.7
week 12 6.3 2.3-104
week 28 8.1 39-123
Effect of TB-IRIS 0.06
week 4 -4.7 -9.4--0.1
week 12 -6.0 -10.5--1.4
week 28 -2.8 -7.6-2.0
Effect of prophylactic prednisone 0.07
week 4 4.4 0.2-8.7
week 12 -0.1 -4.8-3.2
week 28 -1.3 -5.5-2.8

Intercept and estimated coefficients with their 95% confidence intervals (95% Cl) from the mixed effects regression models are listed.
Data are adjusted for all other covariates presented in the table.

Sixteen participants developed TB-IRIS without any respiratory signs or symptoms. Exclusion
of these non-pulmonary IRIS cases from the analysis did not affect the results (data not
shown).
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FIGURE 5.5 The effect of the development of tuberculosis-associated immune
reconstitution inflammatory syndrome (TB-IRIS) on lung function.

Patients with TB-IRIS (red) are compared to those without TB-IRIS (blue). (A) Change over time of six-minute walk distance
was not statistically significantly associated with TB-IRIS (p = 0.62). (B) Change over time of FEV1 and FVC percentage of
predicted was not statistically significantly associated with TB-IRIS (p = 0.11 & p = 0.054, respectively)). Graphs represent
data for male non-smokers in the placebo arm of age 40 who have pulmonary TB, an HIV viral load at screening of 800000
copies/ml, a CD4 at screening of 100 cells/ul and did not have previous TB. The difference between TB-IRIS and no TB-IRIS
were similar for other patient profiles.

Discussion

We assessed pulmonary function in a cohort of patients with HIV-associated TB at high risk
for TB-IRIS, enrolled in a trial investigating the efficacy of prophylactic prednisone in
preventing TB-IRIS.

Respiratory symptoms were common early during TB treatment and abnormal spirometry
(low FVC and airflow obstruction with and without low FVC) was found in 66% of
participants with acceptable spirometry. At the end of TB treatment, symptoms persisted in
8% and abnormal spirometry in 50% of participants. The proportion of abnormal spirometry
results is higher than expected for either the general or HIV-infected population [109, 119],
but is comparable to results from other studies in HIV-associated TB patients [114, 115,
127].

In our trial, open-label treatment of TB-IRIS with prednisone was allowed. This resulted in
30/76 participants in the placebo arm receiving prednisone for the treatment of TB-IRIS and
the majority of the participants who developed TB-IRIS receiving prednisone, either as
prophylaxis, as treatment, or both, with prednisone treatment given to the more severe
cases of TB-IRIS. This limits our evaluation of the individual effects of both prednisone as
well as TB-IRIS on lung function.

97



TABLE 5.9 The effect of tuberculosis-associated immune reconstitution
inflammatory syndrome (TB-IRIS) on change over time of forced vital capacity (FVC)
as % of predicted value

FVC % 95% ClI p-value
Intercept
(average FVC % if all other co-variates are 0) 80.3 55.7-104.8 <0.001
Mean change in
FVC % 95% CI p-value
Effect of TB-IRIS at week 0O 2.9 -2.6-8.3 0.30
Effect of smoking (ever vs never) -5.9 -10.1--1.6 0.007
Effect of age (per increase of one year in age at week 0) 0.1 -0.2-0.4 0.45
Effect of gender (female vs male) -2.7 -7.8-2.3 0.29
Effect of type of TB (participants without signs of
extrapulmonary TB vs those with signs of extrapulmonary
TB) 3.7 -5.0-125 0.40
Effect of HIV viral load (per logio cps/ml increase at
screening) -1.0 -4.6-2.7 0.61
Effect of CD4 count (per increase of 10 CD4 cells/ul at
screening) -0.7 -1.2--0.2 0.009
Effect of previous tuberculosis -10.6 -18.7--2.6 0.010
Mean change in
FVC % from
week 0 95% ClI p-value
Effect of time (visit) <0.0001
week 4 1.7 -2.0-5.5
week 12 7.5 3.9-11.0
week 28 8.7 5.0-12.3
Effect of TB-IRIS 0.026
week 4 -4.4 -8.5--04
week 12 -5.7 -9.7--1.8
week 28 -2.5 -6.7-1.7
Effect of prophylactic prednisone 0.040
week 4 4.5 0.7-8.2
week 12 -0.4 -4.0-3.1
week 28 -0.8 -4.4-29

Intercept and estimated coefficients with their 95% confidence intervals (95% Cl) from the mixed effects regression models are listed.
Data are adjusted for all other covariates presented in the table

Within these limitations, we did not find an effect of TB-IRIS on spirometric lung function
over time. This contradicts findings of two recent studies [126, 127] that hypothesized that
TB-IRIS-like increases in inflammation may lead to decreased lung function, which may occur
in patients with HIV-associated TB initiating ART, even in the absence of clinically overt TB-
IRIS. It is possible that in the present study, mild TB-IRIS did not result in sufficient additional
pulmonary inflammation to affect long-term respiratory outcomes, whereas in severe TB-
IRIS the effect was ameliorated by treatment with prednisone.

98



We found prophylactic prednisone affected change over time of both 6MWD and FEV1 and
FVC, primarily at week 4, when participants completed their study prednisone, potentially
by preventing TB-IRIS. Consequently, the higher proportion of participants with TB-IRIS in
the placebo arm may be responsible for the demonstrated favourable effect of prophylactic
prednisone on lung function. Additionally, prednisone can directly improve exercise
performance [354] and FEV1 in other disease processes, for example acute exacerbations of
chronic obstructive pulmonary disease (COPD) [355]. Ravimohan et al [126] found that
decreased lung function after 4 weeks of TB treatment, impacts negatively on long-term
lung function, and Auld et al [127] found similar associations, but only in severe lung
function declines. In the current study, despite an increase in lung function at week 4, we
did not observe any long-term effects of prophylactic prednisone on lung function. This
could be due to type 2 error, with large proportion of participants in the placebo arm
receiving prednisone as treatment for TB-IRIS. Alternatively, prednisone may have been
given too late in the disease process and prescribed only after lung damage had already
occurred.

We found a high proportion of participants with technically incorrect spirometry results
early on during treatment — a finding not reported previously. In studies performed in
participants without TB, in the later stages of TB treatment or after TB treatment, 2-30% did
not perform spirometry correctly and these patients were subsequently excluded [109, 112,
114, 115, 120, 126, 356]. We considered that the participants who did not perform
spirometry correctly might include those with worse pulmonary status: for example, in
severely ill patients, and in those with significant cough and/or shortness of breath
spirometry is technically challenging. This hypothesis was supported in our study by finding
that the majority of technically incorrect spirometric results were due to inability of patients
to exhale for six seconds. Further, the association with a shorter 6MWD and a lower KPS,
and abnormal lung function in the majority of these participants at follow-up spirometry
testing adds weight to this argument. Thus, excluding these participants from the analyses
may underestimate the burden of lung function impairment in TB. In our study, when
technically incorrect were included as abnormal, the percentage abnormal tests at baseline
increased from 66% to 74%.

In keeping with published data on HIV-associated TB patients with a low-CD4 count [121],
only a small proportion of participants demonstrated extensive CXR abnormalities, while
cavitation was uncommon. Our finding of a negative association between CXR score and
FEV1, although statistically significant, needs to be interpreted with caution. Although a high
score is unsurprisingly associated with lower FEV1, a low score does not appear to rule out
significant abnormality in FEV1. Several other studies, using many different scoring
methods, have reported the relationship between FEV1 and CXR score in TB [112, 115, 124,
173, 177]. However, all studies describe more severe CXR abnormalities than our present
study, and few included HIV positive patients. Those that did, chose not to report data on
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HIV patients specifically, or claimed the numbers were too small for meaningful sub-
analysis. Our observation that the presence of a normal CXR in HIV-associated TB patients
with a CD4 count < 100 cells/ul does not exclude lung function abnormalities, is likely
explained by the insensitivity of CXR to detect changes responsible for the reduced FEV1, for
example small airways and subtle parenchymal abnormalities.

Besides the considerable overlap between participants developing TB-IRIS and participants
prescribed prednisone to treat TB-IRIS, our study has other limitations. First, as
consequence of the substudy commencing after the main trial, we do not have complete
data on all participants. Second, we do not have reliable information about the time
between the start of symptoms and the start of TB treatment, with longer duration of
symptoms being a risk factor for pulmonary impairment [115, 357]. Third, normal values for
6MWD in our population are lacking. Most participants walked relatively far, possibly
because of the relatively short duration of illness and possibly younger age of participants
when compared with other chronic lung diseases. Finally, the use of the NHANES reference
range (derived in North American populations) may have resulted in an overestimate of lung
function impairment, as normal values for FEV1 and FVC tend to be higher than those for
African populations [358].

In conclusion, we found that lung function impairment is common in patients with HIV-
associated TB. Prednisone to prevent TB-IRIS improved lung function at week 4, possibly by
reducing TB-IRIS, however, the 28-day course of prednisone did not improve lung function
from week 12 onwards in patients with CD4 counts < 100 cells /ul. Overlap between the
groups through the development of TB-IRIS and subsequent use of prednisone as
treatment, limits our ability to make definitive conclusions. Prednisone remains
recommended to prevent TB-IRIS in this population based on the findings of the main
PredART trial [43], despite this study being unable to demonstrate long term benefits in lung
function. Further studies, using PET-CT imaging and other biomarkers of inflammation and
lung damage in TB [346] are needed to better understand the pathogenesis of lung function
impairment in HIV-associated TB.
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Conclusion

In the PredART trial [43] we enrolled 240 patients with HIV-associated tuberculosis at high
risk of TB-IRIS (time between initiation of antituberculosis treatment and ART < 30 days;
CD4 count £100 cells/pl) and randomly assigned them to receive either prednisone or
placebo during the first four weeks of ART. This trial showed that prophylactic prednisone
reduced the incidence of paradoxical TB-IRIS, without an excess of adverse events.
Moreover, it provided us with the unique opportunity to further assess certain aspects of
HIV-associated TB, TB-IRIS and prednisone. During the trial, we collected extensive clinical
information from each participant with regards to the presentation of TB-IRIS; whole blood,
plasma and peripheral blood mononuclear cells were isolated and stored at -80 degrees for
every participant enrolled in the trial at week 0, 2, 4, and 12 with additional samples taken
and stored at the time of suspected TB-IRIS; and | developed a protocol to add lung function
testing as a substudy to the trial. With these data | was able to systematically evaluate the
clinical presentation and diagnosis of TB-IRIS; assess aspects of the immunopathology of TB-
IRIS as well as the mechanism by which prednisone reduces the incidence of TB-IRIS; and
assess the effect of TB-IRIS and prednisone on lung function in patients with HIV-associated
tuberculosis. These topics formed the basis of this thesis.

Currently, the diagnosis of TB-IRIS relies on characteristic clinical features synthesized as the
INSHI case definition [27]. There is no confirmatory laboratory test. In chapter two | applied
latent class analysis to model a gold standard for TB-IRIS. | used available data of 217
participants from the PredART trial — of whom 41% developed TB-IRIS - and combined them
into several latent class models. | initially included baseline participant characteristics (sex,
age, details about current and previous TB episodes); INSHI major criteria; all individual
symptoms of the INSHI minor criteria; any additionally documented signs and symptoms
provided they occurred in more than 10 (4%) participants and could feasibly be related to
TB-IRIS; baseline (immediately prior to starting ART) and follow-up laboratory variables
(hemoglobin, leucocyte count, creatinine clearance, alanine transferase, alkaline
phosphatase, C-reactive protein (CRP), CD4 count and HIV viral load); signs and symptoms
that were identified as possibly related to TB-IRIS during the TB-IRIS adjudication process;
and baseline urine lipoarabinomannan (LAM). The final model included the following
parameters: respiratory symptoms, night sweats, INSHI major criteria 1, 2, and 4, maximum
CRP > 90 mg/l, maximum heart rate > 120/min, maximum temperature > 37.7 °C, and pre-
ART CD4 count < 50 cells/ul. The model estimated a TB-IRIS incidence of 43% and had
optimal goodness of fit (X2 =337, p = 1.0). With the model-derived gold standard for TB-
IRIS, | could estimate sensitivity and specificity of individual signs and symptoms for TB-IRIS
and compute a model-predicted probability of TB-IRIS for each participant. Using the latter,
| first assessed the performance of the INSHI case definition and found it identifies TB-IRIS
with a reasonable accuracy: a sensitivity of 0.77 and a specificity of 0.86. Next, | constructed
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several adapted case definitions, aiming to either simplify the case definition or replace the
sometimes subjective INSHI minor criteria with objectives measures like CRP elevation,
fever, and/or tachycardia, thereby creating a definition that is more robust and
standardised, which is advantageous if it is to be used as an endpoint in clinical trials. |
compared the diagnostic accuracy of the adapted case definitions with that of the INSHI
case definition. An amended definition in which | replaced all the minor INSHI criteria with
the objective variables CRP elevation, fever, and/or tachycardia resulted in a

definition with improved sensitivity (0.89) without a loss of specificity (0.88).

Last, | assessed the utility of CRP as a rule-out test for TB-IRIS. A normal CRP (< 10 mg/l) can
unsurprisingly be used to rule out TB-IRIS. Higher cut-off values also have value in ruling out
TB-IRIS.

TB-IRIS associates with hypercytokinemia [59], but the immunopathological mechanisms
underlying it are not completely understood. Initial studies focused on restoration of
mycobacteria specific T cell responses as an underlying mechanism. Recently, attention has
shifted towards the innate immune system [60, 64]. In chapter three, | elucidated some of
the mechanisms underlying TB-IRIS. | measured a panel of 31 chemo- and cytokines in
samples from PredART participants taken at week 0 and week 2 and compared
concentrations of chemo- and cytokines at both time points between participants who did
and did not develop TB-IRIS. | found no difference in cytokine profile at baseline between
the two groups. | confirmed that TB-IRIS is associated with higher concentrations of several
chemo- and cytokines at week 2. These chemo- and cytokines were related to both the
innate and the adaptive immune system.

| next assessed how prednisone reduces the risk of TB-IRIS. It is unlikely that prednisone
only suppressed TB-IRIS symptoms in our trial: the median time to TB-IRIS in those who
developed TB-IRIS was similar in both the prednisone and the placebo group. Moreover,
prednisone also reduced the incidence of more severe TB-IRIS, judged from the number of
patients with TB-IRIS fulfilling at least one INSHI major criterion or receiving prednisone
treatment for TB-IRIS. Also, there did not appear to be “breakthrough cases” when the 28-
day course of prednisone was stopped suggesting that the course of prednisone had
prevented the onset of the syndrome, rather than merely suppressing symptoms. In an
earlier TB-IRIS treatment trial prednisone — when compared to placebo - was shown to
reduce the concentrations of several chemo- and cytokines over 4 weeks of treatment
[139]. To assess the possible mechanism by which prophylactic prednisone reduces TB-IRIS, |
compared chemo- and cytokines at week 2 between participants in the prednisone and in
the placebo arm. | showed that prednisone was associated with a reduction in plasma
concentrations of the chemo- and cytokines found to be increased in TB-IRIS.

LTA4H is an enzyme that hydrolyses LTA4 into the pro-inflammatory LTBA4. It is regulated by
a single nucleotide polymorphism (SNP) close to the promotor region of the /ta4h gene. The
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wildtype genotype (CC) is associated with lower concentrations of LTA4H, whereas the
double mutant genotype (TT) is associated with increased LTA4H activity [98]. LT4B is a
strong attractor of neutrophils and macrophages to sites of inflammation. Therefore, one
could expect lta4h genotype to both associate with inflammation in TB-IRIS and influence
the plasma chemo- and cytokine profile. | compared /ta4h genotype between participants
with and without TB-IRIS and assessed the association between /ta4h genotype and
concentrations of chemo- and cytokines. | did not find an association between genotype and
the development of TB-IRIS, nor did | find an association between genotype and cytokine
profile at either week 0 or week 2. A recent study suggests that the efficacy of
corticosteroids as adjunctive treatment in tuberculous meningitis might depend on /ta4h
genotype [96]. In the last part of chapter three | evaluated if this correlation was also true
for our trial cohort but could not find a statistically significant association between the
efficacy of prednisone in preventing TB-IRIS and genotype. Possible reasons for not finding
an association with /ta4h genotype and either TB-IRIS or the efficacy of prednisone include
the low frequency of this allele in our study cohort; the difference between pulmonary
tuberculosis and tuberculous meningitis; or the effect of HIV co-infection.

Residual pulmonary impairment is common after treatment for tuberculosis [112, 114, 115].
Lung function data in patients with HIV-associated tuberculosis are scarce, especially in the
context of TB-IRIS and prophylactic prednisone. In chapter five, | determined the prevalence
of lung function abnormalities in patients with HIV-associated tuberculosis and CD4 counts <
100 cells/ul and assessed the effect of prophylactic prednisone and the development of
paradoxical TB-IRIS on pulmonary function. | performed spirometry, six-minute walk test,
and chest radiography at week 0, 4, 12, and 28 in 153 participants of the PredART trial. |
have not assessed reversibility of obstruction following bronchodilators nor measurements
of gas exchange like diffusion capacity of the lungs for carbon monoxide (DLCO). | found
abnormal spirometry measurements in 67% of participants at week 0 and 53% at week 28;
low forced vital capacity was the commonest abnormality. A high proportion of participants
(22%) had a technically incorrect spirometry test at baseline; | considered that among these
participants were those with worse pulmonary status. Excluding them from the analyses
could underestimate the burden of lung function impairment in TB. In our study, including
technically incorrect tests as abnormal increased the percentage abnormal tests at baseline
from 67% to 74%.

Chest radiographs showed little or no abnormalities in the majority of participants.
However, | found that the presence of a normal chest radiograph does not exclude lung
function abnormalities in patients with HIV-associated TB and a CD4 count < 100 cells/pl.
Since inflammation plays an important role in lung damage in tuberculosis, | hypothesized
that prednisone may reduce lung function impairment, while TB-IRIS could result in more
lung function impairment. However, | found neither prophylactic prednisone as used in our
study nor the development of TB-IRIS significantly affected week 28 pulmonary outcome. |
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did find that participants in the prednisone arm had a 42 meters greater six-minute walk
distance and a 4.9 % higher percentage of predicted forced expiratory volume in 1 second at
week 4; these differences were no longer significantly different from week 12 onwards.
Whether a longer duration of corticosteroid treatment does affect post-tuberculosis lung
damage could be assessed in a future clinical trial. Contrasting our hypothesis and findings
of two recent studies [126, 127] that hypothesized that TB-IRIS-like increases in
inflammation may lead to decreased lung function, TB-IRIS did not significantly impair lung
function outcome at any time point in our study cohort.

The main strength of our trial cohort for all these substudies was its uniformity, with similar
baseline characteristics both between the prednisone and the placebo arm owing to
randomisation, but also largely between the TB-IRIS and the no TB-IRIS group. A similar
median time to TB-IRIS facilitated the analyses of the immunopathology of TB-IRIS. The main
limitation of the cohort for our substudies was the overlap or association between the use
of prednisone and the development of TB-IRIS, making it challenging to analyze the
independent effect of prednisone or TB-IRIS on either immune markers or lung function
outcomes separately. Moreover, in the analysis of the immune markers, the use of data
dimensionality reduction techniques like principal component analysis (PCA) may have
helped in visualizing which immune markers cluster together, allowing for better insights as
to how individual immune mediators are coordinated in their response during TB-IRIS.
Lastly, the lung function substudy only started recruitment after the main trial had already
started. Power calculations - based on an expected mean % FEV1 of 70% of predicted and a
SD of 17% at 6 months and an expected effect of prednisone of 12% - showed an expected
power of >90% with the inclusion of 90 patients in each arm. However, because of the
reason mentioned above, we were unable to enrol the calculated number of participants.

The diverse topics covered in this thesis illustrate the many aspects associated with TB-IRIS.
By covering the different aspects of TB-IRIS this thesis aimed to provide a more complete
understanding of its pathophysiology. Comparing outcomes between different HIV-
associated TB study cohorts will be necessary but is often still hampered by the various
definitions used to identify patients with TB-IRIS. Uniformity between studies could improve
when all studies use the same definition for TB-IRIS, preferably one that is less dependent
on (often subjective) patient symptom reporting. Therefore, | recommend using our
amended case definition next to the existing INSHI definition to define TB-IRIS when
conducting studies with TB-IRIS as an endpoint. A definition including only INSHI major
criteria had the highest specificity. This definition could be used in studies where one only
wants to identify participants with a very high likelihood of TB-IRIS.

One of the aspects referred to above - which has long been underappreciated in

tuberculosis and TB-IRIS, but recently gained more attention — is post-tuberculosis lung
damage. TB can leave the lungs permanently scarred, turning it from a treatable
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communicable disease into a chronic disease. With abnormal lung function present in 45-
87% of patients treated for TB [112, 114, 115] and roughly 10 million new TB cases occurring
each year [11], post-tuberculosis lung disease may be one of the most important causes of
chronic lung disease globally. There is a need for studies investigating ways to reduce lung
function impairment in patients with tuberculosis, both in patients with and without HIV co-
infection. Host immune responses play a key role in the development of pulmonary damage
in TB; important mediators involved are matrix metalloproteinases (MMPs), the balance of
eicosanoids in releasing pro- and anti-inflammatory cytokines, and the fate of neutrophils
and macrophages (apoptosis vs necrosis) — as reviewed in chapter four. Combined
immunology and lung function studies could shed more light on the timing and mechanisms
of lung function damage in tuberculosis and the possibility of timely intervention to prevent
lung function impairment. Studies doing so are rare, especially in patients co-infected with
HIV. A small study of 14 patients with HIV-associated TB showed that increasing
concentrations of MMP-8 after initiation of ART were associated with a lower FEV1 after TB
treatment completion [79]. A recent study assessed the role of genes associated with the
inflammasome in inflammation and lung function in 102 patients with HIV-associated TB
[359]. The authors found that patients carrying the minor allele of the NLRC4 gene had
lower pre-ART concentrations of IL-18, IL-6 and TNFa as well as better lung function
(measured as the percentages of predicted of FEV1 and FVC) during treatment up to 48
weeks after starting ART. Moreover, they found higher plasma IL-6 concentrations and
higher expression of IL-1B, IL-18, IL-6 and IFN-y mRNA were associated with worse lung
function at baseline and/or 4 weeks after ART initiation. A large, multi-country cohort study,
prospectively assessing lung function in 1500 patients with newly diagnosed TB up to 2
years after completion of TB treatment, is currently ongoing [360]. As part of the study,
multiple blood, sputum and urine samples will be taken and stored with the aim to identify
pathogenic mechanisms underlying poor TB treatment outcomes.

Knowing which factors contribute to lung damage in TB can guide interventions to prevent
its development. Host-directed therapies (HDT) are increasingly being investigated for their
role in preventing lung damage in TB. A wide range of drugs, mostly designed for other
indications, has been assessed, including TNF-a blockers, doxycycline, NSAIDs,
phosphodiesterase inhibitors, metformin and IFN-y (reviewed in chapter four). Trials
investigating the effect of azithromycin, everolimus, auranofin (an oral gold salt), vitamin
D3, statins, and NSAIDs on lung function are currently ongoing (ClinicalTrials.gov).
Corticosteroids are the oldest and most investigated of these drugs. They reduce
inflammation and inhibit various cytokines in TB, like IL-13, IFN-y and TNF-a, [90, 300, 301]
and may therefore reduce post-tuberculosis lung damage. Several studies have assessed the
effect of corticosteroids on lung function in TB [347-350]. These studies did not find a
significant effect of corticosteroid use on lung function. However, most of them were done
in the 1960s, before the introduction of rifampicin, and none of them included HIV co-
infected patients. | assessed the effect of prednisone on various cytokines as well as on lung
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function in our trial cohort. In this selected group of patients with HIV-associated TB and a
high incidence of TB-IRIS, | found prednisone use (given to prevent TB-IRIS) was associated
with lower plasma concentrations of IL-1ra (possibly mirroring IL-1B), IL-6 and CXCL-10;
prednisone at the dose used in this trial did not result in better long term lung function
outcomes. Data of these two substudies could be used in future analyses to assess possible
associations between chemo- and cytokines and CRP, CD4 count and HIV viral load, lung
function and prednisone use. Because of the association between prednisone use and TB-
IRIS and the effect of TB-IRIS on both chemo- and cytokines and possibly lung function, the
independent effects on the outcomes will however be difficult to dissect. Moreover, in
order to better understand the role of specific cytokines and chemokines in TB-IRIS, future
studies could consider including antagonists of pro-inflammatory cytokines in their analysis.
Simultaneously assessing changes in the frequency and immunophenotype of relevant
circulating immune cells like monocytes or T-cells, rather than only analyzing plasma
analytes, can also contribute to a better understanding of the cellular origin of the various
chemo- and cytokines.

Regardless, | think lung function tests should be added as an endpoint in all clinical trials
assessing interventions - including HDTSs - for tuberculosis and TB-IRIS. Through this we
could get a full understanding of the short- and long-term effects of the intervention;
microbiological endpoints — as is often the case for TB studies — or the occurrence of TB-IRIS
alone should no longer be the sole endpoint of a study. Spirometry is relatively cheap and
easy to perform. However, it should be kept in mind that performing spirometry early
during treatment for tuberculosis can be challenging. Patients are often severely ill, with
significant cough and/or shortness of breath. Future studies should look at the possibility to
amend quality criteria in this group of patients to not exclude those who are unable to
perform spirometry properly because of acute illness.

Advanced HIV infection is correlated with a reduced DLCO [282], even in patients with
normal spirometry values [361]. In a group of patients with COPD, patients with previous TB
had significantly decreased DLCO compared to those without a history of TB [362]. The
same is true for patients with bronchiectasis and previous TB [363]. Therefore, assessing gas
exchange measurements — although not always easily accessible - next to spirometry may
add valuable information.

Genetic studies are another aspect to prioritize in TB research. Various genes have been
associated with the risk of tuberculosis [364] or susceptibility or rate of progression in HIV
[365]. Genetic factors associated with TB-IRIS are still poorly elucidated. Two small studies
investigated single nucleotide polymorphisms (SNP) in genes encoding cytokines,
chemokines and their receptors. One study from Australia found polymorphisms in the IL-6
and TNF-a genes associated with risk for mycobacterial IRIS [366]. Another study, including
patients from Cambodia and India, found TB-IRIS risk associated with polymorphisms in TNF-
o, IL-18, vitamin D receptor, and natural resistance-associated macrophage protein 1 genes
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[367]. A recent study including 88 patients with HIV-associated TB from Brazil showed
increased risk of TB-IRIS in patients with polymorphisms in a gene for NK cell receptors and
certain human leukocyte antigen (HLA) haplotypes [368]. LTA4H polymorphism has been
associated with TB-IRIS severity in an Indian cohort, with more severe IRIS happening in
patients with mutant genotypes, although the overall incidence of TB-IRIS was not genotype
dependent [99]. In tuberculous meningitis (TBM) /ta4h genotype has been associate with
both outcome of the disease and efficacy of corticosteroids in its treatment [96]. This led to
a trial, currently ongoing, to further assess the effect of dexamethasone in TBM: in HIV-
uninfected patients, /ta4h genotype is defined at randomization with the objective to assess
whether the effectiveness of dexamethasone added to TBM treatment is genotype
dependent [369]. A possible outcome of the trial is that it may be possible to use /ta4h
genotyping to target corticosteroid therapy to patients most likely to benefit from it.
Further genetic studies in TB-IRIS could identify genes that may also identify patients that
benefit most from interventions such as prophylactic prednisone. In our study cohort, | have
not been able to show /ta4h genotype can successfully identify these patients.

The clinical diagnosis of TB-IRIS remains challenging. Its most common presentations are
lymphadenopathy; respiratory symptoms like worsening cough, chest pain, or worsening
chest X-ray features; and constitutional symptoms like night sweats, fever, loss of appetite,
and loss of weight. Abscesses or neurological features are less common [18]. Moreover, less
specific symptoms like vomiting, diarrhea, arthritis or back pain may all be presenting
symptoms of TB-IRIS. It is difficult to distinguish these signs and symptoms from other
causes for deterioration like other opportunistic infections, drug toxicity, drug resistance or
non-adherence. Many studies have been done, trying to identify biomarkers that can aid
identification of TB-IRIS [21, 38, 40, 48, 49, 54, 59-66, 69, 70, 146, 151, 370-372]. Most of
these studies, however, include tests that are not readily available in those parts of the
world where TB and HIV are most prevalent. Clinicians treating patients with HIV-associated
TB would benefit from easily accessible laboratory tests that could aid in diagnosing TB-IRIS.
CRP is becoming available as a point-of-care assay [135]. In our study, CRP looks like a
promising tool to rule out TB-IRIS: a low CRP appears useful in excluding TB-IRIS, but higher
cut-off values of CRP still have value in ruling it out. Further studies are needed to confirm
this finding.

Lastly, lung function impairment needs to be taken into consideration as part of the
treatment of patients with HIV-associated TB. Post-tuberculosis lung disease is also common
in patients co-infected with HIV, and recently more data on this topic became available. A
study from Zimbabwe assessed chronic lung disease in patients who completed TB re-
treatment on average two years prior; 65% were co-infected with HIV. Chronic lung disease
- defined as a combination of chest X-ray abnormalities, respiratory symptoms and
abnormal spirometry and/or walk test and /or desaturation at exertion - was present in 14%
of the participants [373]. A study from South Africa, prospectively following patients with
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HIV-associated TB who started treatment for both, found spirometric lung function
impairment in 33% of participants at 12 months [374]. A prospective cohort study from
Malawi found HIV-uninfected patients were more likely to suffer from post-tuberculosis
lung disease. However, of participants with HIV-associated TB, 25% had abnormal
spirometry results 12 months after completing treatment for TB [375]. In a prospective
study cohort form Mozambique — with 63% of the participants co-infected with HIV —
abnormal spirometry outcomes were present in 65% of patients one year after start of TB
treatment [376]. In all these studies, lung function impairment was not limited to one type,
but could be obstructive, restrictive or both. | showed abnormal spirometry results in 53%
of our study participants at completion of TB treatment. Important for clinical practice is
that chest X-rays were insufficient to detect lung function abnormalities in our patients with
HIV-associated tuberculosis and a low CD4 count.

With a considerable proportion of patients with newly diagnosed HIV still presenting late for
care [377-379] and TB incidence worldwide only declining slowly [11], TB-IRIS remains an
important health topic. Multiple studies in the past twenty years have contributed to our
knowledge of this syndrome, its incidence and risk factors; diagnosis, prevention,
management and outcomes; and its pathogenesis. However, many of its aspects remain
incompletely understood. In this thesis | investigated several aspects of TB-IRIS, focusing on
the role of prednisone in the immunopathogenesis of TB-IRIS and its effect on lung function
outcomes. | was able to confirm recent findings that an interaction between the innate and
the adaptive immune system plays an important role in TB-IRIS [60, 64] and showed that
prednisone prophylaxis was associated with a reduction in plasma concentrations of the
chemo- and cytokines found to be increased in TB-IRIS. | assessed the effect of Ita4h
genotype and was unable to show an association between /ta4h genotype and either the
concentrations of chemo- and cytokines or the efficacy of prednisone. Prednisone as used in
our trial was associated with better lung function 4 weeks after starting ART but did not
affect long-term lung function outcomes in our study cohort with a high prevalence of TB-
IRIS. These findings can guide researchers investigating further mechanisms and ways to
prevent TB-IRIS or improve overall outcomes in HIV-associated TB.

108



Acknowledgements

SN numbers, RN numbers, 480 containers of study drug, over 2000 patient visits, around
450 spirometries, more than 40 hours of walk tests. Trips to Antwerp, summer in winter and
winter in summer, lots of numbers and STATA commands, meeting lots of nice people. 2515
adverse events, an almost equal amount of database corrections. 693 cryovials of extracted
DNA, 2400 wells full of cytokines. More numbers, more STATA commands. Reading and
writing. And more writing. And then finally, the acknowledgements.

It is impossible to thank everyone and everything that helped me to finally get to this point.
| could thank the lady selling fruits outside Ubuntu Clinic for her beautiful smile; the sun for
coloring Table Mountain pink in my rear-view mirror when driving on the N2; Sinterklaas for
bringing cookies during writing week in Antwerp; the mailman for delivering Christmas cards
in April; the sea and the Schelde; trains, planes, Velo-bikes and days without traffic jams.
And so many more. So | will just stick to the few that | really could not have done without.

No trial can be done without participants. So to all the participants in the PredART trial:
thank you for giving your time and effort making it possible for us to collect all the
information needed to do this trial and for me to complete my thesis. During all the study
visits, you gave me a glimpse into your lives, and taught me things far beyond the scope of
doing a PhD.

No thesis can be completed without good (and patient) supervisors. Graeme and Lut, thank
you for putting your faith in this Dutchie who just showed up one day because someone had
told her “Go speak to prof Meintjes, | think he works together with Dutch people”. Turned
out the Dutch were from Belgium, but hey, those are both small countries eleven hours
flying away where they speak a language resembling Afrikaans, so who cares? Well, you
didn’t. Rather, you made it possible for me to start working on the PredART trial as a
Belgium exchange student, being neither Belgium nor a student. And later made it possible
for me to start this project that finally ended in completion of my PhD. Graeme, thank you
for your guidance and constructive feedback, for putting up with my written ‘Dinglish’. And
for giving me the role in the PredART trial that | had. Lut, dank voor al je wijze raad, je
betrokkenheid en je gastvrijheid, waardoor Antwerpen steeds weer een beetje als thuis
voelde. Je nam me niet alleen op in jouw departement, maar ook in jullie huis. En liet me
kennis maken met de beste bakker van de stad! Muki, my co-supervisor, thank you for
introducing me to the world of cytokines and the ins and outs of working in the lab. Brian,
although technically not a supervisor, you felt like one. Thanks for all your help in
performing and understanding lung function tests.

109



No research can be done without funding. The PredART trial was funded by the European
and Developing Countries Clinical Trials Partnership through a Strategic Primer Grant
(SP.2011.41304.074) that was awarded to the University of Cape Town, the Institute of
Tropical Medicine, and Imperial College London. There was co-funding from the South
African Government Department of Science and Technology and the Wellcome Trust
(098316, 084323, 104803, 203135). My PhD fellowship was sponsored by the Institute for
Tropical Medicine in Antwerp.

And then there is coffee. This thesis would not have existed without it. And coffee is only as
good as the people you drink it with.

PredART team: Monica, Yolisa, Liz, and all the others, thanks for all the nice coffees we
shared at site B. You made me feel welcome in your team from the first day | arrived —and |
made you coffee. With shaken milk to make it look like cappuccino. On cold mornings we
had to decide what to do first: plug in the heater, or plug in the kettle — both wasn’t
possible, as we only had one spare plug. On hot days — when the sun would shine into room
3 and 4 through the fans on the roof and draw funny figures on the wall - we still wouldn’t
go without it. Special thanks go out to Nobom, my partner in crime. We hunted the clinics
together to find new participants and | learned a few short cuts in Khayelitsha and a few
words of isiXhosa (Ngomso ukutya inthloko segusha) on the way. We made our participants
walk for six minutes - rain or shine, tekkies or flipflops — and screamed and danced ‘go, go,
go, out, out, out’ for them when they were blowing in the spirometer. Thanks for all your
help!

Charlotte, thanks for the many cups of coffee we shared at UCT. Pinkies, purplies, goldies
and all milky. Coffee wasn’t the only thing we shared, and | am glad we were in this
together. Charles, thanks for always finding time to have a coffee together during my stays
in Antwerp: from the Italian ones after lunch to the closest by coffee machines in the
mornings. Elsa, thanks for bringing coffee while scoring chest X-rays and in the COVID wards
during the last stretches of our PhDs.

Jozefien, ik weet eigenlijk niet eens of jij koffie drinkt. Maar jouw uitleg van statistiek in voor
‘gewone mensen’ begrijpelijke taal was even onmisbaar als een kop koffie in de ochtend.
Dank voor al je hulp - en voor alle lunches in Karibu, waar je me altijd voor kwam ophalen.

Thank you to all the other people whose paths crossed mine on my road to finishing this
thesis: everyone in the CIDRI office, the CIDRI data team and in the CIDRI lab. Everyone in
the ITM department of Clinical Sciences. And thanks to my three favorite people in this
world, Mark, Jente and Melle, for putting up with all my grumpy days. Ik ben klaar — we
gaan een taart bakken!

110



References

10.
11.
12.

13.

14.

15.

16.

17.

18.

19.

Daniel, T.M., The history of tuberculosis. Respir Med, 2006. 100(11): p. 1862-70.
Zimmerman, M.R., Pulmonary and osseous tuberculosis in an Egyptian mummy. Bull
N Y Acad Med, 1979. 55(6): p. 604-8.

Nerlich, A.G., et al., Molecular evidence for tuberculosis in an ancient Egyptian
mummy. Lancet, 1997. 350(9088): p. 1404.

Hermans, S., C.R. Horsburgh, Jr., and R. Wood, A Century of Tuberculosis
Epidemiology in the Northern and Southern Hemisphere: The Differential Impact of
Control Interventions. PLoS One, 2015. 10(8): p. e0135179.

Centers for Disease, C., Kaposi's sarcoma and Pneumocystis pneumonia among
homosexual men--New York City and California. MMWR Morb Mortal Wkly Rep,
1981. 30(25): p. 305-8.

Faria, N.R., et al., HIV epidemiology. The early spread and epidemic ignition of HIV-1
in human populations. Science, 2014. 346(6205): p. 56-61.

Ras, G.J., et al., Acquired immunodeficiency syndrome. A report of 2 South African
cases. S Afr Med J, 1983. 64(4): p. 140-2.

Sher, R., HIV infection in South Africa, 1982-1988--a review. S Afr Med J, 1989. 76(7):
p. 314-8.

https.//www.unaids.org/en/regionscountries/countries/southafrica.
https.//www.who.int/news-room/fact-sheets/detail/hiv-aids.

Global tuberculosis report 2019. 2019, World Health Organization: Geneva.

Abay, S.M., et al., The Effect of Early Initiation of Antiretroviral Therapy in TB/HIV-
Coinfected Patients: A Systematic Review and Meta-Analysis. J Int Assoc Provid AIDS
Care, 2015. 14(6): p. 560-70.

Uthman, O.A., et al., Optimal Timing of Antiretroviral Therapy Initiation for HIV-
Infected Adults With Newly Diagnosed Pulmonary Tuberculosis: A Systematic Review
and Meta-analysis. Ann Intern Med, 2015. 163(1): p. 32-9.

Flynn, J.L., et al., An essential role for interferon gamma in resistance to
Mycobacterium tuberculosis infection. J Exp Med, 1993. 178(6): p. 2249-54.

Flynn, J.L., et al., Tumor necrosis factor-alpha is required in the protective immune
response against Mycobacterium tuberculosis in mice. Immunity, 1995. 2(6): p. 561-
72.

Lin, P.L., et al., CD4 T cell depletion exacerbates acute Mycobacterium tuberculosis
while reactivation of latent infection is dependent on severity of tissue depletion in
cynomolgus macaques. AIDS Res Hum Retroviruses, 2012. 28(12): p. 1693-702.
Esmail, H., et al., The Immune Response to Mycobacterium tuberculosis in HIV-1-
Coinfected Persons. Annu Rev Immunol, 2018. 36: p. 603-638.

Namale, P.E., et al., Paradoxical TB-IRIS in HIV-infected adults: a systematic review
and meta-analysis. Future Microbiol, 2015. 10(6): p. 1077-99.

Walker, N.F., et al., Matrix Degradation in Human Immunodeficiency Virus Type 1-
Associated Tuberculosis and Tuberculosis Immune Reconstitution Inflammatory
Syndrome: A Prospective Observational Study. Clin Infect Dis, 2017. 65(1): p. 121-
132.

111



20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

Gopalan, N., et al., Daily vs Intermittent Antituberculosis Therapy for Pulmonary
Tuberculosis in Patients With HIV: A Randomized Clinical Trial. JAMA Intern Med,
2018.178(4): p. 485-493.

Ravimohan, S., et al., Immunological profiling of tuberculosis-associated immune
reconstitution inflammatory syndrome and non-immune reconstitution inflammatory
syndrome death in HIV-infected adults with pulmonary tuberculosis starting
antiretroviral therapy: a prospective observational cohort study. Lancet Infect Dis,
2015. 15(4): p. 429-38.

Sierra-Madero, J.G., et al., A Randomized, Double-Blind, Placebo-Controlled Clinical
Trial of a Chemokine Receptor 5 (CCR5) Antagonist to Decrease the Occurrence of
Immune Reconstitution Inflammatory Syndrome in HIV-Infection: The CADIRIS Studly.
Lancet HIV, 2014. 1(2): p. e60-e67.

Janssen, S., et al., Low incidence of the immune reconstitution inflammatory
syndrome among HIV-infected patients starting antiretroviral therapy in Gabon: a
prospective cohort study. Infection, 2017. 45(5): p. 669-676.

Conesa-Botella, A, et al., Urinary lipoarabinomannan as predictor for the
tuberculosis immune reconstitution inflammatory syndrome. J Acquir Immune Defic
Syndr, 2011. 58(5): p. 463-8.

Lawn, S.D., et al., Urine lipoarabinomannan assay for tuberculosis screening before
antiretroviral therapy diagnostic yield and association with immune reconstitution
disease. AIDS, 2009. 23(14): p. 1875-80.

Lawn, S.D. and A. Gupta-Wright, Detection of lipoarabinomannan (LAM) in urine is
indicative of disseminated TB with renal involvement in patients living with HIV and
advanced immunodeficiency: evidence and implications. Trans R Soc Trop Med Hyg,
2016. 110(3): p. 180-5.

Meintjes, G., et al., Tuberculosis-associated immune reconstitution inflammatory
syndrome: case definitions for use in resource-limited settings. Lancet Infect Dis,
2008. 8(8): p. 516-23.

Bana, T.M., et al., Prolonged tuberculosis-associated immune reconstitution
inflammatory syndrome: characteristics and risk factors. BMC Infect Dis, 2016. 16(1):
p. 518.

Marais, S., et al., Frequency, severity, and prediction of tuberculous meningitis
immune reconstitution inflammatory syndrome. Clin Infect Dis, 2013. 56(3): p. 450-
60.

Pepper, D.J., et al., Neurologic manifestations of paradoxical tuberculosis-associated
immune reconstitution inflammatory syndrome: a case series. Clin Infect Dis, 2009.
48(11): p. €96-107.

Eshun-Wilson, |., et al., Evaluation of paradoxical TB-associated IRIS with the use of
standardized case definitions for resource-limited settings. J Int Assoc Physicians AIDS
Care (Chic), 2010. 9(2): p. 104-8.

Haddow, L.J., M.Y. Moosa, and P.J. Easterbrook, Validation of a published case
definition for tuberculosis-associated immune reconstitution inflammatory
syndrome. AIDS, 2010. 24(1): p. 103-8.

Manosuthi, W., et al., Clinical case definition and manifestations of paradoxical
tuberculosis-associated immune reconstitution inflammatory syndrome. AIDS, 2009.
23(18): p. 2467-71.

112



34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45,

46.

47.

48.

49.

50.

Chien, J.W. and J.L. Johnson, Paradoxical reactions in HIV and pulmonary TB. Chest,
1998. 114(3): p. 933-6.

John, M. and M.A. French, Exacerbation of the inflammatory response to
Mycobacterium tuberculosis after antiretroviral therapy. Med J Aust, 1998. 169(9): p.
473-4.

Prevention and treatment of tuberculosis among patients infected with human
immunodeficiency virus: principles of therapy and revised recommendations. Centers
for Disease Control and Prevention. MMWR Recomm Rep, 1998. 47(RR-20): p. 1-58.
Meintjes, G., et al., Randomized placebo-controlled trial of prednisone for
paradoxical tuberculosis-associated immune reconstitution inflammatory syndrome.
AIDS, 2010. 24(15): p. 2381-90.

Narendran, G., et al., Paradoxical tuberculosis immune reconstitution inflammatory
syndrome (TB-IRIS) in HIV patients with culture confirmed pulmonary tuberculosis in
India and the potential role of IL-6 in prediction. PLoS One, 2013. 8(5): p. e63541.
Laureillard, D., et al., Paradoxical tuberculosis-associated immune reconstitution
inflammatory syndrome after early initiation of antiretroviral therapy in a
randomized clinical trial. AIDS, 2013. 27(16): p. 2577-86.

Tieu, H.V., et al., Immunologic markers as predictors of tuberculosis-associated
immune reconstitution inflammatory syndrome in HIV and tuberculosis coinfected
persons in Thailand. AIDS Res Hum Retroviruses, 2009. 25(11): p. 1083-9.

Richaud, C., et al., Anti-tumor necrosis factor monoclonal antibody for steroid-
dependent TB-IRIS in AIDS. AIDS, 2015. 29(9): p. 1117-9.

Hsu, D.C., et al., A Paradoxical Treatment for a Paradoxical Condition: Infliximab Use
in Three Cases of Mycobacterial IRIS. Clin Infect Dis, 2016. 62(2): p. 258-61.
Meintjes, G., et al., Prednisone for the Prevention of Paradoxical Tuberculosis-
Associated IRIS. N Engl J Med, 2018. 379(20): p. 1915-1925.

French, M.A., S.A. Mallal, and R.L. Dawkins, Zidovudine-induced restoration of cell-
mediated immunity to mycobacteria in immunodeficient HIV-infected patients. AIDS,
1992. 6(11): p. 1293-7.

Narita, M., et al., Paradoxical worsening of tuberculosis following antiretroviral
therapy in patients with AIDS. Am J Respir Crit Care Med, 1998. 158(1): p. 157-61.
Bourgarit, A., et al., Explosion of tuberculin-specific Th1-responses induces immune
restoration syndrome in tuberculosis and HIV co-infected patients. AIDS, 2006. 20(2):
p. F1-7.

Meintjes, G., et al., Type 1 helper T cells and FoxP3-positive T cells in HIV-
tuberculosis-associated immune reconstitution inflammatory syndrome. Am J Respir
Crit Care Med, 2008. 178(10): p. 1083-9.

Haridas, V., et al., TB-IRIS, T-cell activation, and remodeling of the T-cell
compartment in highly immunosuppressed HIV-infected patients with TB. AIDS, 2015.
29(3): p. 263-73.

Ravimohan, S., et al., Robust Reconstitution of Tuberculosis-Specific Polyfunctional
CD4+ T-Cell Responses and Rising Systemic Interleukin 6 in Paradoxical Tuberculosis-
Associated Immune Reconstitution Inflammatory Syndrome. Clin Infect Dis, 2016.
62(6): p. 795-803.

Mahnke, Y.D., et al., Selective expansion of polyfunctional pathogen-specific CD4(+) T
cells in HIV-1-infected patients with immune reconstitution inflammatory syndrome.
Blood, 2012. 119(13): p. 3105-12.

113



51.

52.

53.

54,

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

Silveira-Mattos, P.S., et al., Differential expression of CXCR3 and CCR6 on CD4(+) T-
lymphocytes with distinct memory phenotypes characterizes tuberculosis-associated
immune reconstitution inflammatory syndrome. Sci Rep, 2019. 9(1): p. 1502.
Antonelli, L.R., et al., Elevated frequencies of highly activated CD4+ T cells in HIV+
patients developing immune reconstitution inflammatory syndrome. Blood, 2010.
116(19): p. 3818-27.

Elliott, J.H., et al., Immunopathogenesis and diagnosis of tuberculosis and
tuberculosis-associated immune reconstitution inflammatory syndrome during early
antiretroviral therapy. J Infect Dis, 2009. 200(11): p. 1736-45.

Goovaerts, 0., et al., Antigen-specific interferon-gamma responses and innate
cytokine balance in TB-IRIS. PLoS One, 2014. 9(11): p. e113101.

Zaidi, ., et al., Immune reconstitution inflammatory syndrome and the influence of T
regulatory cells: a cohort study in The Gambia. PLoS One, 2012. 7(6): p. e39213.
Bourgarit, A., et al., Tuberculosis-associated immune restoration syndrome in HIV-1-
infected patients involves tuberculin-specific CD4 Th1 cells and KIR-negative
gammadelta T cells. ) Immunol, 2009. 183(6): p. 3915-23.

Pean, P., et al., High Activation of gagmmadelta T Cells and the gammadelta2(pos) T-
Cell Subset Is Associated With the Onset of Tuberculosis-Associated Immune
Reconstitution Inflammatory Syndrome, ANRS 12153 CAPRI NK. Front Immunol,
2019. 10: p. 2018.

Walker, N.F., et al., Invariant Natural Killer T-cell Dynamics in Human
Immunodeficiency Virus-associated Tuberculosis. Clin Infect Dis, 2020. 70(9): p. 1865-
1874.

Tadokera, R., et al., Hypercytokinaemia accompanies HIV-tuberculosis immune
reconstitution inflammatory syndrome. Eur Respir J, 2011. 37(5): p. 1248-59.

Tan, H.Y., et al., Plasma interleukin-18 levels are a biomarker of innate immune
responses that predict and characterize tuberculosis-associated immune
reconstitution inflammatory syndrome. AIDS, 2015. 29(4): p. 421-31.

Andrade, B.B., et al., Mycobacterial antigen driven activation of CD14++CD16-
monocytes is a predictor of tuberculosis-associated immune reconstitution
inflammatory syndrome. PLoS Pathog, 2014. 10(10): p. e1004433.

Chakrabarti, L.A., et al., Biomarkers of CD4+ T-cell activation as risk factors for
tuberculosis-associated immune reconstitution inflammatory syndrome. AIDS, 2014.
28(11): p. 1593-602.

Conesa-Botella, A, et al., Corticosteroid therapy, vitamin D status, and inflammatory
cytokine profile in the HIV-tuberculosis immune reconstitution inflammatory
syndrome. Clin Infect Dis, 2012. 55(7): p. 1004-11.

Goovaerts, O., et al., LPS-binding protein and IL-6 mark paradoxical tuberculosis
immune reconstitution inflammatory syndrome in HIV patients. PLoS One, 2013.
8(11): p. e81856.

Noubhin, J., et al., Interleukin-1 receptor antagonist, a biomarker of response to anti-
TB treatment in HIV/TB co-infected patients. ) Infect, 2017. 74(5): p. 456-465.

Oliver, B.G., et al., Mediators of innate and adaptive immune responses differentially
affect immune restoration disease associated with Mycobacterium tuberculosis in
HIV patients beginning antiretroviral therapy. J Infect Dis, 2010. 202(11): p. 1728-37.

114



67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

Lai, R.P.J., et al., HIV-tuberculosis-associated immune reconstitution inflammatory
syndrome is characterized by Toll-like receptor and inflammasome signalling. Nat
Commun, 2015. 6: p. 8451.

Lim, A., et al., Imbalanced effector and regulatory cytokine responses may underlie
mycobacterial immune restoration disease. AIDS Res Ther, 2008. 5: p. 9.

Tadokera, R., et al., Role of the interleukin 10 family of cytokines in patients with
immune reconstitution inflammatory syndrome associated with HIV infection and
tuberculosis. J Infect Dis, 2013. 207(7): p. 1148-56.

Tan, H.Y., et al., Aberrant Inflammasome Activation Characterizes Tuberculosis-
Associated Immune Reconstitution Inflammatory Syndrome. J Immunol, 2016.
196(10): p. 4052-63.

Van den Bergh, R., et al., Mycobacterium-associated immune reconstitution disease:
macrophages running wild? Lancet Infect Dis, 2006. 6(1): p. 2-3; author reply 4-5.
Barber, D.L., et al., Immune reconstitution inflammatory syndrome: the trouble with
immunity when you had none. Nat Rev Microbiol, 2012. 10(2): p. 150-6.

Goovaerts, 0., et al., Increased KLRG1 and PD-1 expression on CD8 T lymphocytes in
TB-IRIS. PLOS One, 2019. 14(4): p. €0215991.

Conradie, F., et al., Natural killer cell activation distinguishes Mycobacterium
tuberculosis-mediated immune reconstitution syndrome from chronic HIV and
HIV/MTB coinfection. J Acquir Immune Defic Syndr, 2011. 58(3): p. 309-18.

Pean, P., et al., Natural killer cell degranulation capacity predicts early onset of the
immune reconstitution inflammatory syndrome (IRIS) in HIV-infected patients with
tuberculosis. Blood, 2012. 119(14): p. 3315-20.

Nakiwala, J.K., et al., Neutrophil Activation and Enhanced Release of Granule
Products in HIV-TB Immune Reconstitution Inflammatory Syndrome. J Acquir Immune
Defic Syndr, 2018. 77(2): p. 221-229.

Marais, S., et al., Neutrophil-associated central nervous system inflammation in
tuberculous meningitis immune reconstitution inflammatory syndrome. Clin Infect
Dis, 2014. 59(11): p. 1638-47.

Tadokera, R., et al., Matrix metalloproteinases and tissue damage in HIV-tuberculosis
immune reconstitution inflammatory syndrome. Eur J Immunol, 2014. 44(1): p. 127-
36.

Ravimohan, S., et al., Matrix Metalloproteinases in Tuberculosis-Immune
Reconstitution Inflammatory Syndrome and Impaired Lung Function Among
Advanced HIV/TB Co-infected Patients Initiating Antiretroviral Therapy.
EBioMedicine, 2016. 3: p. 100-7.

Walker, N.F., et al., The tuberculosis-associated immune reconstitution inflammatory
syndrome: recent advances in clinical and pathogenesis research. Curr Opin HIV AIDS,
2018. 13(6): p. 512-521.

Breglio, K.F., et al., Clinical and Immunologic Predictors of Mycobacterium avium
Complex Immune Reconstitution Inflammatory Syndrome in a Contemporary Cohort
of Patients With Human Immunodeficiency Virus. ) Infect Dis, 2021. 223(12): p. 2124-
2135.

Muller, M., et al., Immune reconstitution inflammatory syndrome in patients starting
antiretroviral therapy for HIV infection: a systematic review and meta-analysis.
Lancet Infect Dis, 2010. 10(4): p. 251-61.

115



83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

Haddow, L.J., et al., Cryptococcal immune reconstitution inflammatory syndrome in
HIV-1-infected individuals: proposed clinical case definitions. Lancet Infect Dis, 2010.
10(11): p. 791-802.

Brienze, V.M.S., et al., Cryptococcal Immune Reconstitution Inflammatory Syndrome:
From Blood and Cerebrospinal Fluid Biomarkers to Treatment Approaches. Life
(Basel), 2021. 11(2).

Walker, N.F., et al., Immune reconstitution inflammatory syndrome in HIV-infected
patients. HIV AIDS (Auckl), 2015. 7: p. 49-64.

O'Garra, A., et al., The immune response in tuberculosis. Annu Rev Immunol, 2013.
31: p. 475-527.

Prasad, K., M.B. Singh, and H. Ryan, Corticosteroids for managing tuberculous
meningitis. Cochrane Database Syst Rev, 2016. 4: p. CD002244.

Mayosi, B.M., et al., Prednisolone and Mycobacterium indicus pranii in tuberculous
pericarditis. N Engl ) Med, 2014. 371(12): p. 1121-30.

Critchley, J.A,, L.C. Orton, and F. Pearson, Adjunctive steroid therapy for managing
pulmonary tuberculosis. Cochrane Database Syst Rev, 2014. 11: p. CD011370.
Mayanja-Kizza, H., et al., Immunoadjuvant prednisolone therapy for HIV-associated
tuberculosis: a phase 2 clinical trial in Uganda. J Infect Dis, 2005. 191(6): p. 856-65.
Wallis, R.S., Corticosteroid effects on sputum culture in pulmonary tuberculosis: a
meta-regression analysis. Open Forum Infect Dis, 2014. 1(1): p. ofu020.

Wallis, R.S. and R. Hafner, Advancing host-directed therapy for tuberculosis. Nat Rev
Immunol, 2015. 15(4): p. 255-63.

Thwaites, G.E., et al., Dexamethasone for the treatment of tuberculous meningitis in
adolescents and adults. N Engl ) Med, 2004. 351(17): p. 1741-51.

Donovan, J., et al., Adjunctive dexamethasone for the treatment of HIV-infected
adults with tuberculous meningitis (ACT HIV): Study protocol for a randomised
controlled trial. Wellcome Open Res, 2018. 3: p. 31.

Wiysonge, C.S., et al., Interventions for treating tuberculous pericarditis. Cochrane
Database Syst Rev, 2017. 9: p. CD000526.

Tobin, D.M., et al., Host genotype-specific therapies can optimize the inflammatory
response to mycobacterial infections. Cell, 2012. 148(3): p. 434-46.

Di Gennaro, A. and J.Z. Haeggstrom, The leukotrienes: immune-modulating lipid
mediators of disease. Adv Immunol, 2012. 116: p. 51-92.

Tobin, D.M., et al., The Ita4h locus modulates susceptibility to mycobacterial
infection in zebrafish and humans. Cell, 2010. 140(5): p. 717-30.

Narendran, G., et al., Role of LTA4H Polymorphism in Tuberculosis-Associated
Immune Reconstitution Inflammatory Syndrome Occurrence and Clinical Severity in
Patients Infected with HIV. PLoS One, 2016. 11(9): p. e0163298.

Elliott, A.M., et al., A randomized, double-blind, placebo-controlled trial of the use of
prednisolone as an adjunct to treatment in HIV-1-associated pleural tuberculosis. )
Infect Dis, 2004. 190(5): p. 869-78.

Elliott, A.M., et al., Use of prednisolone in the treatment of HIV-positive tuberculosis
patients. Q J Med, 1992. 85(307-308): p. 855-60.

Garone, D.B., et al., Khayelitsha 2001 - 2011: 10 years of primary care HIV and TB
programmes. 2011. Vol. 12. 2011.

National Tuberculosis Management Guidelines R.0.S.A. Department of Health,
Editor. 2014.

116



104. The South African Antiretroviral Treatment Guidelines, R.0.S.A. Department of
Health, Editor. 2013.

105. U.S. Department of Health and Human Services, N.l.o.H., National Institute of Allergy
and Infectious Diseases, Division of AIDS., Division of AIDS Table for Grading the
Severity of Adult and Pediatric Adverse Events, Version 1.0. [Updated August 2009].

106. Duracinsky, M., et al., Psychometric validation of the PROQOL-HIV questionnaire, a
new health-related quality of life instrument-specific to HIV disease. ) Acquir Immune
Defic Syndr, 2012. 59(5): p. 506-15.

107. Justice, A.C., et al., Development and validation of a self-completed HIV symptom
index. ) Clin Epidemiol, 2001. 54 Suppl 1: p. $77-90.

108. Amaral, A.F., et al., Tuberculosis associates with both airflow obstruction and low
lung function: BOLD results. Eur Respir J, 2015. 46(4): p. 1104-12.

109. Pefura-Yone, E.W., A.D. Balkissou, and A.P. Kengne, Determinants of Restrictive
Spirometric Pattern in a Sub-Saharan Urban Setting: A Cross-sectional Population-
based Study. Open Respir Med J, 2016. 10: p. 86-95.

110. Hnizdo, E., T. Singh, and G. Churchyard, Chronic pulmonary function impairment
caused by initial and recurrent pulmonary tuberculosis following treatment. Thorax,
2000. 55(1): p. 32-8.

111. Allwood, B.W., L. Myer, and E.D. Bateman, A systematic review of the association
between pulmonary tuberculosis and the development of chronic airflow obstruction
in adults. Respiration, 2013. 86(1): p. 76-85.

112. Akkara, S.A., et al., Pulmonary tuberculosis: the day after. Int ) Tuberc Lung Dis, 2013.
17(6): p. 810-3.

113. Panda, A., et al., Correlation of chest computed tomography findings with dyspnea
and lung functions in post-tubercular sequelae. Lung India, 2016. 33(6): p. 592-599.

114. Maniji, M., et al., Lung functions among patients with pulmonary tuberculosis in Dar
es Salaam - a cross-sectional study. BMC Pulm Med, 2016. 16(1): p. 58.

115. Mbatchou Ngahane, B.H., et al., Post-tuberculous lung function impairment in a
tuberculosis reference clinic in Cameroon. Respir Med, 2016. 114: p. 67-71.

116. de Valliere, S. and R.D. Barker, Residual lung damage after completion of treatment
for multidrug-resistant tuberculosis. Int J Tuberc Lung Dis, 2004. 8(6): p. 767-71.

117. Singla, R, et al., Sequelae of pulmonary multidrug-resistant tuberculosis at the
completion of treatment. Lung India, 2018. 35(1): p. 4-8.

118. Fitzpatrick, M.E., K.M. Kunisaki, and A. Morris, Pulmonary disease in HIV-infected
adults in the era of antiretroviral therapy. AIDS, 2018. 32(3): p. 277-292.

119. Gupte, A.N,, et al., Factors associated with pulmonary impairment in HIV-infected
South African adults. PLoS One, 2017. 12(9): p. e0184530.

120. Pefura-Yone, E.\W., et al., Prevalence and determinants of chronic obstructive
pulmonary disease in HIV infected patients in an African country with low level of
tobacco smoking. Respir Med, 2015. 109(2): p. 247-54.

121. Kwan, C.K. and J.D. Ernst, HIV and tuberculosis: a deadly human syndemic. Clin
Microbiol Rev, 2011. 24(2): p. 351-76.

122. Lowe, D.M,, et al., Effect of Antiretroviral Therapy on HIV-mediated Impairment of
the Neutrophil Antimycobacterial Response. Ann Am Thorac Soc, 2015. 12(11): p.
1627-37.

123. Walker, N.F., et al., Doxycycline and HIV infection suppress tuberculosis-induced
matrix metalloproteinases. Am J Respir Crit Care Med, 2012. 185(9): p. 989-97.

117



124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

Ralph, A.P., et al., High morbidity during treatment and residual pulmonary disability
in pulmonary tuberculosis: under-recognised phenomena. PLoS One, 2013. 8(11): p.
e80302.

Mugo, P.0O., J.; Muhwa, C. Pulmonary function and quality of life in HIV positive and
negative patients with treated smear positive pulmonary tuberculosis at three
tuberculosis clinics in Nairobi, Kenya. in AIDS2018. 2018. Amsterdam.

Ravimohan, S., et al., Lung Injury on Antiretroviral Therapy in Adults With Human
Immunodeficiency Virus/Tuberculosis. Clin Infect Dis, 2020. 70(9): p. 1845-1854.
Auld, S.C., et al., Declines in Lung Function After Antiretroviral Therapy Initiation in
Adults With Human Immunodeficiency Virus and Tuberculosis: A Potential
Manifestation of Respiratory Immune Reconstitution Inflammatory Syndrome. Clin
Infect Dis, 2020. 70(8): p. 1750-1753.

Jaimes, F.A,, et al., A latent class approach for sepsis diagnosis supports use of
procalcitonin in the emergency room for diagnosis of severe sepsis. BMC Anesthesiol,
2013.13(1): p. 23.

Tuyisenge, L., et al., Evaluation of latent class analysis and decision thresholds to
guide the diagnosis of pediatric tuberculosis in a Rwandan reference hospital. Pediatr
Infect Dis J, 2010. 29(2): p. e11-8.

Alvir, J., M. Stewart, and |. Conceicao, Latent Class Analysis to Classify Patients with
Transthyretin Amyloidosis by Signs and Symptoms. Neurol Ther, 2015. 4(1): p. 11-24.
Doan, T.N., et al., Interferon-gamma release assay for the diagnosis of latent
tuberculosis infection: A latent-class analysis. PLoS One, 2017. 12(11): p. e0188631.
Boelaert, M., et al., The potential of latent class analysis in diagnostic test validation
for canine Leishmania infantum infection. Epidemiol Infect, 1999. 123(3): p. 499-506.
Peduzzi, P., et al., A simulation study of the number of events per variable in logistic
regression analysis. J Clin Epidemiol, 1996. 49(12): p. 1373-9.

Wilson, D., M. Badri, and G. Maartens, Performance of serum C-reactive protein as a
screening test for smear-negative tuberculosis in an ambulatory high HIV prevalence
population. PLoS One, 2011. 6(1): p. e15248.

Drain, P.K., et al., Diagnostic accuracy and clinical role of rapid C-reactive protein
testing in HIV-infected individuals with presumed tuberculosis in South Africa. Int )
Tuberc Lung Dis, 2014. 18(1): p. 20-6.

Yoon, C., et al., Point-of-care C-reactive protein-based tuberculosis screening for
people living with HIV: a diagnostic accuracy study. Lancet Infect Dis, 2017. 17(12): p.
1285-1292.

Stek, C., et al., Preventing Paradoxical Tuberculosis-Associated Immune
Reconstitution Inflammatory Syndrome in High-Risk Patients: Protocol of a
Randomized Placebo-Controlled Trial of Prednisone (PredART Trial). JIMIR Res Protoc,
2016. 5(3): p. e173.

Lai, R.P., et al., The immunopathogenesis of the HIV tuberculosis immune
reconstitution inflammatory syndrome. Eur J Immunol, 2013. 43(8): p. 1995-2002.
Meintjes, G., et al., Corticosteroid-modulated immune activation in the tuberculosis
immune reconstitution inflammatory syndrome. Am J Respir Crit Care Med, 2012.
186(4): p. 369-77.

Curtis, J., et al., Association analysis of the LTA4H gene polymorphisms and
pulmonary tuberculosis in 9115 subjects. Tuberculosis (Edinb), 2011. 91(1): p. 22-5.

118



141.

142.

143.

144,

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

Yang, J., et al., Relationship between human LTA4H polymorphisms and extra-
pulmonary tuberculosis in an ethnic Han Chinese population in Eastern China.
Tuberculosis (Edinb), 2014. 94(6): p. 657-63.

Mabunda, N., et al., Gene polymorphisms in patients with pulmonary tuberculosis
from Mozambique. Mol Biol Rep, 2015. 42(1): p. 71-6.

van Laarhoven, A., et al., Clinical Parameters, Routine Inflammatory Markers, and
LTA4H Genotype as Predictors of Mortality Among 608 Patients With Tuberculous
Meningitis in Indonesia. J Infect Dis, 2017. 215(7): p. 1029-1039.

Thuong, N.T.T,, et al., Leukotriene A4 Hydrolase Genotype and HIV Infection Influence
Intracerebral Inflammation and Survival From Tuberculous Meningitis. ) Infect Dis,
2017. 215(7): p. 1020-1028.

Lebeko, K., et al., A Genomic and Protein-Protein Interaction Analyses of
Nonsyndromic Hearing Impairment in Cameroon Using Targeted Genomic
Enrichment and Massively Parallel Sequencing. OMICS, 2017. 21(2): p. 90-99.
Musselwhite, L.W., et al., Vitamin D, D-dimer, Interferon gamma, and sCD14 Levels
are Independently Associated with Immune Reconstitution Inflammatory Syndrome:
A Prospective, International Study. EBioMedicine, 2016. 4: p. 115-23.

Oliver, B.G., et al., Pre-antiretroviral therapy plasma levels of CCL2 may aid in the
prediction of tuberculosis-associated immune reconstitution inflammatory syndrome
in HIV patients after they commence antiretroviral therapy. J Acquir Immune Defic
Syndr, 2013. 63(2): p. e72-4.

Ciccacci, F., et al., Plasma levels of CRP, neopterin and IP-10 in HIV-infected
individuals with and without pulmonary tuberculosis. J Clin Tuberc Other Mycobact
Dis, 2019. 16: p. 100107.

Wergeland, |., et al., IP-10 differentiates between active and latent tuberculosis
irrespective of HIV status and declines during therapy. ) Infect, 2015. 70(4): p. 381-
91.

Riou, C., et al., Effect of standard tuberculosis treatment on plasma cytokine levels in
patients with active pulmonary tuberculosis. PLoS One, 2012. 7(5): p. e36886.
Haddow, L.J., et al., Circulating inflammatory biomarkers can predict and
characterize tuberculosis-associated immune reconstitution inflammatory syndrome.
AIDS, 2011. 25(9): p. 1163-74.

Hilda, J.N., M. Narasimhan, and S.D. Das, Neutrophils from pulmonary tuberculosis
patients show augmented levels of chemokines MIP-1alpha, IL-8 and MCP-1 which
further increase upon in vitro infection with mycobacterial strains. Hum Immunol,
2014. 75(8): p. 914-22.

Mayanja-Kizza, H., et al., Activation of beta-chemokines and CCR5 in persons infected
with human immunodeficiency virus type 1 and tuberculosis. J Infect Dis, 2001.
183(12): p. 1801-4.

Luo, J., et al., Diagnostic performance of plasma cytokine biosignature combination
and MCP-1 as individual biomarkers for differentiating stages Mycobacterium
tuberculosis infection. J Infect, 2019. 78(4): p. 281-291.

Choi, R., et al., Serum inflammatory profiles in pulmonary tuberculosis and their
association with treatment response. J Proteomics, 2016. 149: p. 23-30.

Wergeland, I., J. Assmus, and A.M. Dyrhol-Riise, Cytokine Patterns in Tuberculosis
Infection; IL-1ra, IL-2 and IP-10 Differentiate Borderline QuantiFERON-TB Samples
from Uninfected Controls. PLoS One, 2016. 11(9): p. e0163848.

119



157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

Chegou, N.N,, et al., Beyond the IFN-gamma horizon: biomarkers for
immunodiagnosis of infection with Mycobacterium tuberculosis. Eur Respir J, 2014.
43(5): p. 1472-86.

Lawn, S.D., H. Wainwright, and C. Orrell, Fatal unmasking tuberculosis immune
reconstitution disease with bronchiolitis obliterans organizing pneumonia: the role of
macrophages. AIDS, 2009. 23(1): p. 143-5.

Pal, L., et al., Macrophages Are the Key Players in Promoting Hyper-Inflammatory
Response in a Mouse Model of TB-IRIS. Front Immunol, 2021. 12: p. 775177.

Tran, H.T., et al., The role of monocytes in the development of Tuberculosis-
associated Immune Reconstitution Inflammatory Syndrome. Immunobiology, 2014.
219(1): p. 37-44.

Shenje, J., et al., Effect of prednisolone on inflammatory markers in pericardial
tuberculosis: A pilot study. Int J Cardiol Heart Vasc, 2018. 18: p. 104-108.

Rhen, T. and J.A. Cidlowski, Antiinflammatory action of glucocorticoids--new
mechanisms for old drugs. N Engl J Med, 2005. 353(16): p. 1711-23.

Lai, R.P., G. Meintjes, and R.J. Wilkinson, HIV-1 tuberculosis-associated immune
reconstitution inflammatory syndrome. Semin Immunopathol, 2016. 38(2): p. 185-
98.

Thorsen, S., M. Busch-Sorensen, and J. Sondergaard, Reduced neutrophil production
of leukotriene B4 associated with AIDS. AIDS, 1989. 3(10): p. 651-3.

Coffey, M.J,, et al., 5-Lipoxygenase metabolism in alveolar macrophages from
subjects infected with the human immunodeficiency virus. J Immunol, 1996. 157(1):
p. 393-9.

Hopkins, H., et al., Neutrophil chemotactic factors in bacterial pneumonia. Chest,
1989. 95(5): p. 1021-7.

Krarup, E., et al., Interleukin-8 and leukotriene B4 in bronchoalveolar lavage fluid
from HIV-infected patients with bacterial pneumonia. Respir Med, 1997. 91(5): p.
317-21.

Snelgrove, R.J,, et al., A critical role for LTA4H in limiting chronic pulmonary
neutrophilic inflammation. Science, 2010. 330(6000): p. 90-4.

Akthar, S., et al., Matrikines are key regulators in modulating the amplitude of lung
inflammation in acute pulmonary infection. Nat Commun, 2015. 6: p. 8423.

Wells, J.M., et al., An aberrant leukotriene A4 hydrolase-proline-glycine-proline
pathway in the pathogenesis of chronic obstructive pulmonary disease. Am J Respir
Crit Care Med, 2014. 190(1): p. 51-61.

de Jager, W., et al., Prerequisites for cytokine measurements in clinical trials with
multiplex immunoassays. BMC Immunol, 2009. 10: p. 52.

Global tuberculosis report 2017. 2017, World Health Organization: Geneva.
Baez-Saldana, R., et al., A novel scoring system to measure radiographic
abnormalities and related spirometric values in cured pulmonary tuberculosis. PLoS
One, 2013. 8(11): p. €78926.

Chung, K.P., et al., Trends and predictors of changes in pulmonary function after
treatment for pulmonary tuberculosis. Clinics (Sao Paulo), 2011. 66(4): p. 549-56.
de la Mora, I.L., D. Martinez-Oceguera, and R. Laniado-Laborin, Chronic airway
obstruction after successful treatment of tuberculosis and its impact on quality of life.
Int J Tuberc Lung Dis, 2015. 19(7): p. 808-10.

120



176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

186.

187.

188.

189.

190.

191.

192.

193.

194.

195.

Nihues Sde, S., et al., Chronic symptoms and pulmonary dysfunction in post-
tuberculosis Brazilian patients. Braz J Infect Dis, 2015. 19(5): p. 492-7.

Plit, M.L., et al., Influence of antimicrobial chemotherapy on spirometric parameters
and pro-inflammatory indices in severe pulmonary tuberculosis. Eur Respir J, 1998.
12(2): p. 351-6.

Vecino, M., et al., Evidence for chronic lung impairment in patients treated for
pulmonary tuberculosis. J Infect Public Health, 2011. 4(5-6): p. 244-52.

Willcox, P.A. and A.D. Ferguson, Chronic obstructive airways disease following
treated pulmonary tuberculosis. Respir Med, 1989. 83(3): p. 195-8.

Jordan, T.S., E.M. Spencer, and P. Davies, Tuberculosis, bronchiectasis and chronic
airflow obstruction. Respirology, 2010. 15(4): p. 623-8.

Hawn, T.R., et al., Host-directed therapeutics for tuberculosis: can we harness the
host? Microbiol Mol Biol Rev, 2013. 77(4): p. 608-27.

Zumla, A, et al., Inflammation and tuberculosis: host-directed therapies. J Intern
Med, 2015. 277(4): p. 373-87.

Hunter, R.L., Pathology of post primary tuberculosis of the lung: an illustrated critical
review. Tuberculosis (Edinb), 2011. 91(6): p. 497-509.

Hunter, R.L., Tuberculosis as a three-act play: A new paradigm for the pathogenesis
of pulmonary tuberculosis. Tuberculosis (Edinb), 2016. 97: p. 8-17.

Long, R., et al., Pulmonary tuberculosis treated with directly observed therapy: serial
changes in lung structure and function. Chest, 1998. 113(4): p. 933-43.

Theegarten, D., B. Kahl, and M. Ebsen, [Frequency and morphology of tuberculosis in
autopsies: increase of active forms]. Dtsch Med Wochenschr, 2006. 131(24): p. 1371-
6.

Kuhne, W. and C. Willgeroth, [The significance of tuberculosis today and its
pathomorphism, demonstrated in postmortem material]. Zentralbl Allg Pathol, 1988.
134(7): p. 665-9.

Nachiappan, A.C,, et al., Pulmonary Tuberculosis: Role of Radiology in Diagnosis and
Management. Radiographics, 2017. 37(1): p. 52-72.

Meghiji, J., et al., A Systematic Review of the Prevalence and Pattern of Imaging
Defined Post-TB Lung Disease. PLoS One, 2016. 11(8): p. e0161176.

Skoura, E., A. Zumla, and J. Bomaniji, Imaging in tuberculosis. Int ) Infect Dis, 2015.
32: p. 87-93.

Malherbe, S.T., et al., Persisting positron emission tomography lesion activity and
Mycobacterium tuberculosis mRNA after tuberculosis cure. Nat Med, 2016. 22(10): p.
1094-1100.

Martinez, V., et al., (18)F-FDG PET/CT in tuberculosis: an early non-invasive marker of
therapeutic response. Int ) Tuberc Lung Dis, 2012. 16(9): p. 1180-5.

Esmail, H., et al., Characterization of progressive HIV-associated tuberculosis using 2-
deoxy-2-[18F]fluoro-D-glucose positron emission and computed tomography. Nat
Med, 2016. 22(10): p. 1090-1093.

Ndlovu, H. and M.J. Marakalala, Granulomas and Inflammation: Host-Directed
Therapies for Tuberculosis. Front Immunol, 2016. 7: p. 434.

Gallegos, A.M,, E.G. Pamer, and M.S. Glickman, Delayed protection by ESAT-6-specific
effector CD4+ T cells after airborne M. tuberculosis infection. J Exp Med, 2008.
205(10): p. 2359-68.

121



196.

197.

198.

199.

200.

201.

202.

203.

204.

205.

206.

207.

208.

209.

210.

211.

212.

213.

214.

215.

Chen, M., et al., Lipid mediators in innate immunity against tuberculosis: opposing
roles of PGE2 and LXA4 in the induction of macrophage death. J Exp Med, 2008.
205(12): p. 2791-801.

Lammermann, T., et al., Neutrophil swarms require LTB4 and integrins at sites of cell
death in vivo. Nature, 2013. 498(7454): p. 371-5.

Barry, C.E., 3rd, et al., The spectrum of latent tuberculosis: rethinking the biology and
intervention strategies. Nat Rev Microbiol, 2009. 7(12): p. 845-55.

Canetti, G., The tubercle bacillus in the pulmonary lesion of man. 1955, New York:
Springer Publishing.

Al Shammari, B., et al., The Extracellular Matrix Regulates Granuloma Necrosis in
Tuberculosis. ) Infect Dis, 2015. 212(3): p. 463-73.

Subbian, S., et al., Lesion-Specific Inmune Response in Granulomas of Patients with
Pulmonary Tuberculosis: A Pilot Study. PLoS One, 2015. 10(7): p. e0132249.

Ulrichs, T., et al., Differential organization of the local immune response in patients
with active cavitary tuberculosis or with nonprogressive tuberculoma. ) Infect Dis,
2005. 192(1): p. 89-97.

Marakalala, M.J,, et al., Inflammatory signaling in human tuberculosis granulomas is
spatially organized. Nat Med, 2016. 22(5): p. 531-8.

Flynn, J. Pathogenesis of tuberculosis and vaccine prevention. in CROI; Abstract
number 13. 2018. Boston.

Elkington, P.T. and J.S. Friedland, Matrix metalloproteinases in destructive pulmonary
pathology. Thorax, 2006. 61(3): p. 259-66.

Dannenberg Jr, A.M., Pathogenesis of Human Pulmonary Tuberculosis: Insights from
the Rabbit Model 2006, Washington, DC: ASM Press.

Yamamura, Y., et al., Prevention of tuberculous cavity formation by desensitization
with tuberculin-active peptide. Am Rev Respir Dis, 1974. 109(6): p. 594-601.
Yamamura, Y., et al., Prevention of tuberculous cavity formation by
immunosuppressive drugs. Am Rev Respir Dis, 1968. 98(4): p. 720-3.

Elkington, P., M. Tebruegge, and S. Mansour, Tuberculosis: An Infection-Initiated
Autoimmune Disease? Trends Immunol, 2016. 37(12): p. 815-818.

Clayton, K., et al., Gene Expression Signatures in Tuberculosis Have Greater Overlap
with Autoimmune Diseases Than with Infectious Diseases. Am J Respir Crit Care Med,
2017.196(5): p. 655-656.

Kubler, A., et al., Mycobacterium tuberculosis dysregulates MMP/TIMP balance to
drive rapid cavitation and unrestrained bacterial proliferation. J Pathol, 2015. 235(3):
p. 431-44.

Ong, C.W.,, et al., Neutrophil-Derived MMP-8 Drives AMPK-Dependent Matrix
Destruction in Human Pulmonary Tuberculosis. PLoS Pathog, 2015. 11(5): p.
€1004917.

Sakamoto, K., et al., Mycobacterial trehalose dimycolate reprograms macrophage
global gene expression and activates matrix metalloproteinases. Infect Immun, 2013.
81(3): p. 764-76.

Milliron, B., et al., Bronchiectasis: Mechanisms and Imaging Clues of Associated
Common and Uncommon Diseases. Radiographics, 2015. 35(4): p. 1011-30.

Guan, W.J,, et al., Sputum matrix metalloproteinase-8 and -9 and tissue inhibitor of
metalloproteinase-1 in bronchiectasis: clinical correlates and prognostic implications.
Respirology, 2015. 20(7): p. 1073-81.

122



216.

217.

218.

219.

220.

221.

222.

223.

224,

225.

226.

227.

228.

229.

230.

231.

232.

233.

234.

235.

Zheng, L., et al., Overexpression of matrix metalloproteinase-8 and -9 in
bronchiectatic airways in vivo. Eur Respir J, 2002. 20(1): p. 170-6.

Sepper, R., et al., Human neutrophil collagenase (MMP-8), identified in
bronchiectasis BAL fluid, correlates with severity of disease. Chest, 1995. 107(6): p.
1641-7.

King, P.T., The pathophysiology of bronchiectasis. Int J Chron Obstruct Pulmon Dis,
2009. 4: p. 411-9.

Wynn, T.A. and T.R. Ramalingam, Mechanisms of fibrosis: therapeutic translation for
fibrotic disease. Nat Med, 2012. 18(7): p. 1028-40.

Ameglio, F., et al., Post-treatment changes of six cytokines in active pulmonary
tuberculosis: differences between patients with stable or increased fibrosis. Int J
Tuberc Lung Dis, 2005. 9(1): p. 98-104.

Giannandrea, M. and W.C. Parks, Diverse functions of matrix metalloproteinases
during fibrosis. Dis Model Mech, 2014. 7(2): p. 193-203.

Wang, C.H.,, et al., MMP-1(-1607G) polymorphism as a risk factor for fibrosis after
pulmonary tuberculosis in Taiwan. Int ] Tuberc Lung Dis, 2010. 14(5): p. 627-34.
Flynn, J.L., et al., Immunology studies in non-human primate models of tuberculosis.
Immunol Rev, 2015. 264(1): p. 60-73.

Singh, S., et al., Interleukin-17 regulates matrix metalloproteinase activity in human
pulmonary tuberculosis. ) Pathol, 2018. 244(3): p. 311-322.

Elkington, P.T., C.A. Ugarte-Gil, and J.S. Friedland, Matrix metalloproteinases in
tuberculosis. Eur Respir J, 2011. 38(2): p. 456-64.

Belton, M., et al., Hypoxia and tissue destruction in pulmonary TB. Thorax, 2016.
71(12): p. 1145-1153.

Fox, K.A., et al., Platelets Regulate Pulmonary Inflammation and Tissue Destruction in
Tuberculosis. Am J Respir Crit Care Med, 2018. 198(2): p. 245-255.

Mishra, B.B., et al., Nitric oxide controls the immunopathology of tuberculosis by
inhibiting NLRP3 inflammasome-dependent processing of IL-1beta. Nat Immunol,
2013. 14(1): p. 52-60.

Elkington, P., et al., MMP-1 drives immunopathology in human tuberculosis and
transgenic mice. J Clin Invest, 2011. 121(5): p. 1827-33.

Parasa, V.R., et al., Inhibition of Tissue Matrix Metalloproteinases Interferes with
Mycobacterium tuberculosis-Induced Granuloma Formation and Reduces Bacterial
Load in a Human Lung Tissue Model. Front Microbiol, 2017. 8: p. 2370.

Ong, C.W., P.T. Elkington, and J.S. Friedland, Tuberculosis, pulmonary cavitation, and
matrix metalloproteinases. Am J Respir Crit Care Med, 2014. 190(1): p. 9-18.

Price, N.M., et al., Identification of a matrix-degrading phenotype in human
tuberculosis in vitro and in vivo. ) Immunol, 2001. 166(6): p. 4223-30.

Volkman, H.E., et al., Tuberculous granuloma induction via interaction of a bacterial
secreted protein with host epithelium. Science, 2010. 327(5964): p. 466-9.

Taylor, J.L., et al., Role for matrix metalloproteinase 9 in granuloma formation during
pulmonary Mycobacterium tuberculosis infection. Infect Immun, 2006. 74(11): p.
6135-44.

Sathyamoorthy, T., et al., Membrane Type 1 Matrix Metalloproteinase Regulates
Monocyte Migration and Collagen Destruction in Tuberculosis. J Immunol, 2015.
195(3): p. 882-91.

123



236.

237.

238.

239.

240.

241.

242.

243.

244,

245,

246.

247.

248.

249,

250.

251.

252.

253.

254,

255.

Seddon, J., et al., Procollagen Il N-terminal propeptide and desmosine are released
by matrix destruction in pulmonary tuberculosis. ) Infect Dis, 2013. 208(10): p. 1571-
9.

Hrabec, E., et al., Circulation level of matrix metalloproteinase-9 is correlated with
disease severity in tuberculosis patients. Int J Tuberc Lung Dis, 2002. 6(8): p. 713-9.
Singh, S., et al., Antimycobacterial drugs modulate immunopathogenic matrix
metalloproteinases in a cellular model of pulmonary tuberculosis. Antimicrob Agents
Chemother, 2014. 58(8): p. 4657-65.

Sigal, G.B., et al., Biomarkers of Tuberculosis Severity and Treatment Effect: A
Directed Screen of 70 Host Markers in a Randomized Clinical Trial. EBioMedicine,
2017.25: p. 112-121.

Eum, S.Y., et al., Neutrophils are the predominant infected phagocytic cells in the
airways of patients with active pulmonary TB. Chest, 2010. 137(1): p. 122-8.
Martineau, A.R., et al., Neutrophil-mediated innate immune resistance to
mycobacteria. J Clin Invest, 2007. 117(7): p. 1988-94.

Lowe, D.M.,, et al., Neutrophilia independently predicts death in tuberculosis. Eur
Respir J, 2013. 42(6): p. 1752-7.

Barnes, P.F., et al., Predictors of short-term prognosis in patients with pulmonary
tuberculosis. J Infect Dis, 1988. 158(2): p. 366-71.

Lowe, D.M.,, et al., Neutrophils in tuberculosis: friend or foe? Trends Immunol, 2012.
33(1): p. 14-25.

Nandi, B. and S.M. Behar, Regulation of neutrophils by interferon-gamma limits lung
inflammation during tuberculosis infection. ) Exp Med, 2011. 208(11): p. 2251-62.
Mishra, B.B., et al., Nitric oxide prevents a pathogen-permissive granulocytic
inflammation during tuberculosis. Nat Microbiol, 2017. 2: p. 17072.

Berry, M.P., et al., An interferon-inducible neutrophil-driven blood transcriptional
signature in human tuberculosis. Nature, 2010. 466(7309): p. 973-7.

Abakay, O., et al., The relationship between inflammatory marker levels and
pulmonary tuberculosis severity. Inflammation, 2015. 38(2): p. 691-6.

Panteleev, A.V,, et al., Severe Tuberculosis in Humans Correlates Best with Neutrophil
Abundance and Lymphocyte Deficiency and Does Not Correlate with Antigen-Specific
CD4 T-Cell Response. Front Immunol, 2017. 8: p. 963.

Nolan, A, et al., Elevated IP-10 and IL-6 from bronchoalveolar lavage cells are
biomarkers of non-cavitary tuberculosis. Int J Tuberc Lung Dis, 2013. 17(7): p. 922-7.
Gopal, R,, et al., SI00A8/A9 proteins mediate neutrophilic inflammation and lung
pathology during tuberculosis. Am J Respir Crit Care Med, 2013. 188(9): p. 1137-46.
Berrocal-Almanza, L.C., et al., SI00A12 is up-regulated in pulmonary tuberculosis and
predicts the extent of alveolar infiltration on chest radiography: an observational
study. Sci Rep, 2016. 6: p. 31798.

Masure, S., et al., Purification and identification of 91-kDa neutrophil gelatinase.
Release by the activating peptide interleukin-8. Eur J Biochem, 1991. 198(2): p. 391-
8.

Dallenga, T., et al., M. tuberculosis-Induced Necrosis of Infected Neutrophils
Promotes Bacterial Growth Following Phagocytosis by Macrophages. Cell Host
Microbe, 2017. 22(4): p. 519-530 e3.

Dallenga, T., et al., Targeting neutrophils for host-directed therapy to treat
tuberculosis. Int ] Med Microbiol, 2018. 308(1): p. 142-147.

124



256.

257.

258.

259.

260.

261.

262.

263.

264.

265.

266.

267.

268.

269.

270.

271.

272.

Dietzold, J., A. Gopalakrishnan, and P. Salgame, Duality of lipid mediators in host
response against Mycobacterium tuberculosis: good cop, bad cop. F1000Prime Rep,
2015. 7: p. 29.

Divangahi, M., S.M. Behar, and H. Remold, Dying to live: how the death modality of
the infected macrophage affects immunity to tuberculosis. Adv Exp Med Biol, 2013.
783: p. 103-20.

Rangel Moreno, J., et al., The role of prostaglandin E2 in the immunopathogenesis of
experimental pulmonary tuberculosis. Immunology, 2002. 106(2): p. 257-66.
Mayer-Barber, K.D., et al., Host-directed therapy of tuberculosis based on interleukin-
1 and type I interferon crosstalk. Nature, 2014. 511(7507): p. 99-103.

Shu, C.C,, et al., Apoptosis-associated biomarkers in tuberculosis: promising for
diagnosis and prognosis prediction. BMC Infect Dis, 2013. 13: p. 45.

Lee, J.Y,, et al., Immune parameters differentiating active from latent tuberculosis
infection in humans. Tuberculosis (Edinb), 2015. 95(6): p. 758-763.

el-Ahmady, O., et al., Elevated concentrations of interleukins and leukotriene in
response to Mycobacterium tuberculosis infection. Ann Clin Biochem, 1997. 34 ( Pt
2): p. 160-4.

Chowdhury, I.H., et al., Alteration of serum inflammatory cytokines in active
pulmonary tuberculosis following anti-tuberculosis drug therapy. Mol Immunoaol,
2014. 62(1): p. 159-68.

Fan, L., et al., Impaired M. tuberculosis Antigen-Specific IFN-gamma Response
without IL-17 Enhancement in Patients with Severe Cavitary Pulmonary Tuberculosis.
PLoS One, 2015. 10(5): p. e0127087.

Su, W.L,, et al., Association of reduced tumor necrosis factor alpha, gamma
interferon, and interleukin-1beta (IL-1beta) but increased IL-10 expression with
improved chest radiography in patients with pulmonary tuberculosis. Clin Vaccine
Immunol, 2010. 17(2): p. 223-31.

Tsao, T.C,, et al., Imbalances between tumor necrosis factor-alpha and its soluble
receptor forms, and interleukin-1beta and interleukin-1 receptor antagonist in BAL
fluid of cavitary pulmonary tuberculosis. Chest, 2000. 117(1): p. 103-9.

Tsao, T.C,, et al., Levels of interferon-gamma and interleukin-2 receptor-alpha for
bronchoalveolar lavage fluid and serum were correlated with clinical grade and
treatment of pulmonary tuberculosis. Int J Tuberc Lung Dis, 2002. 6(8): p. 720-7.
van Crevel, R,, et al., Increased production of interleukin 4 by CD4+ and CD8+ T cells
from patients with tuberculosis is related to the presence of pulmonary cavities. )
Infect Dis, 2000. 181(3): p. 1194-7.

Casarini, M., et al., Cytokine levels correlate with a radiologic score in active
pulmonary tuberculosis. Am J Respir Crit Care Med, 1999. 159(1): p. 143-8.

Wu, H.P., C.C. Hua, and D.Y. Chuang, Decreased in vitro interferon-gamma
production in patients with cavitary tuberculosis on chest radiography. Respir Med,
2007.101(1): p. 48-52.

Mazzarella, G., et al., T lymphocyte phenotypic profile in lung segments affected by
cavitary and non-cavitary tuberculosis. Clin Exp Immunol, 2003. 132(2): p. 283-8.
Dlugovitzky, D., et al., Circulating profile of Th1 and Th2 cytokines in tuberculosis
patients with different degrees of pulmonary involvement. FEMS Immunol Med
Microbiol, 1997. 18(3): p. 203-7.

125



273.

274.

275.

276.

277.

278.

279.

280.

281.

282.

283.

284.

285.

286.

287.

288.

289.

290.

Sodhi, A., et al., Clinical correlates of interferon gamma production in patients with
tuberculosis. Clin Infect Dis, 1997. 25(3): p. 617-20.

Tsao, T.C,, et al., Increased TNF-alpha, IL-1 beta and IL-6 levels in the bronchoalveolar
lavage fluid with the upregulation of their mRNA in macrophages lavaged from
patients with active pulmonary tuberculosis. Tuber Lung Dis, 1999. 79(5): p. 279-85.
Bekker, L.G., et al., Immunopathologic effects of tumor necrosis factor alpha in
murine mycobacterial infection are dose dependent. Infect Immun, 2000. 68(12): p.
6954-61.

Borthwick, L.A., The IL-1 cytokine family and its role in inflammation and fibrosis in
the lung. Semin Immunopathol, 2016. 38(4): p. 517-34.

Gutierrez, M.G., et al., Autophagy is a defense mechanism inhibiting BCG and
Mycobacterium tuberculosis survival in infected macrophages. Cell, 2004. 119(6): p.
753-66.

Songane, M., et al., The role of autophagy in host defence against Mycobacterium
tuberculosis infection. Tuberculosis (Edinb), 2012. 92(5): p. 388-96.

Rathinam, V.A., S.K. Vanaja, and K.A. Fitzgerald, Regulation of inflammasome
signaling. Nat Immunol, 2012. 13(4): p. 333-42.

Gupta, A., A. Misra, and V. Deretic, Targeted pulmonary delivery of inducers of host
macrophage autophagy as a potential host-directed chemotherapy of tuberculosis.
Adv Drug Deliv Rev, 2016. 102: p. 10-20.

Li, F., et al., The Defect in Autophagy Induction by Clinical Isolates of Mycobacterium
Tuberculosis Is Correlated with Poor Tuberculosis Outcomes. PLoS One, 2016. 11(1):
p. e0147810.

Samperiz, G., et al., Prevalence of and risk factors for pulmonary abnormalities in
HIV-infected patients treated with antiretroviral therapy. HIV Med, 2014. 15(6): p.
321-9.

Elliott, A.M., et al., The immune response to Mycobacterium tuberculosis in HIV-
infected and uninfected adults in Uganda: application of a whole blood cytokine
assay in an epidemiological study. Int J Tuberc Lung Dis, 1999. 3(3): p. 239-47.
Kassa, D., et al., The effect of HIV coinfection, HAART and TB treatment on
cytokine/chemokine responses to Mycobacterium tuberculosis (Mtb) antigens in
active TB patients and latently Mtb infected individuals. Tuberculosis (Edinb), 2016.
96: p. 131-40.

Mihret, A., et al., Impact of HIV co-infection on plasma level of cytokines and
chemokines of pulmonary tuberculosis patients. BMC Infect Dis, 2014. 14: p. 125.
Zhang, M., et al., T cell cytokine responses in persons with tuberculosis and human
immunodeficiency virus infection. J Clin Invest, 1994. 94(6): p. 2435-42.

de Castro Cunha, R.M., et al., Interferon-gamma and tumour necrosis factor-alpha
production by CD4+ T and CD8+ T lymphocytes in AIDS patients with tuberculosis. Clin
Exp Immunol, 2005. 140(3): p. 491-7.

Zak, D.E., et al., A blood RNA signature for tuberculosis disease risk: a prospective
cohort study. Lancet, 2016. 387(10035): p. 2312-2322.

Scriba, T.J., et al., Sequential inflammatory processes define human progression from
M. tuberculosis infection to tuberculosis disease. PLoS Pathog, 2017. 13(11): p.
e1006687.

Mesquita, E.D., et al., Associations between systemic inflammation, mycobacterial
loads in sputum and radiological improvement after treatment initiation in

126



291.

292.

293.

294,

295.

296.

297.

298.

299.

300.

301.

302.

303.

304.

305.

306.

pulmonary TB patients from Brazil: a prospective cohort study. BMC Infect Dis, 2016.
16: p. 368.

Manca, C., et al., Host targeted activity of pyrazinamide in Mycobacterium
tuberculosis infection. PLoS One, 2013. 8(8): p. e74082.

Yuhas, Y., et al., Rifampin inhibits prostaglandin E2 production and arachidonic acid
release in human alveolar epithelial cells. Antimicrob Agents Chemother, 2007.
51(12): p. 4225-30.

Rand, L., et al., Matrix metalloproteinase-1 is requlated in tuberculosis by a p38
MAPK-dependent, p-aminosalicylic acid-sensitive signaling cascade. J Immunol, 2009.
182(9): p. 5865-72.

Kim, J.J., et al., Host cell autophagy activated by antibiotics is required for their
effective antimycobacterial drug action. Cell Host Microbe, 2012. 11(5): p. 457-68.
Dooley, D.P., J.L. Carpenter, and S. Rademacher, Adjunctive corticosteroid therapy for
tuberculosis: a critical reappraisal of the literature. Clin Infect Dis, 1997. 25(4): p.
872-87.

Critchley, J.A,, et al., Corticosteroids for prevention of mortality in people with
tuberculosis: a systematic review and meta-analysis. Lancet Infect Dis, 2013. 13(3): p.
223-37.

Jick, S.S., et al., Glucocorticoid use, other associated factors, and the risk of
tuberculosis. Arthritis Rheum, 2006. 55(1): p. 19-26.

Smego, R.A. and N. Ahmed, A systematic review of the adjunctive use of systemic
corticosteroids for pulmonary tuberculosis. Int J Tuberc Lung Dis, 2003. 7(3): p. 208-
13.

Radovic, M., et al., Changes in respiratory function impairment following the
treatment of severe pulmonary tuberculosis - limitations for the underlying COPD
detection. Int J Chron Obstruct Pulmon Dis, 2016. 11: p. 1307-16.

Bongiovanni, B., et al., Effect of cortisol and/or DHEA on THP1-derived macrophages
infected with Mycobacterium tuberculosis. Tuberculosis (Edinb), 2015. 95(5): p. 562-
9.

Mahuad, C., et al., Cortisol and dehydroepiandrosterone affect the response of
peripheral blood mononuclear cells to mycobacterial antigens during tuberculosis.
Scand J Immunol, 2004. 60(6): p. 639-46.

Meintjes G., e.a. Randomized controlled trial of prednisone for the prevention of TB-
IRIS. in CROI; Abstract number 81LB. 2017. Seattle.

Wallis, R.S., et al., A study of the safety, immunology, virology, and microbiology of
adjunctive etanercept in HIV-1-associated tuberculosis. AIDS, 2004. 18(2): p. 257-64.
Jorge, J.H., et al., A life-threatening central nervous system-tuberculosis
inflammatory reaction nonresponsive to corticosteroids and successfully controlled
by infliximab in a young patient with a variant of juvenile idiopathic arthritis. ) Clin
Rheumatol, 2012. 18(4): p. 189-91.

Blackmore, T.K., et al., Therapeutic use of infliximab in tuberculosis to control severe
paradoxical reaction of the brain and lymph nodes. Clin Infect Dis, 2008. 47(10): p.
e83-5.

Wallis, R.S., C. van Vuuren, and S. Potgieter, Adalimumab treatment of life-
threatening tuberculosis. Clin Infect Dis, 2009. 48(10): p. 1429-32.

127



307.

308.

309.

310.

311.

312.

313.

314.

315.

316.

317.

318.

319.

320.

321.

322.

323.

Lee, H.S., et al., Adalimumab treatment may replace or enhance the activity of
steroids in steroid-refractory tuberculous meningitis. J Infect Chemother, 2012. 18(4):
p. 555-7.

Ozguler, Y., et al., Re-initiation of biologics after the development of tuberculosis
under anti-TNF therapy. Rheumatol Int, 2016. 36(12): p. 1719-1725.

Coussens, A., et al., 1alpha,25-dihydroxyvitamin D3 inhibits matrix
metalloproteinases induced by Mycobacterium tuberculosis infection. Immunology,
2009. 127(4): p. 539-48.

Anand, S.P. and P. Selvaraj, Effect of 1, 25 dihydroxyvitamin D(3) on matrix
metalloproteinases MMP-7, MMP-9 and the inhibitor TIMP-1 in pulmonary
tuberculosis. Clin Immunol, 2009. 133(1): p. 126-31.

Mercalli, A., et al., Rapamycin unbalances the polarization of human macrophages to
M1. Immunology, 2013. 140(2): p. 179-90.

Singh, S., et al., Regulation of matrix metalloproteinase-1, -3, and -9 in
Mycobacterium tuberculosis-dependent respiratory networks by the rapamycin-
sensitive PI3K/p70(S6K) cascade. FASEB J, 2014. 28(1): p. 85-93.

Xu, Y., et al., Matrix metalloproteinase inhibitors enhance the efficacy of frontline
drugs against Mycobacterium tuberculosis. PLoS Pathog, 2018. 14(4): p. e1006974.
Subbian, S., et al., Phosphodiesterase-4 inhibition combined with isoniazid treatment
of rabbits with pulmonary tuberculosis reduces macrophage activation and lung
pathology. Am J Pathol, 2011. 179(1): p. 289-301.

Maiga, M.C,, et al., Roflumilast, a Type 4 Phosphodiesterase Inhibitor, Shows
Promising Adjunctive, Host-Directed Therapeutic Activity in a Mouse Model of
Tuberculosis. Antimicrob Agents Chemother, 2015. 59(12): p. 7888-90.

Horsfall, P.A., et al., Double blind controlled comparison of aspirin, allopurinol and
placebo in the management of arthralgia during pyrazinamide administration.
Tubercle, 1979. 60(1): p. 13-24.

Petty, T.L. and G.V. Dalrymple, Inhibition of Pyrazinamide Hyperuricemia by Small
Doses of Acetylsalicylic Acid. Ann Intern Med, 1964. 60: p. 898-900.

Schoeman, J.F., et al., The role of aspirin in childhood tuberculous meningitis. J Child
Neurol, 2011. 26(8): p. 956-62.

Misra, U.K., J. Kalita, and P.P. Nair, Role of aspirin in tuberculous meningitis: a
randomized open label placebo controlled trial. ) Neurol Sci, 2010. 293(1-2): p. 12-7.
Mai, N.T., et al., A randomised double blind placebo controlled phase 2 trial of
adjunctive aspirin for tuberculous meningitis in HIV-uninfected adults. Elife, 2018. 7.
Wu, C.W,, et al., Risk of incident active tuberculosis disease in patients treated with
non-steroidal anti-inflammatory drugs: a population-based study. BMC Pulm Med,
2017.17(1): p. 82.

Vilaplana, C., et al., Ibuprofen therapy resulted in significantly decreased tissue
bacillary loads and increased survival in a new murine experimental model of active
tuberculosis. J Infect Dis, 2013. 208(2): p. 199-202.

Arai, M., et al., Metformin, an antidiabetic agent, suppresses the production of tumor
necrosis factor and tissue factor by inhibiting early growth response factor-1
expression in human monocytes in vitro. J Pharmacol Exp Ther, 2010. 334(1): p. 206-
13.

128



324.

325.

326.

327.

328.

329.

330.

331.

332.

333.

334.

335.

336.

337.

338.

339.

Nadella, V., et al., Inhibitors of Apoptosis Protein Antagonists (Smac Mimetic
Compounds) Control Polarization of Macrophages during Microbial Challenge and
Sterile Inflammatory Responses. Front Immunol, 2017. 8: p. 1792.

Singhal, A., et al., Metformin as adjunct antituberculosis therapy. Sci Transl Med,
2014. 6(263): p. 263ral59.

Chen, Y.C,, et al., Suppressive effects of metformin on T-helper 1-related chemokines
expression in the human monocytic leukemia cell line THP-1. Endocr Res, 2018: p. 1-
7.

Degner, N.R., et al., Metformin Use Reverses the Increased Mortality Associated With
Diabetes Mellitus During Tuberculosis Treatment. Clin Infect Dis, 2018. 66(2): p. 198-
205.

Campbell, G.R. and S.A. Spector, Vitamin D inhibits human immunodeficiency virus
type 1 and Mycobacterium tuberculosis infection in macrophages through the
induction of autophagy. PLoS Pathog, 2012. 8(5): p. e1002689.

Vidyarani, M., et al., 1, 25 Dihydroxyvitamin D3 modulated cytokine response in
pulmonary tuberculosis. Cytokine, 2007. 40(2): p. 128-34.

Harishankar, M., et al., 1,25-Dihydroxy vitamin D3 downregulates pro-inflammatory
cytokine response in pulmonary tuberculosis. Int Immunopharmacol, 2014. 23(1): p.
148-52.

Martineau, A.R., et al., High-dose vitamin D(3) during intensive-phase antimicrobial
treatment of pulmonary tuberculosis: a double-blind randomised controlled trial.
Lancet, 2011. 377(9761): p. 242-50.

Ralph, A.P.,, et al., L-arginine and vitamin D adjunctive therapies in pulmonary
tuberculosis: a randomised, double-blind, placebo-controlled trial. PLoS One, 2013.
8(8): p. €70032.

Mily, A., et al., Significant Effects of Oral Phenylbutyrate and Vitamin D3 Adjunctive
Therapy in Pulmonary Tuberculosis: A Randomized Controlled Trial. PLoS One, 2015.
10(9): p. e0138340.

Salahuddin, N., et al., Vitamin D accelerates clinical recovery from tuberculosis:
results of the SUCCINCT Study [Supplementary Cholecalciferol in recovery from
tuberculosis]. A randomized, placebo-controlled, clinical trial of vitamin D
supplementation in patients with pulmonary tuberculosis'. BMC Infect Dis, 2013. 13:
p. 22.

Parihar, S.P., et al., Statin therapy reduces the mycobacterium tuberculosis burden in
human macrophages and in mice by enhancing autophagy and phagosome
maturation. J Infect Dis, 2014. 209(5): p. 754-63.

Hennessy, E., et al., Is There Potential for Repurposing Statins as Novel
Antimicrobials? Antimicrob Agents Chemother, 2016. 60(9): p. 5111-21.

Lai, C.C., et al., Statin treatment is associated with a decreased risk of active
tuberculosis: an analysis of a nationally representative cohort. Thorax, 2016. 71(7): p.
646-51.

Su, V.Y,, et al., Statin Use Is Associated With a Lower Risk of TB. Chest, 2017. 152(3):
p. 598-606.

Liao, K.F., C.L. Lin, and S.W. Lai, Population-Based Case-Control Study Assessing the
Association between Statins Use and Pulmonary Tuberculosis in Taiwan. Front
Pharmacol, 2017. 8: p. 597.

129



340.

341.

342.

343.

344,

345.

346.

347.

348.

349.

350.

351.

352.

353.

354.

355.

356.

357.

358.

Kang, Y.A,, et al., The effects of statin use on the development of tuberculosis among
patients with diabetes mellitus. Int J Tuberc Lung Dis, 2014. 18(6): p. 717-24.

Gao, X.F., Z.W. Yang, and J. Li, Adjunctive therapy with interferon-gamma for the
treatment of pulmonary tuberculosis: a systematic review. Int J Infect Dis, 2011.
15(9): p. e594-600.

Sakai, S., et al., CD4 T Cell-Derived IFN-gamma Plays a Minimal Role in Control of
Pulmonary Mycobacterium tuberculosis Infection and Must Be Actively Repressed by
PD-1 to Prevent Lethal Disease. PLoS Pathog, 2016. 12(5): p. e1005667.

Parida, S.K., et al., Cellular therapy in tuberculosis. Int J Infect Dis, 2015. 32: p. 32-8.
Skrahin, A, et al., Effectiveness of a novel cellular therapy to treat multidrug-
resistant tuberculosis. J Clin Tuberc Other Mycobact Dis, 2016. 4: p. 21-27.

Fiogbe, A.A., et al., Prevalence of lung function impairment in cured pulmonary
tuberculosis patients in Cotonou, Benin. Int J Tuberc Lung Dis, 2019. 23(2): p. 195-
202.

Stek, C., et al., The Immune Mechanisms of Lung Parenchymal Damage in
Tuberculosis and the Role of Host-Directed Therapy. Front Microbiol, 2018. 9: p.
2603.

Malik, S.K. and C.J. Martin, Tuberculosis, corticosteroid therapy, and pulmonary
function. Am Rev Respir Dis, 1969. 100(1): p. 13-8.

Marcus, H., et al., A randomized study of the effects of corticosteroid therapy on
healing of pulmonary tuberculosis as judged by clinical, roentgenographic, and
physiologic measurements. Am Rev Respir Dis, 1963. 88: p. 55-64.

Angel, J.H,, L.S. Chu, and H.A. Lyons, Corticotropin in the treatment of tuberculosis. A
controlled study. Arch Intern Med, 1961. 108: p. 353-69.

Park, I.W., B.W. Choi, and S.H. Hue, Prospective study of corticosteroid as an adjunct
in the treatment of endobronchial tuberculosis in adults. Respirology, 1997. 2(4): p.
275-81.

Miller, M.R., et al., Standardisation of spirometry. Eur Respir J, 2005. 26(2): p. 319-
38.

Laboratories, A.T.S.C.0.P.S.f.C.P.F., ATS statement: guidelines for the six-minute walk
test. Am J Respir Crit Care Med, 2002. 166(1): p. 111-7.

Kriel, M., et al., Evaluation of a radiological severity score to predict treatment
outcome in adults with pulmonary tuberculosis. Int J Tuberc Lung Dis, 2015. 19(11):
p. 1354-60.

Arlettaz, A., et al., Effects of short-term prednisolone intake during submaximal
exercise. Med Sci Sports Exerc, 2007. 39(9): p. 1672-8.

Singh, J.M., et al., Corticosteroid therapy for patients with acute exacerbations of
chronic obstructive pulmonary disease: a systematic review. Arch Intern Med, 2002.
162(22): p. 2527-36.

North, C.M., et al., Brief Report: Systemic Inflammation, Immune Activation, and
Impaired Lung Function Among People Living With HIV in Rural Uganda. J Acquir
Immune Defic Syndr, 2018. 78(5): p. 543-548.

Gandhi, K., S. Gupta, and R. Singla, Risk factors associated with development of
pulmonary impairment after tuberculosis. Indian J Tuberc, 2016. 63(1): p. 34-8.
Musafiri, S., et al., Spirometric reference values for an East-African population.
Respiration, 2013. 85(4): p. 297-304.

130



359.

360.

361.

362.

363.

364.

365.

366.

367.

368.

369.

370.

371.

372.

373.

374.

375.

376.

Ravimohan, S., et al., A Common NLRC4 Gene Variant Associates With Inflammation
and Pulmonary Function in Human Immunodeficiency Virus and Tuberculosis. Clin
Infect Dis, 2020. 71(4): p. 924-932.

Rachow, A., et al., TB sequel: incidence, pathogenesis and risk factors of long-term
medical and social sequelae of pulmonary TB - a study protocol. BMC Pulm Med,
2019.19(1): p. 4.

Crothers, K., et al., HIV infection is associated with reduced pulmonary diffusing
capacity. J Acquir Immune Defic Syndr, 2013. 64(3): p. 271-8.

Allwood, B., Mechanism of Airflow Obstruction in Tuberculosis-associated
Obstructive Pulmonary Disease (TOPD). 2014.

Lopes, A.l., et al., Impact of different etiologies of bronchiectasis on the pulmonary
function tests. Clin Med Res, 2015. 13(1): p. 12-9.

Moller, M., E. de Wit, and E.G. Hoal, Past, present and future directions in human
genetic susceptibility to tuberculosis. FEMS Immunol Med Microbiol, 2010. 58(1): p.
3-26.

Gingras, S.N., et al., Minding the gap in HIV host genetics: opportunities and
challenges. Hum Genet, 2020. 139(6-7): p. 865-875.

Price, P., et al., Polymorphisms in cytokine genes define subpopulations of HIV-1
patients who experienced immune restoration diseases. AIDS, 2002. 16(15): p. 2043-
7.

Affandi, J.S., et al., The search for a genetic factor associating with immune
restoration disease in HIV patients co-infected with Mycobacterium tuberculosis. Dis
Markers, 2013. 34(6): p. 445-9.

de Sa, N.B.R., et al., Clinical and genetic markers associated with tuberculosis, HIV-1
infection, and TB/HIV-immune reconstitution inflammatory syndrome outcomes.
BMC Infect Dis, 2020. 20(1): p. 59.

Donovan, J., et al., Adjunctive dexamethasone for the treatment of HIV-uninfected
adults with tuberculous meningitis stratified by Leukotriene A4 hydrolase genotype
(LAST ACT): Study protocol for a randomised double blind placebo controlled non-
inferiority trial. Wellcome Open Res, 2018. 3: p. 32.

Lai, R.P., et al., HIV-tuberculosis-associated immune reconstitution inflammatory
syndrome is characterized by Toll-like receptor and inflammasome signalling. Nat
Commun, 2015. 6: p. 8451.

Vignesh, R., et al., TB-IRIS after initiation of antiretroviral therapy is associated with
expansion of preexistent Th1 responses against Mycobacterium tuberculosis
antigens. ) Acquir Immune Defic Syndr, 2013. 64(3): p. 241-8.

Silva, C.A.M., et al., A pilot metabolomics study of tuberculosis immune reconstitution
inflammatory syndrome. Int J Infect Dis, 2019. 84: p. 30-38.

Chin, A.T., et al., Chronic lung disease in adult recurrent tuberculosis survivors in
Zimbabwe: a cohort study. Int J Tuberc Lung Dis, 2019. 23(2): p. 203-211.

Auld, S.C., et al., Pulmonary restriction predicts long-term pulmonary impairment in
people with HIV and tuberculosis. BMC Pulm Med, 2021. 21(1): p. 19.

Meghiji, J., et al., Patient outcomes associated with post-tuberculosis lung damage in
Malawi: a prospective cohort study. Thorax, 2020. 75(3): p. 269-278.

Khosa, C., et al., Development of chronic lung impairment in Mozambican TB patients
and associated risks. BMC Pulm Med, 2020. 20(1): p. 127.

131



377. Drain, P.K., et al., Risk factors for late-stage HIV disease presentation at initial HIV
diagnosis in Durban, South Africa. PLoS One, 2013. 8(1): p. e55305.

378. Fomundam, H.N., et al., Prevalence and predictors of late presentation for HIV care in
South Africa. S Afr Med J, 2017. 107(12): p. 1058-1064.

379. Sogbanmu, 0.0, et al., Socio-demographic and clinical determinants of late
presentation among patients newly diagnosed with HIV in the Eastern Cape, South

Africa. Medicine (Baltimore), 2019. 98(8): p. e14664.

132





