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recent converters, persistent QFT-positive, and active TB individuals at 15-50% positive
partitions for the reference gene. The error bars represent the first quartile (below), the third
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partitions for the reference gene. The error bars represent the first quartile (below), the third
quartile (upper) and the middle represents the median. Mann-Whitney U test was used to
compare groups (significant p value<0.05). The number of samples analysed is i) QFT-
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correlation test was performed and the correlation between the two methods was rho =
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Figure 19: Summary of the method used to develop monoclonal antibodies that recognise the
kiif.tb CDR3a sequence. A) Stage 1: Two specific antigens recognizing the variable gene
usage of the alpha chain of kiif.tb T cells and the TCR CDR3a were generated. (B) Stage 2:
Mice were immunized with either a shorter or longer kiif.tb sequence. (C) Stage 3: B cells
were then isolated from the mice’s spleen and fused with myeloma cells to form hybridomas
using electrofusion. (D-G) Stage 4: The hybridomas were (D) diluted into selective culture
medium and plated in multi-well tissue culture plates (1 clone/well), (E) individual
hybridoma clones were allowed to expand, after which (F) tissue culture supernatants that
contain monoclonal antibodies were screened via ELISA in order to (G) hybridoma clones
which produce monoclonal antibodies with higher specificity and affinity for the two
specific antigens. (H, I) Stage 5: Selected hybridoma clones were used for (H) monoclonal
antibody purification, and hybridoma cell lines were (I) cryopreserved for future antibody
production. (J) Stage 6: Purified monoclonal antibodies were used in flow cytometry in our
study. (Figure taken from the GenScript white paper, Hybridoma Technology for the Win:
An In-Depth Introduction into Hybridoma-Based  Antibody Development,
https://www.genscript.com/hybridoma-technology-for-the-win.html). This whole protocol
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Figure 20: Custom PrimeFlow assay detects kiif.tb-expressing Jurkat T cell line. A) The first plot
(top left) shows custom kiif.tb PrimeFlow assay staining of a Jurkat T cell line engineered
to express the kiif.tb sequence. The next five plots show frequencies of Kiif.tb T cells
detected by prime flow assay as the proportions of kiif.tb Jurkat T cells among PBMC added
were reduced. B) A summary line graph showing the frequency of Kiif.tb cells detected
using the custom kiif.tb PrimeFlow assay as the proportion of kiif.tb cells added reduced.
Results generated by Dr Munyaradzi MUSVOSVI. ccciccirecrrisniissnnsssssssnsssnssssssssssssssssssssssssssssssans 76

Figure 21: Gating strategy to identify kiif.tb T cells in PBMCs. A population of lymphocytes was
first identified, then a population of singlet cells. Next, live cells were identified, followed
by T cells, and lastly kiif.tb specific T cells. Two million cells were used in this experiment.
Results generated by Dr Munyaradzi MUSVOSVI. cccicciieceeisnnissesesssssnssssnsssssssssssssssnssssssssssssssanes 77

Figure 22: Loss of cells observed follow the PrimeFlow assay sample preparation. A bar graph
showing the initial cell count and the acquired cell count. The starting cell count was two
million cells of Jurkat T cells. The log scale was used for the y-axis to accommodate the
WiIdE raNQe JALA SEL...uueiiiicreeriirerrricsresressressessneessssnessessanessessnsesssssnsessssanesssssnsesssssnsessssanesssssanessassnns 77

Figure 23: The gating strategy used to determine stages of cell loss. The side scatter (SSC-A)
and forward scatter (FSC-A) parameters were used to assess the granularity and size of
lymphocytes. A population of lymphocytes was first identified, then a population of single
cells. Next, live T cells were identified, followed by T cells expressing CD4 and CD8. A
threshold of 30 000 on the FSC-A was used to avoid acquiring debris. ...cccceveveerereerernrennnenns 78

Figure 24: Time taken to acquire 100,000 live T cells, CD4 and CD8 T cells for the different stages
of the PrimeFlow assay. A total of two million cells was used in each condition. A) In the
Viability & Surface receptor staining, there were a total of two washes, while in the fixing &
Permeabilization condition, a total of six washes were conducted. During the target probe
hybridization stage (End of day one), eight washes were performed, and the signal
amplification stage (End of day two) involved a total of 16 washes. A million cells were
utilized in each condition, and this experimental setup was duplicated for every stage. B) A
line graph showing the average acquisition times in minutes for 100 000 events across
different stages of the assay and the CONIOl. ...iicviiiriiinenicnrercresresre e see e e ssanesenes 79



Figure 25: The gating strategy used to identify kiif.tb T cells. A population of lymphocytes was
first identified, then a population of singlet cells. Next, live cells were identified, followed
by kiif.tb T cells, and then CD4 and CDS8 kiif.tb T cells. A threshold of 30 000 on the FSC-A
was used to avoid acquiring debris. . 80

Figure 26: Lower frequencies of kiif.tb mRNA-positive cells observed in PBMCs only compared
to PBMCs with Jurkat T cells spiked in, and Jurkat T cells only. A total two million cells
were used for each condition. For the spiking one million of PBMCs and one million Jurkat
T cells (middle plots) were added to make a total of two million cellS. ....coccvvecevreverrernrinnnne. 81

Figure 27:Higher frequencies of kiif.tb mRNA-positive cells observed in PBMCs only, spiked
PBMCs with Jurkat T cells, and Jurkat T cells only, when including viability dye-positive
cells. A total two million cells were used for each condition. For the spiking one million of
PBMCs and one million Jurkat T cells were added to make a total of two million cells (middle
plots). The gating strategy was changed to include dead cells. A) The gating strategy
including all cells. B) An increase in the frequencies of kiif.tb T cells in the three different
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Figure 28: Frequencies of kiif.tb T cells expressing CD4 or CD8 in PBMCs only, spiked PBMCs
with Jurkat T cells, and Jurkat T cells only. A total two million cells were used for each
condition. For the spiking one million of PBMCs and one million Jurkat T cells (middle plots)
were added to make a total of two Million CellS...uiiiiiiiiirr s 83

Figure 29: Optimal titre for CD3 compatible with PrimeFlow assay. A 2-fold dilution was
performed to determine the optimal titre and a million cells were used. A) shows the
titrations and the volumes. B) shows surface staining after the PrimeFlow with the original
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Figure 30: Optimal titre for CD4 compatible with PrimeFlow assay. A 2-fold dilution was
performed to determine the optimal titre and a million cells were used. A) shows the titration
and the volumes used for CD4 B) shows staining of CD4 after PrimeFLow with the original
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Figure 31: Monoclonal antibodies specific for the kiif.tb CDR3a sequence. An indirect ELISA
was performed to determine the specificity of the monoclonal antibodies for the kiif.th
sequence, and 8 monoclonal antibodies were identified as having specificity for kiif.th T
cell sequence. ELISA plates were coated with either the shorter or longer kiif.tb sequence
which both contained the kiif.tb sequence (see methods for full the sequences). As a
negative control, ELISA plates were coated with a peptide termed TRAV1-2 CDR3, which
did not contain the Kiif.th SEQUENCES. it 85

Figure 32: Dead Jurkat T cells have a higher level of autofluorescence. The level of PE
fluorescence for dead (pink) or live cells (blue) are plotted. A total of 250 0000 cells was
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Figure 33: The gating strategy used to determine the frequencies of kiif.tb T cells identified by
each monoclonal antibody. A population of Jurkat T cells was first identified and then
followed by single cells. Then a population of live Jurkat T cells was identified and lastly a
population of Jurkat T cells were the kiif.tb sequence was identified by the different
antibodies. A total of 700 000 cells were used to test frequencies of cells binding each clone.

Figure 34: Frequencies of kiif.tb T cells binding to each of the clones. A total of 700 000 cells
were used to test frequencies of cells binding each antibody. The negative control was
included to determine UNSPECIfIC DINAING. ceiereiireiirreirrirrercrrerrreeree e see e sar e s snesesaesennes 88

Figure 35: The gating strategy used to determine the frequencies of kiif.tb T cells in PBMCs of
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Abstract

Introduction: T cells are known to play an important role in controlling M. tuberculosis (M.tb)
infection, but it is not known if specific T cell clones contribute to the outcome of M.tb infection.
We recently completed a bulk T cell receptor (TCR) sequencing screen and observed that
frequencies of a particular donor-unrestricted T cell (DURT) clone were higher in healthy, M.tb
infected individuals who controlled infection (controllers), than individuals who progressed to
tuberculosis (TB) (progressors). This clone expresses a common complementarity-
determining region 3 (CDR3) a sequence, which we termed “kiif.tb”. Frequencies of kiif.tb T
cells were also higher in healthy M.tb infected individuals than TB patients in another bulk T
cell TCR sequencing screen in a different cohort.

Objective: In my project, we aimed to confirm if healthy, M.tb infected individuals (i.e. IGRA+)
have higher frequencies of kiif.tb expressing T cells compared to healthy uninfected individuals
(i.e. IGRA-) or individuals with active TB. We also aimed to identify cost-effective methods for
detecting Kkiif.tb T cells in peripheral blood mononuclear cells (PBMCs) and assess the
activation phenotype of kiif.tb in IGRA-, IGRA+, and TB patients.

Methods: A custom-designed digital PCR (dPCR) assay was used to quantify the frequencies
of total T cells and kiif.tb T cells from IGRA-, IGRA+, and TB patients. Identification
and characterisation of kiif.tb T cells by flow cytometry was performed using a custom flow
cytometry-compatible RNA hybridization assay (PrimeFlow™) and custom monoclonal
antibodies were generated from mice immunised with kiif.tb sequence.

Results: Total T cell frequencies measured by dPCR in all participants correlated strongly
with both bulk TCR sequencing (rho = 0.74, p-value = 0.02) and flow cytometry (rho = 0.75, p
= 5x10°). However, the correlation between kiif.tb T cell frequencies measured by dPCR and
kiif.tb CDR3a measured using bulk TCR sequencing was modest (rho = 0.48, p-value = 0.01).
Kiif.tb T cell frequencies were not significantly higher in IGRA+ individuals with recent or
remote M.tb infection compared to IGRA- controls (p = 0.4 and 0.31, respectively), nor when
compared to individuals with TB disease (p-value = 0.39 and 0.27, respectively). Frequencies
of kiif.tb T cells, quantified by custom monoclonal antibody (clone39A9D4) staining, were not
different across study groups. However, active TB patients had higher frequencies of Kiif.tb T
cells expressing HLA-DR compared to IGRA- controls (p-value = 0.02). We did not include
IGRA+ individuals, because only a single individual in this group had sufficient kiif.tb cells for
phenotyping. Frequencies of bulk T cells expressing HLA-DR were also higher TB patients
than to IGRA+ individuals (p-value = 0.05).

Discussion: Our results suggest that kiif.tb-specific T cell frequencies measured by dPCR, or
monoclonal antibodies were not different between the clinical groups, contrary to our
hypothesis. The custom dPCR assay may only accurately detect targets at higher
abundances, like total T cells (30-70%), limiting accuracy for quantifying kiif.tb T cells, which
occur at abundances 1000-fold lower (0-0.04%).

Next steps involve validating initial findings using bulk TCR sequencing and further optimizing
the monoclonal antibody staining for kiif.tb T cell quantification by flow cytometry. Notably, our
HLA-DR data suggest that kiif.tb T cells are highly activated in patients with active TB, which
may suggest that these DURT cells recognise M.tb antigen. With further optimization, such an
antibody could useful for developing novel T-cell-based TB biomarkers.

XVii



Chapter One
Literature review

1.1 Introduction

Tuberculosis (TB) is one of the deadliest infectious diseases globally.! In 2022, the
World Health Organization (WHO) estimated that around 10.6 million people
worldwide were diagnosed with tuberculosis (TB), resulting in approximately 1.4
million deaths attributed to the disease. Tuberculosis is the second leading cause of
death from infectious agents after COVID-19.2 However, with the waning of the
COVID-19 pandemic, TB is likely to return to being the leading cause of death from an
infectious agent. This disease is caused by members of the Mycobacterium
tuberculosis complex (MTBC), which include Mycobacterium africanum,
Mycobacterium  bovis, = Mycobacterium  canettii, = Mycobacterium  microti,

Mycobacterium tuberculosis (M.th), and these cause TB in both humans and animals.®

Initially, it was thought that infection only occurs following inhalation of aerosol
microdroplets coughed up by an individual with active pulmonary tuberculosis.
However, it is important to note that cough-independent aerosolization is possible and
has been shown to result in a higher production of bacilli compared to coughing.®
These microdroplets can remain in the air for several hours, and given the small
diameter of respiratory bronchioles, only the smallest aerosol droplets containing one
or two bacilli can effectively reach the alveolar space.® This means a small number of
bacterial cells can establish an infection.

Approximately 5-10% of individuals who are infected will progress to develop active
TB disease, either due to progressive primary infection, re infection or through
reactivation, which can occur long after the initial infection.” The progression to active
TB disease is typically seen as a failure of the host's immune response to control the
infection, a condition shaped by the immune status and genetic makeup of the host.
This is usually observed in immunocompromised individuals and children under the
age of five years.® Pulmonary TB is the most common form of the disease and is the
only form likely to transmit, while TB can also affect other organs such as lymph nodes,

bones, and meninges, known as extrapulmonary TB (EPTB).° Symptoms of



pulmonary TB include chronic cough, sputum expectoration, severe weight loss, fever,
and night sweats.°

The spread of M.tb through aerosols, combined with its ability to be infectious in small
guantities, makes it a significant health concern, especially in developing countries.
These regions often have higher population densities, poor living conditions,
inadequate nutrition, and a higher prevalence of immune-compromising diseases.
Furthermore, without an effective vaccine for adolescents and adults understanding
why individuals respond differently to M.tb may help develop effective therapeutics

and a vaccine for all generations.

1.2 General Immunology

Immunology is the field of study dedicated to understanding the immune system,
specifically its responses to pathogens, tissue damage, and its role in the
pathogenesis of diseases, including cancer, where immune responses can influence
tumour development and progression.t! The immune system is composed of tissues,
cells, and molecules that provide resistance to various infections.?> These elements of
the immune system work in unison to defend the body against invaders like bacteria,
fungi, viruses, toxins, and parasites.'®* The immune system is comprised of two main

classes: the innate and the adaptive immune system.4

1.2.1 The innate immunity

The innate immune system is the first line of defence against invading pathogens and
provides early, and rapid host protection from infections.? It consists of anatomical
and physiological barriers (such as skin and gastric pH), antimicrobial peptides,

proteins, and humoral components.15 16

This system also comprises cellular components derived from myeloid progenitors,
including phagocytes (such as macrophages, dendritic cells (DC), and neutrophils), as
well as mast cells, eosinophils, and basophils. Additionally, it includes natural killer
(NK) cells derived from lymphoid progenitors.? 13 Cells that make up the innate
immune system mostly rely on the expression of various receptors termed pattern
recognition receptors (PRRs) to recognise pathogens. These receptors (Toll-like
receptors (TLR), C-type lectins (CLRs), and RIG-1-like receptors (RLR)) recognise a
wide range of pathogen-associated molecular patterns (PAMPS), that are expressed

and shared by a large group of microorganisms.2® While these receptors allow for rapid

2



immune responses to various classes of pathogens, the innate immune system is a

relatively non-specific host immune response.t’

Macrophages are typically among the first cells to engulf and ingest invading
pathogens upon recognition through their PRRs. These PAMPs stimulate the
differentiation of macrophages into a classical M1 or alternative M2 phenotype.®
However, it is important to note that the M1/M2 phenotype distinction is largely
observed in murine studies, and in humans, the biology of macrophages is rather
complex. The M1 phenotype is associated with the production of pro-inflammatory
cytokines, chemokines, nitric oxide (NO), reactive oxygen intermediates (ROI), and
the initiation of an immune response that recruits other cells.’® In contrast, the M2

phenotype promotes cell proliferation and tissue repair.*8

The secreted pro-inflammatory cytokines such as Interleukin (IL)-12 and IL-18 by
macrophages can prime NK cells.?® These effector lymphocytes of the innate system
have cytolytic functions through the release of cellular granules such as perforin and
granzymes, thus leading to the direct killing of the viral infected cells or bacteria.?°
Secondly, these cells can produce cytokines such as interferon (IFN)-y and

chemokines such as CXCL1 which leads to recruitment and activation of neutrophils.

Similarly, to macrophages, neutrophils mediate pathogen clearance through
phagocytosis and the production of reactive oxygen species (ROS).?! Furthermore,
the neutrophils release granules which are the main storage sites of the most toxic
mediators, including elastase, myeloperoxidase, cathepsins, and defensins. 22 These
mediators are mobilized to the phagosome promptly after the ingestion of invaders,
thereby ensuring the effective killing of the pathogen within the phagosome. In
addition, upon activation, these cells release neutrophil extracellular traps (NETS)
which are a network of extracellular strings of deoxyribonucleic acid (DNA) that bind
microorganisms.23 This mechanism can lead to immobilizing and sometimes killing of

invading microorganisms.

The recruited dendritic cells and macrophages function as professional antigen-
presenting cells (APCs). 12 Macrophages facilitate the maturation, differentiation, and
migration of DCs. Dendritic cells can play a key role in the transportation of antigens
from the site of infection to the draining lymph nodes.*? In the lymph nodes, these cells

present antigens to naive T cells, thereby priming the adaptive cells. Therefore, DCs



and macrophages are important in linking the innate and adaptative immune

system.13.24

1.2.2 The Adaptive immunity
Similar to NK cells, T and B cells are derived from the lymphoid progenitor.'* Both
these cells are produced in the bone marrow. However, the T lymphocytes develop in

the thymus, whereas B lymphocytes continue their development in the bone marrow.?®

In contrast to the rapid and non-specific innate response, the adaptive immune
system, through mechanisms such as clonal selection and expansion, provides a
delayed, antigen-specific, and antigen-dependent host immune response.>!
Interestingly, while the initial response is delayed, it is the secondary responses
(memory responses) that are faster and larger. In addition, the antigen-specific surface
receptors expressed on both these cells are the main contributors to the T and B cell

antigen-specific immune responses.

1.2.2.1 T lymphocyte receptor repertoire diversity

T cells express unique T cell receptors (TCR), which are antigen-binding receptors on
their membranes. These TCRs are heterodimers, comprised of the a and 8 chains
(TCR-ap) or y and & chains (TCR-y®d), with y& T cells constituting 1-10% of the T cell
repertoire. Most of the TCR-af8 receptors recognise specific antigens presented by
APCs in the context of major histocompatibility complex (MHC).? 26 TCR diversity is a
remarkable and fundamental property of an effective antigen-specific T cell response,

and it is required to recognise and mount a response to control infections.?’

This diversity is generated by V(D)J gene rearrangement, which is a mechanism of
somatic recombination that occurs during the early stages of T cell development. A
variable (V), joining (J), and constant (C) region make up the TCR a- and y- chains,
while the TCR B- and &-chains are also made up of a 'V, J, C regions and an additional
diversity (D) region.?” 28 This site-specific recombination process is directed by
lymphoid-specific recombination-activating gene (RAG), which is composed of RAG1
and RAG2.2°,

Each TCR chain is comprised of three complementary determining regions (CDR),
namely CDR1, CDR2, and CDR3.%® The first two complementary determining regions
1, and 2 are germline-encoded Variable gene segments. These regions are involved
in MHC interactions.3®



CDR3 is recombined with either an additional nucleotide and/or deletion of some
nucleotide at the joints.® CDR3 is the primary site of epitope (antigen) contact. This
region is mostly affected by recombination compared to the other two CDRs, and this
region in the B chain accounts for most of the variation observed within the T cell

repertoire of an individual.3®

Surprisingly, some TCRs are simple and highly conserved among individuals, and
cells that express these TCRs are termed donor-unrestricted T (DURT) cells.3° DURT
cells include mucosal-associated invariant T cells (MAIT), human leukocyte antigen
(HLA)-E restricted T cells, invariant natural Killer T cells (iNKTs), group 1 cluster of
differentiation (CD) 1-restricted T cells, germline-encoded mycolyl lipid reactive (GEM)
T cells, and gamma-delta (yd) T cells.3! The characteristics of these cells are the TCR-
chain's invariant variable (V) and joining (J) gene combinations, as well as the widely
distributed canonical TCR-amino acid sequences that are prevalent in many
individuals and conserved across species.®? These alpha chains are usually paired

with a limited number of TCR-B chains, except for gamma delta T cells.

1.2.2.2 Conventional T lymphocytes

T cells can be broadly categorized into two subtypes based on the presence of CD4
and CD8 surface markers. CD4 T cells secrete various cytokines that activate other
cells and are commonly referred to as helper or inducer T cells.?® In contrast, CD8 T
cells produce a range of cytokines and have the ability to eliminate target cells through
direct cell contact or by releasing effector molecules, earning them the designation

cytolytic T cells.3?
CD4 Th subsets

In earlier studies, it was observed that antigen-specific CD4 T cells can be
differentiated into T helper (Th1) or Th2 subsets. This differentiation of naive T cells
into different Th subsets is influenced by the cytokines present during and after antigen
presentation. Additionally, Thl and Th2 cells can be distinguished by the unique sets
of cytokines they express, known as type 1 and type 2 cytokines. Thl responses are
characterized by type 1 cytokines such as IL-2, IFN-y, and tumor necrosis factor
(TNF). In contrast, Th2 responses are marked by the presence of type 2 cytokines,
including IL-4, IL-5, IL-10, and IL-13. More recently, additional T helper subsets,

including Th17 and T regulatory (Treg) cells, have been identified. Furthermore, mice



knock-out studies have been essential in shedding light on the transcription factors
associated with the differences.

Thl subset

T-bet is a member of the T-box family of transcription factors that are expressed
primarily in immune cells only. This transcription factor is rapidly induced in developing
Th1 cells, which plays an important role in eliminating intracellular pathogens.3* A
study by Szabo et al. showed that CD4 T cells from mice homozygous for T-bet
deletion differentiated into Th2 cells and increased the production of Th2 cytokines.3*
Furthermore, these cells were unable to supress IL-4 and IL-5, even when stimulated
under Thl inducing conditions. This suggested that T-bet may override a pathway that

leads to Th2 cells to induce Th1l cells.

Furthermore, expression of this transcription factor correlates with IFN-y expression,
this cytokine is associated with Thl cells and plays a significant role in the activation
of macrophages leading to bacterial clearance. The Szabo et al. study further revealed
that mice that had T-bet deletion had a marked decrease in IFN-y production even in
the presence of IL-2, a potent inducer of IFN-y production.3* The lack of T-bet impairs
the production of type 1 cytokines, and this leads to defective control of intracellular

infection and may lead to poor control of intracellular pathogens and viruses.
Th2 subset

Unlike Thl cells, Th2 cells play a role in eradicating extracellular infections. These
cells play a role in initiating and sustaining the humoral, or antibody-mediated, immune

response against extracellular parasites, bacteria, toxins, and allergens.3®

The transcription factor associated with this T cell subset is GATA-3, a member of the
GATA family of transcription factors.®> The expression of this transcription factor is
associated with IL-4 production, which is essential in regulating antibody production.
A study by Granato et al. showed that IL-4 stimulates in vitro B-cell maturation and

modulates B cell receptor (BCR) signalling in developing B cells.2®

GATA-3 knock-out studies have highlighted that, CD4 T cells of GATA-3 deficient
mice, differentiate into Thl cells and display increased IFN-y production.3% 37
Interestingly, even under Th2 stimulating conditions, mature CD4 T cells from these



mice differentiated into Thl cells. This suggests that GATA-3 is required in developing
Th2 cells for optimal Th2 differentiation and maintenance of the Th2 response.3> 37

Th17 and Treq subsets

RORYyt is a member of the nuclear receptor family of transcription factors.38 It is mainly
expressed in differentiated Th17 cells and correlates with the expression of IL-17 and
IL-22, This transcription factor was identified through analysis of IL-17A in mice
deficient for specific transcription factors.® It is believed that these cells evolved to
protect the host against microbes that Thl or Th2 immunity is less effective against,
such as extracellular bacteria and certain fungi. According to findings by Pelletier et
al. supernatants derived from activated Th17 cells were found to secrete CXCL8, a
chemokine, which attracted neutrophils to the site of infection. This effect of Th17 in
recruiting neutrophils may explain how these cells assist in the elimination of
extracellular bacteria. However, it is important to note that, like other cytokines,
excessive levels can be detrimental. The excessive recruitment of neutrophils by Th17

cells may cause damage to the host.3?

The generation of a protective immune response is critical to clear infections and
protect individuals from pathogens. However, it is equally important to regulate the
response to maintain homeostasis.*? This mechanism prevents host tissue damage
and is implemented by Treg cells. These cells are characterized by high expression of
the transcription factor Foxp3.4° This transcription factor stimulates the production of
immunosuppressive cytokines, including IL-10 and TGF-B.4° Additionally, these cells
secrete cytotoxic substances such as perforin and granzyme to eliminate effector cells.
Findings by Grossman et al. revealed that human CD4, CD25* natural T regs express
granzyme A after activation. Furthermore, these cells were able to kill purified

autologous CD4 and CD8 in a perforin-dependent manner.*°

Other subsets of CD4 T cells, like Th9, express the Pu.1 transcription factor, which is
believed to inhibit the expression of Th2-associated GATA-3 and Thl-associated T-
bet.*! Like Th2 cells, Th9 is believed to contribute to defence against helminths and to
facilitate airway constriction and mucus production in allergic asthma. Furthermore,
other important subsets include Th22 cells which express granzyme B and are
associated with host defence and remodelling of tissue, they express the RORyt and

AhR transcription factors.*? Lastly, the other subset is T follicular (Tfh) which



expresses the BCL-6 transcription factor and these cells are essential for germinal

centre formation.43
CD8 Tc subsets

Interestingly, the same transcription factors are expressed in CD8 T cells, allowing
these cells to differentiate into distinct cytotoxic T cell (Tc) subsets, each associated

with different effector functions.

Tcl/Tc2 subsets

Like CD4 Th1, type 1 cytokine such as IL-12 activate T-bet, which induces a CD8 Tcl
differentiation, and these cells are essential in immunity against intracellular
pathogens and tumors.®* These cells express IFN-y which is a key mechanism by
which these cells combat viral infections. However, this transcription factor plays a role
in IFN-y gene transcription within the CD4 T cell lineage but not within the CD8 T cell
lineage.3* According to findings by Szabo et al. IFN-y production was not affected in
T-bet knockout mice.3* Furthermore, CD8 T cells from knockout mice displayed
equivalent cytotoxic activities comparable to CD8 T cells of wild-type mice. These
findings suggest that the presence of T bet may play a distinct role in C8 T cells than
that observed in CD4 T cells.®*

In contrast to Tcl, the differentiation of Tc2 is driven by the interaction of type 2
cytokines such as IL-4 and the transcription factor GATA-3.%° Findings by Pai et al.
show that optimal production of Tc2 cytokines and suppression of Tcl cytokine
depends on GATA-3.%° These cells play a role in the propagation of Th2 cell-mediated

allergy. However, they display low levels of cytotoxicity compared to Tc1.44

Although these cells are induced by different cytokines and transcription factors, both
subsets are cytotoxic via the perforin and Fas pathway. Therefore, both subsets can

protect the host and induce inflammation.4®

Other major subsets of CD8 T cells produced by the different cytokine milieu include
Tc9, Tcl7, Tc22, Tth, and CD8 T regs and these subsets express different
transcription factors such as IRF-4, RORyt, Ahr, BCL-6 and Foxp3, respectively (Table
1).44



Table 1: A summary of the characteristics of each of the CD4/CD8 T cell lineages

T cell subset

Polarizing cytokines

Transcription

Effector cytokines

factor
Tul IFN-y, IL-12 T-bet IFN-y, TNF, IL-2
Th2 IL-4 GATA-3 IL-4, IL-13, IL-5
TH9 IL-4, TGF-B Pu.l, IRF4 IL-9
Tul7 TGF-B, IL-6, IL-1B RORyt IL-17, IL-22
CcDh4 Th22 IL-6, IL-23, IL-1B, TNF RORyt, AhR IL-22, IL-26, IL-18,
TNF, Granzyme B
Tth IL-6, IL-21, IL-12 BCL-6 IL-21
Treg TGF-B Foxp3 IL-10, TGF-B
Tcl IL-12 T-bet IFN-y, TNF
Tc2 IL-4 GATA-3 IL-4, IL-13, IL-5
Tc9 IL-4, TGF-B IRF4 IL-9
CD8 Tcl7 IL-6, TGF-B RORyt IL-17, IL-22
Tc22 IL-6, TNF AhR IL-22, TNF
Tfc IL-6, IL-21, IL-23, BCL-6 IL-4, IL-2, IFN-y
TGF-B
Treg TGF-B Foxp3 IL-10, TGF-B

(Polarizing cytokines induce different signalling cascades that lead to activation of specific transcription

factors, leading to differentiation into one of the T cell subsets. These subsets are characterized by

distinct cytokine production.)

1.2.2.3 Donor-unrestricted T cells

While conventional T cells (CD4 and CD8 T cells) are activated through a limited MHC-

dependent process, several non-peptide-responsive T cell subsets in humans are

activated independently of MHC, using non-polymorphic presentation systems.4®

These systems include CD1, MHC-related protein (MR1), butyrophilin subfamily 3
member A1 (BTN3A1), and the non-classical MHC class 1b family member HLA-E.3146




As a result, the T cell responses that ensue can exhibit similarity across genetically
diverse populations. Thus, the donor-unrestricted aspect of antigen presentation
introduces an intriguing possibility for vaccine development, where a single vaccine
antigen could be formulated to effectively target the entire global population,

unaffected by host genetic factors, in contrast to MHC-restricted responses.4®
MAIT cells

These cells are present in peripheral blood but are highly abundant in barrier tissues
such as the lungs, liver, and kidneys, where they possess tissue resident
phenotypes.*” MAIT cells express a semi-invariant TCR and detect antigens
presented by the MR1 molecule.#” MR1 molecules present biosynthetic derivatives of
riboflavin synthesis. Riboflavin is required for a broad range of bacterial cellular
activities, and most bacteria have functional riboflavin production pathways.?® Thus,

these cells can recognise a variety of different bacteria.

Notably, in the absence of TCR-mediated antigen recognition, these cells can be
triggered by cytokines like IL-18 and IL-12, expanding the spectrum of pathogens to
which MAIT cells can react, including viruses.*® However, these two modes of
activation seem to have distinct results, in terms of the expression of transcription
factors, cytokines, and cytotoxic molecules produced by these cells. Lamichhane et
al. revealed that upon TCR activation, these cells upregulate the expression of T-bet
and RORyt transcription factors, whereas cytokine activation only led to upregulation
of T-bet.*® The expression of distinct transcription factors affects the cytokine profile
of these cells. TCR stimulation leads to the production of multiple cytokines such as
IFN-y, TNF, IL-17, and IL-22, while cytokine stimulation results in increased production
of IFN-y but not TNF. This effect makes TCR stimulation result in a rapid immune

response as compared to an immune response from cytokine activation.*®

Even though these cells play a key role in indirect killing of target cells by secreting
cytokines that recruit and activate phagocytes, it is important to note that they are
capable of directly killing infected cells. Upon both modes of activation, these cells can
produce cytotoxic molecules such as perforin and granzymes.*® However, the level of
expression of genes and production of these cytotoxic molecules differs between the
two modes of activation. Lamichhane et al. further showed that Granzyme A, B, and

perforin were found in the culture supernatants of both TCR and cytokine stimulation,
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with higher levels of granzyme A observed in the supernatants of cytokine-treated
MAIT cells.*® Furthermore, the differences were also observed in the gene expression

of granzyme K and M.
Invariant killer T cells (iNKTs)

Unlike MAIT cells, these cells identify self and foreign lipids presented by CD1d as
specific antigens.*® CD1d belongs to a vast family that encompasses CD1a, CD1b,
and CD1c molecules, all of which present lipids instead of peptides. These cells are
highly enriched in the liver and the fold of the peritoneum connecting the stomach to
other abdominal organs, with their numbers intriguingly decreasing in the context of
obesity.5® The iNKT cell subsets can exhibit distinct profiles based on the expression
of various transcription factors and their functional responses, particularly regarding
the primary cytokine activation following TCR-dependent or cytokine (IL-12 and IL-18)
stimulation.%% %1 In mice, the determination of whether to become iINKT1, iNKT2, or
INKT17 seems to occur in the thymus during development. However, it is still uncertain
whether each fate is fixed permanently or can be subject to further modulation.>°

However, all these subsets seem to express the same transcription factor,
promyelocytic leukemia zinc finger protein (PLZF), which is an essential factor for the
development and innate function of these cells.>° Lee et al. demonstrated that iNKT1
cells express low levels of PLZF, and elevated levels of T-bet, while INKT2 express
high levels of PLZF and GATA-3. Lastly, INKT17 expresses intermediate levels of
PLZF and high levels of RORyt.5°

Additionally, the cytokine profiles are different between these subsets, therefore,
indicating they may play distinct roles in the immune response. The INKT1 cells
express IFN-y as the major cytokine and this may enhance macrophage phagocytic
and bacterial activities by increasing the production of nitric oxide.>! On the other hand,
INKT2 expresses IL-4, which may induce an alternative macrophage activation. Lastly,
INKT17 expresses IL-17 as a major cytokine, and this cytokine can directly induce the

recruitment of neutrophils, which are phagocytes.>!
Gamma delta(yd) T cells
Gamma-delta T cells are a small subset in the peripheral blood but occur at increased

frequencies in epithelial and mucosal tissues.®? In humans, these cellular subgroups
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are categorized as Vo1 and V&2, distinguished by their 6-chain usage. The Vb2 are
mainly found in the peripheral blood whereas the V81 cells primarily reside in the gut

mucosa, lungs, and female reproductive system.>3

Both subgroups have the ability to recognize various non-peptide antigens, although
the specific TCR-activating ligands for Vo1 T cells are not yet well understood.>?
Conversely, Vb2 T cells have been demonstrated to detect phospho-antigens

presented by the non-polymorphic molecule, BTN3A1.53

Based on the different anatomic locations these cells populate; it is not shocking to
observe phenotypic heterogeneity between the two yd T cell subsets. A highly
expected difference between the two cell subsets is the tissue homing receptors.>3
Findings by Sanz et al. showed that pronounced differences between these two cell
subsets are observed in chemokine receptors involving tissue homing, with chemokine
receptor type 7 (CCR7) and CCR5 expressed at higher levels in V&1 than Vb2,
respectively.>® Interestingly, heterogeneity is not limited to phenotype but also the
functionality of V81 and V52 T cells. Although both these cells can express cytotoxic
molecules upon activation which assist with killing infected cells, the expression levels
seem to differ between the two cell subsets.>® The study by Sanz et al. further revealed
that upon activation, perforin production was elevated in V62 T cells as compared to
V81 T cells.53

Additionally, V&2 T cells exhibit features resembling those of antigen-presenting cells,
such as dendritic cells.>? These cells are capable of reacting to signals from both
microbes and tumors, and they can activate CD4 and CD8 T cells. The study by
Branden et al. illustrated that only activated Vb2 T cells induce proliferation and
differentiation of naive CD4 and CD8 T cells.>? Therefore, it seems these cells play a

role in initiating the adaptive response.

1.2.2.4 B lymphocytes

B cells have been extensively examined for their pivotal role in the humoral immune
system, primarily in generating antibodies and establishing an antibody-mediated
memory response against pathogens.'® 7 Beyond this, these cells exhibit the
capability to generate cell-mediated immunity. B cells express elevated levels of MHC-

class Il and possess the ability to present antigens to CD4 T cells.>*
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B cells take up BCR-bound and internalized protein antigens using the specialized
MHC-II antigen presentation pathway and then deliver specific peptides in complex
with MHC-II to CD4 T cells. Both B and T cells are affected by this interaction, which

also affects how the immune system responds.

The B and T cell interaction seems to be beneficial to both cells. B cells can be
activated via the B cell receptor which has great diversity due to V(D)J rearrangement,
and this is the first signal needed to fully activate these cells.®® The second signal is
obtained from a T cell which responds to antigen presented by the B cell via MHC
class Il. This T cell-dependent activation leads to the production of long-live and high-

affinity antibodies with immunological memory.>®

1.3 Immune Response against Mycobacterium Tuberculosis

The immune response driving the development of TB is intricate and not entirely
comprehended. However, it is recognised that the progression of TB relies on the
interplay between bacterial virulence and the host's immune response.>® A key aspect
of this disease is the ability of M.tb to persist within various intracellular environments

across different myeloid cell types.

1.3.1 Innate Immunity

Recent research has uncovered that the innate branch of the immune system plays a
more significant role in initiating and controlling inflammatory responses during
infection than previously believed.?? Upon inhalation, M.tb encounters the formidable
defences of the respiratory tract's innate immune system. This initial interaction
involves mucociliary clearance, where mucus and ciliary action collaborate to trap and
remove inhaled particles, including M.tb, preventing their deeper penetration into the
lungs.>” However, should M.tb manage to enter the terminal alveoli, antimicrobial
peptides like defensins and cathelicidins, which are peptides and proteins released by
epithelial cells, counteract M.tb.* %8 In addition to the secreted antimicrobial peptides,
inflammatory responses induced by M.tb infection such as the generation of ROS by
recruited macrophages and neutrophils are central.??> ROS acts as a bactericide,
damaging bacterial DNA, ribonucleic acid (RNA), and proteins. Furthermore, the
release of cytokine and chemokines from infected innate immune cells mediate the

recruitment and activation of other immune cells. However, inflammatory processes
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may lead to host tissue damage and chronic inflammation, therefore favouring the
progression of the disease.??

Moreover, these ROS-generating cells are key players in relevant cell death processes
that may eliminate the pathogen, such as apoptosis which is an active programmed
cell death.>® Meanwhile, other processes, like necrosis, which is an unprogrammed cell
death caused by disturbances in the environment with the uncontrolled release

of inflammatory cellular material, favour the survival of the bacteria.

1.3.1.1 The role of resident alveolar macrophages and recruited macrophages in M.tb
infection.

Prior to being engulfed by phagocytic cells, M.tb has been observed to come into
contact with the alveolar lining fluid, which is a diverse blend of lipids and proteins
containing surfactant proteins and hydrolases that interact with glycolipids on the
surface of mycobacteria.” The alveolar lining fluid boosts pathogen engulfment and
elimination by phagocytes, with its effects on interactions with alveolar epithelial cells
showing variability. A study using a murine lung-on-chip infection model investigated
the effect of pulmonary surfactants on M.tb growth, extended in vitro cultivation causes
alveolar epithelial cells a deficient surfactant phenotype. Surfactant deficiency leads
to rapid and unregulated bacterial proliferation within both macrophages and alveolar
epithelial cells. Conversely, in the presence of normal surfactant levels, a notable
reduction in bacterial proliferation is observed. Hence, these findings could elucidate
why smokers and individuals with impaired surfactant function are more susceptible
to TB.5°

Alveolar macrophages serve as the primary host cells to encounter M.tb and are
crucial in initiating an immune response against the pathogen.® In an early infection
study using mice infected with H37Rv M.tb mCherry, a strain expressing a red
fluorescent label, examination of lung tissue via microscopy revealed that tissue-
resident alveolar macrophages were the predominant cell type infected during the
initial two weeks.®! These cells become activated in response to mycobacterial
products like lipoarabinomannan (LAM) and lipoproteins, engaging a range of
receptors including Toll-like receptors, scavenger receptors, mannose receptors, and
complement receptors. This leads to the engulfment of M.tb and triggers a series of
processes involving the release of different chemokines like IL-8, monocyte
chemoattractant protein (MCP)-1, and inducible protein (IP)-10, which draw
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phagocytes such as monocyte-derived macrophages, dendritic cells, and neutrophils
to the infection site.5> 6364 The recruited phagocytes are stimulated by the released
cytokines, and this leads to their activation. In their activated state, they are involved
in phagocytosis and antimicrobial activities. This result is a feedback loop, in which
more phagocytic cells become activated, and release cytokines and chemokines to
recruit and activate other innate immune cells. Subsequently, the activated antigen-
presenting cells will travel to the lymph nodes to activate the adaptive immune cells,

ultimately initiating the adaptive response.%®

Macrophages act as the primary cellular environment for the growth and survival of
M.tb. Nevertheless, these cells also play a pivotal role in triggering protective immune
responses, both innate and adaptive, which are essential for managing or eradicating
the infection.'® These cells recognise M.tb via TLR-2 and C-type lectins receptors, and
this leads to the uptake of bacteria.’

Following phagocytosis, the phagosome, a key regulator of both the homeostatic and
microbicidal functions of macrophages, undergoes a sequence of maturation stages
to develop into a highly acidic compartment.®® Later this compartment subsequently
fuses with a lysosome to develop into phagolysosomes with a low pH.®” This low pH
creates a suitable environment for the production of ROS, and for the activity of
digestive lysosomal enzymes; thus, the process is important for the clearance of
intracellular M.tb. However, upon phagocytosis, M.tb can hinder the maturation of the
phagosome, thus evading the effects of being transported to the lysosome. According
to findings by Vergne et al. M.tb can hydrolyse a key lipid, phosphatidylinositol 3-
phosphate which is necessary for the fusion of the phagosome and lysosome, leading
to the formation of the phagolysosome.58

In addition, disruption of phagosome maturation inhibits the processing of
mycobacterial antigens to generate peptide-MHC class Il complexes.° These peptide-
MHC class complexes are then presented on the surface of the macrophage to
activate naive and memory T cells, therefore linking the innate and the adaptive
immune response to efficiently control the infection. Ramachandra et al. illustrated that
the presentation of Ag85B to MHC class ll-restricted T cell hybridoma (BB7) cells in
mice required phagocytosis by activated bone marrow macrophages.’® Furthermore,

this study demonstrated that phagosomes containing live M.tb contained fewer
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peptide-MHC class Il complexes as compared to phagosomes containing heat-killed
(HK) M.tb, indicating that live bacteria inhibit phagocytic antigen processing.
Therefore, this prevents a CD4 T cell response which is essential in controlling the

infection.”®

However, most of the time, the actions of macrophages are not disturbed, and
phagocytosis occurs resulting in the production of antigens that could be presented to
T cells. Additionally, infected macrophages produce cytokines such as TNF which is
a primary mediator of granuloma development.”t This cytokine stimulates
macrophages and prompts the expression of chemokines and adhesion molecules
crucial for attracting and retaining immune cells at the infection site. Furthermore,
during granuloma maturation, activated macrophages can differentiate into epithelioid
cells and giant cells that form mature granulomas. Therefore, this leads to successful
interactions with T cells to bring about T cell activation in the lungs. These activated T
cells release cytokines such as IFN-y, driving full activation of macrophages by
activating feedback inhibitory mechanisms, such as those mediated by IL-10 and
STAT3.1° Hence, allowing activation of NO synthase 2, which generates NO, is crucial,
as NO plays a pivotal role in eliminating intracellular bacteria. In summary, the
interactions between M.tb and alveolar macrophages significantly influence the
subsequent progression of infection, determining whether there is clearance of
infection or progression to disease. However, it's important to note that the disease
state involves more than just the infected macrophage.*®

1.3.1.2 The role of Neutrophils in M.tb infection

The contribution of neutrophils to the immune regulation of M.tb has not been
extensively studied compared to macrophages.’? Nonetheless, there is no doubt that
these cells participate in the immune response against M.th. Eum et al. illustrated that
neutrophils constitute the predominant cell populations found in the bronchoalveolar
lavage and sputum of individuals with active TB, and these cells are also the primary

carriers of bacilli.”3

Following infection, neutrophils are one of the first phagocytes to be promptly recruited
to the lung interstitium through chemotaxis, which is triggered by alveolar
macrophages. The uptake of M.tb is facilitated by opsonic receptors, such as
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complement receptors and Fc-receptor-like proteins, as well as non-opsonic
receptors, particularly CLRs."?

Following phagocytosis, the phagosome containing bacilli undergoes a maturation
process that is different from macrophages.’” These cells do not possess the
conventional endocytic pathway and have a lower abundance of lysosomes compared
to macrophages. During the maturation process, the phagosome merges with
granules, allowing the contents of both primary and secondary granules to be
conveyed into the phagosomes.”? The primary granules contain potent hydrolytic
enzymes such as elastase and myeloperoxidase. Elastase digests bacteria together
with microbicidal peptides and ROS generated by NADPH oxidase, while
myeloperoxidase catalyses the conversion of hydrogen peroxide to hypochlorous
acid.” This acid kills bacteria by penetrating the cell wall and inhibiting DNA and
protein synthesis, as well as ATP production. However, it seems M.tb has evolved to
escape this oxidative killing of neutrophils. Corleis et al. demonstrated that whether
M.tb was incubated with or without neutrophils, there was no alteration in colony-
forming units (CFU) observed over a 6-hour period in both scenarios, and this was
consistent regardless of the multiplicity of infection (MOI) used (0.1 vs 2). Therefore,
this suggests that neutrophils are unable to kill the bacteria over time.”* Furthermore,
priming the cells with pro-inflammatory cytokines for enhanced oxidative killing did not
alter M.tb survival. The study further revealed that M.tb induced necrosis of infected
neutrophils by defective ROS production, and in the absence of NADPH oxidase and
myeloperoxidase, mycobacteria failed to trigger necrosis of neutrophils.”* The necrotic
cells can be phagocytosed by macrophages, which will then recruit more neutrophils
to the site, and this can lead to lung immunopathology. The inability of activated
neutrophils to eradicate the bacteria indicated that mycobacteria might be targeting

neutrophil survival.

Another mechanism involves the creation of extracellular fibrils known as NETs.”
These structures consist of chromatin adorned with granule proteins, which adhere to
and ensnare bacteria. Following activation, NETs are produced as an effect of the cell
death process known as NETosis, which, contrary to apoptosis or necrosis, is
dependent on ROS generated by NADPH oxidase.”® While NETs can protect the host
against microbes, excessive NETosis can be harmful to the host. " However, these

NETSs are ineffective at eliminating M.tb, which is intriguing given that NETs have been
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shown to induce the death of other microorganisms.”® Ramos-Kichik et al.
demonstrated that NETs failed to eradicate M. tuberculosis H37Rv and M. canettii
9600046, despite their differing levels of virulence.” This resistance could stem from
the intricate structure of its cell wall and evasion tactics. Consequently, this might
result in excessive NET formation in TB, contributing to host tissue damage,

exacerbating inflammatory responses, and causing lung injury.”®

1.3.1.3 The role of dendritic cells in M.tb infection

Dendritic cells are highly effective as professional antigen-presenting cells for
activating naive T cells, and they are crucial for producing IL-12, which is essential for
promoting a Thl phenotype in the lymph nodes. This process leads to the activation

of T cells that produce IFN-y. 7®

During the initial stages of the M.tb response, these cells are prominently present at
infection sites. Sertl et al. revealed that DCs were present between epithelial cells and
appeared toward the lumina of the airways.”” Immature dendritic cells found in the
lung mucosa are specialized in capturing and processing antigens. After encountering
M.tb, these dendritic cells mature and travel to the lymph nodes. There, they activate
T cells by presenting antigens, providing co-stimulatory signals, and secreting
immunoregulatory cytokines like IL-12.77 In a study by Henderson et al. it was
observed that human DCs infected with live M.tb increased the expression of certain
co-stimulatory molecules (CD80, CD40, and CD54) and MHC class |. However, the
expression of other co-stimulatory molecules like CD58 and CD86, as well as MHC
class I, did not show an increase. Interestingly, this upregulation was only seen when
cells were infected with live M.tb, while infection with heat-killed M.tb did not result in
increased expression of CD80, CD40, CD54, or MHC class I.7®

While these cells enhance the cellular response against M.tb, the bacterium's impact
on their phagocytic activity may result in compromised antigen presentation to T cells.
Henderson et al. further revealed that human DC phagocytic activity was diminished
but not abolished.”® Furthermore, the mycobacteria have evolved to inhibit DC
maturation, mask the presence of the pathogen, and impair its ability to stimulate
antigen-specific T cells.” This manipulation of DC maturation exemplifies one of M.tb's
effective strategies, enabling it to establish a foothold in the airways despite its slow

growth rate.”
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Besides their antimicrobial activity and oxidative killing, neutrophils play a role in the
indirect priming of T cells during infection. During infection, mice and human studies
demonstrated that neutrophils help DCs to process and present M.tb antigens on
MHC class | to T cells, and this has been shown to play a key role in the immune
response to M.th.8% Neutrophils interact with immature DCs, and activated neutrophils
prompt the maturation of DCs, enabling them to stimulate T cell proliferation and
activation.®? Blomgran et al. demonstrated that DCs acquiring M.tb from infected
neutrophils were equally proficient at presenting antigens and stimulating the

proliferation of naive T cells compared to DCs directly infected with M.tb.80

Although antigen presentation and activation are comparable between directly
infected DCs and DCs that acquire M.tb from infected neutrophils, M.tb infected
neutrophils release chemo attractants for DCs.8° This is an essential mechanism as it
overcomes the inhibitory effect of M.tb, the mycobacteria decrease the expression of
chemokine receptor CCR7 in infected DCs. This chemokine receptor is important in
trafficking DCs from the peripheral to the lymph nodes to prime naive T cells.®
Blomgran et al. further showed that the medium from infected neutrophils increased
DC migration compared to the medium from DCs directly infected with M.tb or from

uninfected neutrophils.8°

1.3.2 Adaptive Immunity

An effective adaptive immune response is essential for halting progressive,
disseminated TB. When this response is effective, granulomas can control and
potentially eliminate the infection, becoming hardened and calcified. In contrast,
granulomas in active TB are necrotic and exhibit a caseating appearance.

1.3.2.1 The role of conventional T cells in M.tb infection

While murine models may not fully replicate the entire spectrum of M.tb infection
outcomes and pathologies seen in humans, they have been crucial in elucidating the
pivotal role of T cells in controlling the infection. Earlier studies using knockout mice
have shown that mice lacking T cells exhibited higher M.tb burden and more severe
pathology.8! 8 These cells are vital for mounting a protective host immune response
to M.tb infection, as they can stimulate the antimicrobial functions of infected

phagocytes.®

CD4 Th1l cells
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Th1l cells appear to be crucial for defending against TB, as the maintenance of the
granuloma relies on the local secretion of Thl type cytokines such as IFN-y and TNF.
These cytokines facilitate sustained activation of phagocytes and the production of
reactive nitrogen intermediates.®? With optimal conditions, the antimicrobial

granulomatous response to infection results in complete control of the bacteria.

In particular, mice deficient in CD4 T cells and Th1l type cytokines succumb to early
infection with high bacterial loads. Flynn et al. demonstrated that IFN-y knockout mice
succumb to infection early with necrotic granuloma formation filled with a high bacterial
load.®! Furthermore, these mice had reduced production of reactive nitrogen
intermediates. However, several other types of cells such as NK cells produce IFN-y
during infection.®? This raised a question of whether IFN-y from Th1 cells is sufficient
to control infection and if Th1 cells play a role in the addition of this cytokine. However,
it seems IFN-y from Th1 cells is necessary for controlling infection.8? Green et al.
revealed when CD4 knockout mice were reconstituted with wild-type CD4 T cells
during M.tb infection, the mice were able to survive longer than mice that did not
receive the cells.8? These results suggest that IFN-y from CD4 T cells is necessary for
optimal long-term control and bacterial burden.

In addition to IFN-y, Th1 cells also secrete IL-2 and TNF, which interact with dendritic
cells to facilitate T cell priming and offer support to B cells.®? This may explain another
mechanism these cells mediate protection besides using IFN-y. Green et al. also
demonstrated that at four weeks post-infection, mice lacking CD4 T cells had fewer
total cells recovered from the lungs compared to those with CD4 T cells, regardless of
whether IFN-y was produced.8? Furthermore, fewer CD8 T cells released IFN-y in CD4
T cell knockout mice. Thus, Thl cells seem to display different mechanisms to control

infection and sustain local immune responses.
CD4 Th17 cells

The data regarding Thl7 responses in TB are extensive but not consistent, likely
contingent on the model used and the level of inflammation. A study by Okamoto et al.
illustrated that the bacterial load in the lungs of IL-17 knockout mice was nearly
identical to that in wild-type mice following infection with BCG.”* Conversely, IL-17-

deficient mice have been observed to exhibit higher bacterial numbers following
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infection with a virulent M.tb strain.”* Therefore, it seems IL-17 might be involved in
the protection against virulent strains of M.tb.

Additionally, Khader et al. showed that wild-type mice showed an upregulation of
chemokine-encoding genes, such as CXC19, CXCL10, and CXCL11, 16 days after
infection following vaccination.84 The increased expression of these chemokines
correlated with the accumulation of IL-17-producing antigen-specific T cells and the
expression of IL-17A.84 This effect was not observed in vaccinated mice lacking IL-
23p19, because IL-23 is required for the generation of IL-17-producing CD4 T cells.
Furthermore, administering IL-17 neutralizing antibodies to vaccinated wild-type mice
on day 12 after the challenge significantly suppressed the induction of genes encoding

the three chemokines.

Moreover, administering IL-17 neutralizing antibodies on days 12 and 14 after the
challenge also markedly decreased the frequency of antigen-specific IFN-y-producing
T cells in the lungs of vaccinated wild-type mice.8* Interestingly, providing exogenous
IL-17 to vaccinated IL-23p19-deficient mice on day 12 after challenge, a period when
vaccinated wild-type mice demonstrated IL-17 recall responses, reinstated the
accumulation of IFN-y-producing CD4 T cells in the lungs. This effect was exclusive to
vaccinated mice and was not observed in unvaccinated IL-23p19-deficient mice.8
These results suggest that vaccination results in the generation of T cells producing
IFN-y and IL-17. These IL-17 producing T cells populate the lung and respond rapidly
to infection, facilitating increased expression of chemokines and recruitment of T cells

producing IFN-y.

IL-17 has also been demonstrated to stimulate the production of chemokines and
cytokines crucial for the induction, activation, or survival of neutrophils.® In IL-17
deficient mice infected with Bacille Calmette-Guerin (BCG), it has been shown the
expression of neutrophil chemokines KC and MIP-2 is significantly impaired.
Furthermore, the expression of cytokines such as IL-6 and TNF is also diminished.8®
These findings indicate that IL-17 plays a role in triggering acute neutrophil-mediated

inflammation in the lungs of BCG-infected mice. &
CDS8 T cells

Similar to CD4 T cells, CD8 T cells can produce IL-12, IFN-y, and TNF, which are
cytokines crucial for controlling M.tb infection.®® Importantly, CD8 T cells possess
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cytotoxic capabilities to eliminate M.tb infected cells through granule-mediated
mechanisms (involving perforin, granzymes, and granulysin) or by inducing apoptosis
via Fas-Fas ligand interactions.2®¢ Human CD8 T cells can also produce granulysin,
which has the ability to kill M.th. Stenger et al. demonstrated that the combination of
perforin and granulysin resulted in macrophage lysis and reduced viability of
intracellular mycobacteria.®® Thus, granulysin could kill M.tb if perforin or other pore-

forming molecules of T cell granules allowed access to intracellular compartments.

1.3.2.2 The role of Donor-unrestricted T cells (DURT cells) in M.tb infection

In addition to CD4 and CD8 T cells, DURT cells such as MAIT cells, INKT, and yo T
cells have been shown to participate in the immune response against M.th.#¢ These
cells exhibit interesting effector functions such as rapid cytokine production, have a
limited polymorphic TCR repertoire, and recognise non-peptide antigens, increasing
the recognition diversity of pathogens.4®

MAIT cells and iNKT cells

In mouse models, both MAIT cells and iINKT cells have been shown to reduce bacterial
burden following M.tb infection. In a study by Dey et al., the role of MAIT cells in
controlling M.tb infection was investigated by comparing CAST/EiJ (MAITM) mice,
which naturally have a higher frequency of MAIT cells, with C57BL/6J (MAIT'®) mice,
which have lower MAIT cell frequencies.82 The MAITM mice exhibited significantly
better control of M.tb proliferation, with 2.7-fold fewer CFUs in the lungs and 10.3-fold
fewer CFUs in the spleen compared to the MAIT" mice, five weeks post aerosol
challenge. Pathological analysis showed fewer and smaller lung tubercles and smaller,
less inflamed spleens in the MAITM mice. These findings suggest that increased MAIT

cell abundance can enhance the host's ability to control M.tb infection.®?

Additionally, results from non-human primates (NHP) indicate that specifically CD8
iINKT cells may play a protective role in preventing M.tb pathology. Chancellor et al.
investigated iINKT profiles in rhesus macaques that were unvaccinated and classified
as either controllers or progressors after an M.tb challenge.®3 A comparison of
peripheral blood INKT numbers before infection and CD1 tetramer-mediated iNKT fold
expansion revealed no differences between the controller and progressor groups.
However, subset analysis of antigen-responsive iNKTs showed a trend towards a

reduced CD4/CDS8 ratio in controllers compared to progressors.®3 While in humans,
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the function of MAIT cells after M.tb infection appears to vary according to their location
in the body, suggesting differences based on anatomical locations. A study by Jiang
et al. revealed that MAIT cells isolated from tuberculous pleural effusions produced
higher levels of IFN-y, IL-17, and granzyme B compared to MAIT cells from peripheral
blood when stimulated with M.tb antigens.®” This indicates that MAIT cells likely play
a significant role in M.tb infection.

In addition, the frequency of MAIT cells and iINKT cells seem to differ in individuals
after M.tb infection. Paquin-Proulx et al. found that the frequencies of both MAIT cells
and INKT cells were higher in individuals with latent M.tb infection compared to those
with active TB disease.?® The difference between individuals with latent M.tb infection
and those with active TB is not only observed in the frequencies of these cells but also

in the expression of certain activation and exhaustion markers.

The study further revealed higher expression levels of HLA-DR and programmed cell
death protein (PD)-1 on MAIT cells and iNKT cells in individuals with active TB
compared to those with latent M.tb infection.88 Thus, it appears that active TB is
characterized by heightened activation and exhaustion of MAIT and iINKT cells
compared to individuals with latent M.tb infection. Understanding the detailed
characteristics of these cells during latent M.tb infection and their involvement in the
progression to active TB is essential for gaining insights into their role in immunological

control against M.tb.
yo T cells

Despite Th17 cells being well-established IL-17-producing cells and having
demonstrated protective effects against M.tb infection in vaccinated mice, yo T cells
have been shown to be the major IL-17-producing cells at early stages of BCG
infection and 4-52 weeks after high or low dose M.tb infection.”®

This cytokine seems not only to play a role in neutrophil recruitment but also inducing
granuloma formation in M.tb infection. IL-17 plays a role in the immune response
against mycobacterial infection, particularly in the formation of granulomas induced by
the infection. Thus, yd T cells are anticipated to be significant producers of IL-17 within
the mature granuloma during BCG infection. A study by Okamoto et al. analysed IL-
17-producing cells in BCG-infected mice at day 28 of the infection.”* Following

stimulation with M.tb-derived PPD and PMA plus ionomycin, the number of yd T cells
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producing IL-17 was higher than o T cells or CD4 T cells.”* The study further
investigated the role of TCR yd T cells in the formation of IL-17-dependent granulomas
in the BCG-infected lungs of yd T cell knockout mice. At day 28 of the infection, IL-17-
producing cells were undetectable, and the formation of a granuloma was abrogated.’*
Interestingly, when yd knockout mice were reconstituted with yd T cells from wild-type

mice, the granuloma formation was restored at day 28 of the infection.”?

1.3.2.3 The role of B cells in M.tb infection

Studies on the defence mechanisms against M.tb has predominantly focused on T
cells. The role of B cells and antibodies in preventing or controlling M.tb infection in
humans or nonhuman primates remains unclear. A growing body of evidence
highlights the crucial role of humoral immunity and B cells in shaping the immune
response to M.th. B cells have been shown to contribute to antigen presentation to T
cells and influence the overall immune response. This indicates that B cells might
control the local proliferation of T cells in the lungs, thereby affecting the extent of
granulomatous inflammation in lung tissue.®® A study by Phuah et al. found that
administering the anti-human CD20 chimeric monoclonal antibody (mAb) rituximab to
macaques two weeks before M.tb infection, which reduced B cell numbers, did not
impact the number of CD3 T cells or the proportions of CD4 and CD8 T cells in
granulomas.®® Even so, B cells are recognized for their functional interactions with and
influence on T cells. Therefore, even though the number of T cells remained
unchanged, the function of the T cells in the rituximab-treated macaques might be
altered. The study further revealed that when granuloma samples were stimulated with
immunodominant M.tb antigens ESAT-6 and CPF-10 peptides, the frequency of T cells
secreting IFN-y or TNF in granulomas was similar between rituximab-treated animals
and the control group.®® However, granulomas from rituximab-treated macaques
exhibited a higher frequency of T cells secreting IL-17, IL-2, or IL-10 compared to
those from the saline control macaques. The altered cytokine expression of T cells
observed in rituximab-treated macaques could potentially be due to the absence of
specific B cell cytokines resulting from B cell depletion.

1.3.2.4 The formation and function of the Granuloma

Lastly, macrophage-T cell interactions led to the formation of a granuloma.”* The
formation of an M.tb granuloma is a hallmark of TB disease and the key role of the

granuloma is to create an immune microenvironment to control the growth of
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intracellular M.tb and limit the bacillary dissemination.'® During granuloma maturation,
the recruitment of phagocytes (neutrophils, macrophages, and dendritic cells) and
lymphocytes is orchestrated by various cytokines and chemokines initially produced
by the infected macrophages.’* While crucial for controlling the growth of intracellular
bacteria, this structure may also offer the bacteria a niche where they can survive by
altering the immune response to ensure their long-term survival without causing

damage.!®
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Figure 1. A summary of the immune response against M.tb infection. Upon inhalation of
aerosols containing the bacilli. 1) Alveolar macrophages recognise the mycobacteria via PRR and
engulf the pathogen. 2) Alveolar macrophages migrate into the lung parenchyma and start to secrete
chemokine and cytokines that recruit and activate other immune cells. 3) The recruited phagocytes
(neutrophils, macrophages, and DC) engulf the bacteria and secrete different cytokines and
chemokines that recruit and activate other immune cells. This leads to an amplifying of the immune
response. 4) Once DCs engulf and process the bacterial materials, these cells traffic to and enter
draining lymph nodes to prime adaptive immune cells. 5) The adaptive immune cells migrate out of the
lymph nodes to the site of infection, where they start to release cytokines that enhance the function of
phagocytes. 6) The recruitment of immune cells and production of various cytokines results in the
formation of a granuloma which contains the bacteria. Image created in BioRender.com
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1.4 New approaches toward the development of prevention tools for TB
disease

The Bacille Calmette-Guérin (BCG) vaccine has been available for a century and
remains one of the most extensively used vaccines worldwide. This vaccine is on the
WHO list of essential medicines, and since 2004, around 100 million children have
been vaccinated with BCG each year globally. In infants, the BCG vaccine provides
protection against all disseminated forms of tuberculosis and reduces overall mortality
rates.®! In contrast, vaccination with BCG in adolescents and adults is inadequate for
controlling the tuberculosis epidemic, particularly in terms of protecting against
pulmonary TB, the most prevalent form of the disease.®” TB remains a significant
threat to public health, underscoring the urgency to enhance the effectiveness of the
BCG vaccine in preventing respiratory TB, the form of the disease that is most easily
transmitted. In addition to improving BCG efficacy, the other aim is to develop new,
safe, and efficacious TB vaccines that protect against pulmonary TB in adults, and this
has been identified as a priority by the WHO. A great challenge in the development of
vaccine development against TB is understanding the mechanisms by which M.tb
evades and escapes the immune response of the host, and host immune responses
associated with protection. A primary vaccination strategy focuses on generating T
cell responses to M.tb antigens, given that various studies suggest T cell-mediated

immunity plays a crucial role in controlling infection.

1.4.1 Viral vectored vaccines

Viral vectors offer several advantages over traditional subunit vaccines, including their
ability to elicit robust antibody responses and crucially, to stimulate cellular responses
necessary for eliminating pathogen-infected cells.®® Furthermore, viral vectors have
the capability to induce durable immune responses, sometimes achieving this effect
after just a single dose under certain conditions.®® The development of MVA85A, a
recombinant viral vector vaccine expressing the mycobacterial protein Ag85A, was
predicated on the concept that enhancing T cell immunity against a single dominant
protein antigen could effectively augment pre-existing immunity induced by BCG
vaccination.*® When administered as a booster vaccine following initial BCG
vaccination in South African infants, MVAB85A increased the specific CD4 T cell

responses targeting Ag85A, characterized by the expression of Thl cytokines and IL-
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17.%4 Despite its ability to induce polyfunctional CD4 T cells, MVA85A failed to prevent
M.tb infection and disease when compared to BCG vaccination alone.®*

1.4.2 Live attenuated vaccines

A great deal of effort has been put into developing candidate live vaccines based on
attenuating BCG or M.tb. An advantage of an attenuated M.tb vaccine is that it
contains over 120 M.tb genes that are not found in the current BCG vaccine, which
may include important antigens.®® 6 Live attenuated vaccines mimic a natural infection
often induce robust and durable immune responses, requiring lower vaccine doses for
effective protection.*® This is because live attenuated vaccines can persist longer than
inactivated vaccines. Furthermore, this type of vaccine provides non-peptide antigens
which could lead to the activation of DURT cells as well increasing the immune
response. However, the obstacles faced with live TB vaccines are safety concerns,

especially for individuals with weakened immune systems and pregnant women.®’

One example of a live M.tb vaccine is MTBVAC, a live attenuated derivative of a
clinical isolate, the M.tb Mt103 strain.®® The virulence genes, PhoP and fadD26, have
been eliminated from this vaccine. Crucially, MTBVAC preserves the complete T cell
epitope repertoire, encompassing immunodominant antigens such as ESAT-6, CPF-
10, and PPEG60, which are notably absent in BCG.®® This preservation of T cell
epitopes might enhance the vaccine's potential efficacy by ensuring the inclusion of

key immune targets not covered by the existing BCG vaccine.

In a mouse study, MTBVAC appeared to provide protection one month post-challenge
with virulent M.tb H37Rv via the natural respiratory route of infection.®® A notably
higher reduction in bacterial burden was observed in the MTBVAC group compared to
BCG, evident in both the lungs and spleen.®® Although MTBVAC seemed to be safe
and effective in animal models, it is crucial to determine whether comparable findings

would hold in humans.

Interestingly, MTBVAC also demonstrated immunogenicity in infants.1°© Those who
received the MTBVAC vaccine exhibited durable, dose-independent CD4 T helper 1
cell responses that were antigen-specific and expressed cytokines even a year post-
vaccination. Notably, for the highest MTBVAC dose (2.5x10° CFU), these responses
surpassed those generated by an equivalent BCG dose. These differences were

consistently observed a year post-vaccination as well.1?° The efficacy of the MTBVAC
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vaccine against TB disease is now being assessed in a phase 3 trial in newborn

infants.

An alternative to the development of new live attenuated TB vaccines is to modify BCG
to improve its immunogenicity and/or safety. VPM1002 is a recombinant BCG (rBCG)
in which the urease C gene has been replaced by the gene encoding listeriolysin O
(LLO) from Listeria monocytogenes.'%* Urease C facilitates the neutralization of
phagosomes containing bacteria by producing ammonia, which inhibits
phagolysosomal maturation and promotes bacterial survival.'®® Consequently, the
absence of urease C allows for quick acidification of phagosomes, facilitating
phagolysosome fusion and creating an optimal pH for LLO stability. LLO, a cholesterol-
dependent cytolysin, forms transmembrane pores in the phagolysosomal membrane,
enabling Listeria monocytogenes to escape into the cytosol.!®! Therefore, LLO
expression in VPM1002 causes the secretion of antigens and bacterial DNA into the
cytosol, which in turn triggers autophagy, inflammasome activation, and apoptosis.
This vaccine's primary goal was to increase mycobacteria antigens' accessibility to the

MHC class | pathway, which might lead to improved CD8 T cell stimulation.%?

VPM1002 is immunogenic in humans. Findings from Grode et al. demonstrated the
vaccine-induced IFN-y responses by three escalating doses (5x10°%, 5x10%, 5x10°
CFU) of VPM1002 in healthy BCG naive and BCG immune participants.02
Additionally, VPM1002 immunization induced antigen-specific CD4 and CD8 T-cell
responses. In comparison to BCG, proportions of double- and triple-positive CD4 and

CD8 T cells increased following vaccination (5x10° CFU).

1.4.3 Subunit vaccines

Rather than injecting an attenuated whole organism to trigger an immune response,
subunit vaccines such as protein-adjuvant vaccines cannot replicate. Therefore, they
may be safer in immunocompromised individuals, as they only contain purified
proteins, which have been specially selected for their ability to stimulate immune cells.
Antigens of M.tb that activate T cells in previously infected individuals are considered
promising for vaccine candidates. These types of vaccines have also advanced

towards clinical development stages.

For example, the M72 candidate vaccine contains a recombinant fusion protein that is
derived from two M.tb antigens (M.tb32A and M.tb39A), combined with the ASO1e
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adjuvant.'%® In adults infected with M.tb who were HIV negative, vaccination with
M72:AS01e provided approximately 50% protection against progression to pulmonary

TB disease over a follow-up period of three years.103

1.5 Preliminary findings

Understanding the immune response against M.tb is crucial for elucidating insights
that can inform rational vaccine design or development of novel host-directed
immunotherapies, which could offer therapeutic strategies for individuals with drug-
resistant TB or with HIV, and TB co-infection.1%* T cells are known to play a vital role
in the control of infection, but it is not known to what degree the nature of the M.tb-
specific T cell repertoire or if specific T cell clones contribute to the outcome of M.tb
infection. In work performed by supervisors, Drs Munyaradzi Musvosvi and Thomas
Scriba, a previously unknown T cell clone was identified that possessed a novel TCR
CDR3a sequence that was present in more than 90% of human individuals (Table 2).
Healthy, M.tb infected persons who remained asymptomatic (i.e., did not progress to
active disease) during two years of longitudinal follow-up had higher peripheral blood
frequencies of this T cell clone than persons who progressed to active disease
(progressors) (Figure 2). T cells that express this TCR are termed kiif.tb T cells, based
on the last four amino acids in the TCRa CDR3 sequence. Furthermore, a separate
cohort of healthy M.tb infected persons had higher frequencies of kiif.tb T cells
compared to persons with active TB disease (Figure 2). Taken together, these data
provide compelling evidence to support the hypothesis that these kiif.tb T cells are
donor-unrestricted T cells and that kiif.tb T cells may play a role in controlling the
infection. Should these cells be susceptible to induction or modification by vaccination,

they may be a priority target for novel TB vaccines.

Table 2: A public CDR3a sequence was found at higher frequencies in M.tb infected individuals
who do not progress to active TB disease.

Region Sequence
CDR3a CAVNRDDKIIF
Vq TRAV12-2
Ja TRAJ30
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Figure 2: Frequencies of Kkiif.tb T cells in controllers, progressors, and active TB individuals. Box
plot graph showing the frequencies of kiif.tb T cells in controllers, progressors, and active TB individuals.
The error bars represent the first quartile (below), the third quartile (upper) and the bars represent the
median. Wilcox test was used to compare groups (significant p value<0.05). Results generated by Dr
Munyaradzi Musvosvi.
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Chapter Two

Application of molecular techniques to measure the frequencies of

kiif.tb T cells in our study cohort.

2.1 Background
Characterisation of TCR repertoires is important for gaining insights into the

mechanisms of T cell immunity during M.tb infection. Yet, the complexity and diversity
of clinical manifestations in TB, along with significant inter-individual variation in MHC
molecules that dictate antigen presentation to T cells, have posed challenges in
characterizing TCR sequences. 1% Additionally, the wide array of TCR diversity even
within individual hosts makes it difficult to identify distinct signatures of T cell subsets

in TB patients.10

The frequencies of mycobacteria-reactive T clonotypes may provide more detailed
knowledge and differ amongst M.tb infected people. A highly abundant TCR sequence
is assumed to be part of an active immune response, where clones that express that
TCR have expanded in response to antigen recognition. Conserved TCR sequences
found within and between individuals may recognize common antigens. These TCRs
can be identified using analytical methods that allow clustering of TCRs based on
motifs (CDR3) recognizing similar antigens.'% Additionally, particular M.tb specific T
cell clonotypes may be associated with either protection or with risk of disease
progression. Musvosvi et al. revealed that frequencies of certain similar TCR groups
were higher in individuals who controlled the infection, while some TCR groups were
higher in those who progressed to TB disease.'% Therefore, quantification of specific
T cell clonotypes frequencies in M.tb infected individuals may provide differences

between M.tb progressors and controllers.

2.2 Techniques used to measure cell frequencies.

The application of polymerase chain reaction (PCR), coupled with the extraction of
nucleic acids (DNA and RNA) from peripheral blood mononuclear cells (PBMCs), has
been pivotal in elucidating gene expression in immune cells during TB disease. These
methods enable the analysis of the changes in gene expression in T cells or other cell
frequencies and have revolutionized our understanding of immune response against

M.tb infection and the diversity of the immune responses observed within M.tb infected
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individuals. This technique is a highly sensitive enzymatic assay that amplifies specific
DNA fragments from a complex pool of DNA, enabling the detection of specific known

sequences.

2.2.1 Quantitative real-time PCR (qRT-PCR)

Quantitative real-time PCR (qRT-PCR) provides information that goes beyond simply
detecting the presence of a DNA sequence.l%” It indicates the abundance or
concentration of a specific DNA or gene sequence in the sample. While the PCR
product is being synthesized, gRT-PCR enables both the detection and relative
quantification of gene expression.%” Additionally, the sensitivity of this assay allows
guantification of low numbers of target genes. As a result, it might be a useful tool to
analyse alterations in the gene-level expression of clonotypes in M.tb infected
individuals. Quantifying the desired gene during exponential amplification avoids
issues associated with end-point PCR, which analyses samples after the final PCR

cycle has completed.0”

Although gRT-PCR is a highly useful technique, it does have limitations. This assay
requires standard curves or reference curves.®” Generating these standard curves is
time-consuming, and improper storage or handling may affect the stability of the
reference curve over time, potentially altering the measured amount of nucleic acids

present.

2.2.2 Digital PCR (dPCR)

Digital PCR is the next generation of PCR technology providing absolute copy number
guantification of a targeted sequence.%8 10° This is accomplished by counting positive
amplification signals resulting from the amplification of a single DNA template within
samples. Additionally, the sample volume used in the amplification reaction is
separated into numerous small volumes using either microdroplets or microwell plates,
yielding thousands of partitions.1%® Each partition represents an individual reaction
mixture that may contain a few target sequences or none. The fluorescence signal
from the reference gene channel determines the validity of each partition in a well.
Following this determination, it is labelled positive or negative depending on the
presence or absence of the target sequence. The amplification of valid partitioned
samples is then completed to the endpoint, and the copy number of positive
(fluorescently labelled) and negative valid partitions are counted to determine the

sample's target copy number.108 199 \When the target concentration is high, it is highly
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likely that the corresponding valid partition contains two or more targets. As a result,
Poisson's Law is applied to accurately count the copy number of target sequences in
the total valid partitions generated within that volume.1% 199 Due to the partitioning of
the sample into multiple compartments, the dPCR assay has been found to outperform
gRT-PCR in overcoming detection limits. This partitioning contributes to a high signal-
to-noise ratio and sensitivity, rendering the assay suitable for detecting rare cell
clonotypes sequences and mutations.1%® Moreover, dPCR exhibits strong resistance
to PCR inhibitors and is less influenced by variations in PCR efficiency due to sample

partitioning and endpoint cycling.1%8

Although dPCR has numerous advantages over gRT-PCR, it does have similar
limitations such as unspecific binding of primers to sequences that are similar to the
target sequence. Furthermore, at high nucleic acid concentrations, dPCR may be
saturated and perform poorly compared to qRT-PCR. 108

2.2.3 Bulk Sequencing

In contrast to PCR, quantifying the abundances of certain mRNA transcripts by bulk
RNA sequencing can provide a higher discovery power and sensitivity.'1° This method
is the gold standard for capturing the entire TCR repertoire and estimating frequencies
of individual TCRs, thus allowing the detection and quantification of novel TCR
sequences of T clonotypes.t® However, this technique is expensive and is time-

consuming.tt0

We wanted to gain a better understanding of differences in frequencies of recently
identified T cells expressing the kiif.tb CDR3a between healthy uninfected individuals,
healthy infected individuals, and patients with active TB in a separate cohort than the
one observed before. Differences in frequencies of particular immune cells have been
studied in the context of M.tb infection, however, the kiif.tb CDR3a T cell clonotype
has not been studied.

This chapter aimed to optimize a custom dPCR assay for the quantification of T cells
and kiif.tb T cells in PBMCs by combining a custom multiplex dPCR assay specific for
the kiif.tb CDR3a sequence with a published dPCR assay that quantified total T cells
in PBMCs. The published dPCR assay took advantage of the dissimilarities between
T cells and cells of other origins by measuring the loss of a germline TCR beta locus
(TRB). The rearrangement occurs on both alleles at the most immature stage of
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human T-cell development, and thus all peripheral T cells have lost the gene.
Therefore, instead of counting a whole repertoire of rearranged TCRs, an indirect
counting approach was used. The optimised assay was used to accurately measure
the frequencies of T cells expressing the kiif.tb CDR3a sequence and compare these

between healthy individuals, healthy M.tb infected, and individuals with active TB.
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2.3 Aims:

2.3.1 To optimize a custom digital polymerase chain reaction assay to measure the

frequencies of kiif.tb T cells in peripheral blood.
Hypothesis:

Frequencies of kiif.tb T cells in peripheral blood measured by digital PCR assay will

correlate with frequencies measured by bulk TCRa sequencing.

2.3.2 To compare frequencies of kiif.tb T cells in peripheral blood of persons without
M.tb infection, healthy M.tb infected persons, and persons diagnosed with active TB
using digital PCR assay.

Hypothesis:

M.tb infected persons will have higher frequencies of kiif.tb T cells compared to M.tb

uninfected individuals and individuals with active TB.
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2.4 Methods

2.4.1 Study Participant Groups

We assessed PBMC samples collected from adolescents enrolled in the Adolescent
Cohort Study (ACS), (UCT HREC 045/2005) conducted in high schools in Worcester
and surrounding areas. Adolescents either did not have or had M.tb infection, defined
by a positive QuantiFERON TB Gold In-tube assay and/or a positive tuberculin skin
test. M.tb infected participants were divided into two groups based on the
QuantiFERON Gold test conducted at baseline and six months after enrolment into
the ACS study. Participants who had a negative QuantiFERON Gold result at baseline
and then converted to a positive result six months after enrolment were termed recent
converters. Participants who had a positive QuantiFERON Gold result at baseline and
maintained a positive result throughout the study enrolment were termed persistent
QFT-positive participants. Additional PBMC samples from HIV-uninfected TB
household contacts living in Cape Town enrolled in the Grand Challenges 6—74 (GC6-
74) study (Stellenbosch University Institutional Review Board N05/11/187), and from
adults with active TB disease, defined by a positive GeneXpert MTB-RIF test on
sputum sampling, enrolled in the MRC-SHIP pilot study (UCT HREC 088/2008) were

also analysed.

A sample size of 25 per group was chosen due to limited access to only 25 samples

per study group.

2.4.2 DNA extraction

The QIAamp Mini kit (Cat: 51306) was used to extract DNA from PBMCs. The bottom
of a 2mL microtube was filled with an aliquot of 20ul of QIAGEN protease. Then 200ul
of thawed PBMCs or a Jurkat T cell line that was engineered to express the Kkiif.tb
CDR3a sequence, named “kiif.tb T cells”, was added to the microtube, and 200ul of
buffer AL was also added to the microtube. The microtube was then incubated for 10
minutes at 56 degrees Celsius (°C) after which the tube was centrifuged at full speed
for 10 seconds at room temperature (RT) to remove any drops from the tube lid. Next,
200ul of ethanol was added to the sample, the sample tube was centrifuged at full
speed for 10 seconds at RT to remove any drops from the tube lid. The samples were
then pipetted from the 2ml microtube and applied to the QIAamp Mini spin column,
and this column was centrifuged at full speed for 1 minute at RT. The QlAamp mini

spin column was placed into a clean 2ml collection tube, and the tube containing the
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filtrate was discarded. Following this, 500ul of buffer AW1 was added to the open
QIAamp mini spin column, and the tube was centrifuged at full speed for 1 minute at
RT. Subsequently, the column was transferred to a clean 2ml collection tube, and the
tube containing the filtrate was discarded. Next, 500ul of buffer AW2 was added to the
open QIAamp mini spin column, and the tube was centrifuged at full speed for three
minutes at RT. The column was then placed into a 1.5ml microcentrifuge tube, and the
tube containing the filtrate was discarded. After opening the column, 200ul of DNA
storage buffer was added and incubated at RT for 5 minutes, followed by centrifugation
at full speed for 1 minute at RT. Finally, the sample was transferred to a labelled 2ml
screw cap micro tube, and 5pl of the sample was added to a 200ul PCR tube for DNA

guantification using the Nanodrop.

2.4.3 Digital PCR assay

To quantify total T cells and kiif.tb T cells accurately, we adapted a published dPCR
assay!% and designed triplex dPCR assays with primers and FAM-, HEX- and Cy5-
hydrolysis labelled probes (Table 3). The Kkiif.tb T cell primers and probes were
selected using the IDT PrimerQuest™ Tool. The design algorithm included multiple
checks to minimize primer dimer formation. Probes directed at the TRB were labelled
with Cy5, whereas probes directed at kiif.tb T cells were labelled with FAM. For
normalization and calculation of T cells and kiif.tb T cells, it was essential that the
reference gene be located in a genomically stable locus. Furthermore, this gene must
not be affected by disorders such as malignancy in T cells, as copy number alterations
of the reference loci would have misleading effects on the calculations. Based on data
from the published dPCR assay, Dynamin-3 (DNM3) was shown to meet these
requirements and was used as the reference gene due to its stable copy number,
which remains unaffected even in malignantly transformed T cells or tumorous

environments. Probes directed to DNM3 were labelled with HEX.

Each reaction consisted of a 40 pL mixture that included 4xProbe PCR Master Mix
(Qiagen, Cat: 250102), DNA, nuclease-free water, primers/probes for DNM3, TRB,
and Kkiif.tb, and the restriction enzyme HindlIll (10 U/uL, Thermo Scientific™ ER0502),
which is necessary for the digestion of genomic DNA > 20 kb (Table 4). The 40 pL
reactions were then added to a 96-well plate and incubated at 37°C for 10 minutes to
allow for DNA digestion (Table 4). Following DNA digestion, the 40ul reactions from

each of the 24 wells in the 96-well plate were transferred to a 24-well nanoplate,
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sealed, and placed in the QIAcuity machine (QIAcuity One, 5plex). Cycling conditions
were established, starting with an initial PCR heat activation lasting 2 minutes at 95°C
(Table 4). This was followed by a two-step cycling process (40 cycles), involving
denaturation for 15 seconds at 95°C and combined annealing/extension for 30

seconds at 60°C.

Following the cycling steps, the fluorescence signal in the reference (DNM3) channel
was measured by the machine to determine the number of valid partitions in a well.
Differences in signal intensities between partitions were then normalized, and the
fluorescence signals in the target channels were corrected accordingly. Images of
each well were then captured, enabling the visualization of gene expression in

individual wells.

The T cell proportion was determined by first calculating the ratio of a copy number of
cells expressing TRB to the copy number of cells expressing the stable reference gene
(TRB/DMN3). This ratio lies between zero and one. A ratio of zero indicates a total
loss of TRB, suggesting that all cells are T cells. In contrast, a ratio of one means that
all cells are expressing both the reference gene and the TRB gene, indicating no T
cells are found in the sample. This ratio was then subtracted from one, as shown in
Equation 1. The calculated T cell proportion and a copy number of cells expressing the
kiif.tb CDR3a sequence was used to determine the proportion of kiif.tb T cells, as

shown in Equation 2.

Equation 1: Determining the proportion of total T cells present in a sample.

TCB copies/pl

T cell proportion = 1- DNM3 copies/l

Equation 2: Determining the proportion of total kiif.tb T cells present in a sample.

Kiif.tb T cells proportion= —2ikth copies/ul

T cell proportion
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Table 3:The sequences for the primers and probes for each target.

Target gene

Probe sequence

Forward primer

Reverse primer

Kiif.th

5-TGTGCCGTGAACAGAGATGACAAGA-3

5-CAGTGATTCAGCCACCTACC-3

5-GGGAGAATATGAAGTCGTGTCC-3

TRB

5-TGGACCCTCACAGAGGGAGCA-3

5-GCCATGCACTTTCCCTTTCG-3

5-GGGAGAATATGAAGTCGTGTCC-3

DNM3

5-TGAGCCACCCCTTGCGAATCACCT-3

5-CTAAACACCTCTGCTGATTTCTGC-3

5-CCGCCTTTCATGATGCCAATG-3
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Table 4: The reagents and cycling conditions for the dPCR assay.

Reagents used

Component Amount used for a single Master mix amount
reaction (26 reactions)
Master Mix 10pl 260ul
TRB primer[0.8uM] 3.2ul each 83.2ul each
DMNS3 primer[0.8uM]
Kiif.tb primer[0.8uM]
TRB probe [0.4uM] 1.6l each 41.6 pl each
DMN3 probe[0.4uM]
Kiif.tb probe[0.4uM]
Restriction Enzyme 1l 26 ul
(Hindl11)
DNA Total 100ng (Variable volume) Variable
RNAse-free water Add up to 40l Variable
Cycling conditions

annealing/extension

Step Time Temperature (°C)
PCR initial heat
Activation 2min 95
2 step cycling
(40X cycles)
Denaturation 15s 95
Combined 30s 60
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2.4.4 Statistical analysis

R version 4.3.0 (2023.04.21 ucrt) for Windows was used for data analysis and
visualization, and p values < 0.05 were considered statistically significant. Correlation
between the proportion of T cells or kiif.tb T cells, measured by dPCR, and the
proportion, measured by bulk sequencing or flow cytometry were compared using
Spearman’s rank correlation coefficient test. To test if there were any significant
differences in the frequencies of T cells expressing the kiif.tb CDR3a sequence
between the cohorts, the Mann-Whitney U test was used. A sample size of 25 in each
group provided 70% power to detect higher frequencies of kiif.tb T cells in participants with a
positive QuantiFERON TB result and persons with active TB disease. This power calculation
was derived from the effect size (cohen’s d = 0.62) observed when the frequencies of kiif.tb T
cells were compared between QFT-positive and TB samples using the bulk TCR sequencing

dataset.
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2.5 Results

This study included a diverse sample of adolescent and adult participants (Table 5).
The sample was further divided into three groups: those diagnosed with active TB,
healthy individuals who had M.tb infection (QFT-positive), and a control group of

healthy, uninfected individuals (QFT-negative).

The uninfected group consisted of 19 adolescents aged 13 to 18 years (median

age,15). Eleven were females and eight were males.

In the M.tb infected group, 39 adolescents aged 13 to 16 years (median age, 15) were
included. Out of the 39 participants, 18 were recent converters while 21 were
persistent QFT-positive participants. Overall, this group had more males (24)

compared to females (15).

Lastly, the active TB group consisted of adults and adolescents aged 18 to 62 years

(median age, 32) who were enrolled in the SHIP pilot study. Only three participants

were females and 16 were males.

Table 5: Demographic and clinical characteristics of participants included in the study.

Uninfected group M.tb infected Active TB group
group
Age,y, median 15 (13-18) 15 (13-16) 32 (18-62)
(min-max)
Female 11 15 3
Male 8 24 16
Diagnostics
QuantiFERON 0 (0-0.09) 5.32 (0.38-35.74) -
Gold, IFN-g IU/mL,
median (min —
max)
Sputum GeneXpert - Positive
MTB
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2.5.1 The dPCR assay detects different concentrations of kiif.tb-CDR3a
expressing Jurkat T cells

The initial objective aimed to evaluate the sensitivity of the custom kiif.tb dPCR assay
to detect kiif.tb CDR3a sequences and total T cells. Additionally, it sought to assess
the assay's capability to detect differences in the copy numbers of T cells expressing
this specific sequence.

To determine the ability of our dPCR assay to quantify frequencies of kiif.tb T cells,
kiif.tb-expressing Jurkat T cells were spiked into PBMCs of a healthy donor at varying
ratios (Table 6). This deliberate variation in spiked amounts served a dual purpose:
firstly, to assess the sensitivity of dPCR in detecting different spiked-in Jurkat T cell
proportions, and, secondly, to determine the lowest detection limit that would yield
accurate and reliable results. This approach allowed us to monitor the impact of minor
fluctuations in Jurkat cell concentrations on the sensitivity of the dPCR assay. The
copy numbers of cells/ul expressing DMN3, TRB, and the kiif.tb CDR3a sequences
were determined using the dPCR assay (Figure 3). The total T cell count in the sample
was then calculated by determining the ratio of the copy number of cells per microlitre
expressing TRB (non-T cells) to the copy number of cells per microliter expressing
DMN3 (reference gene). Subsequently, the total copy number of T cells expressing
the kiif.tb CDR3a sequence was obtained by determining the ratio of the copy number

of cells per microlitre expressing kiif.tb CDR3a relative to the total T cell count.
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Table 6: Serial dilutions and the number of cells added in each condition

TCR- PBMCs added | Total number The Dilution
transfected of cells proportion factor
Jurkat T cells of TCR-
added transfected
Jurkat T
cells (%)

1 024 500 0 1 024 500 100 1
512 250 48750 561 000 91.3 1.2
256 125 48750 304 875 84.0 1:4
128 062 48750 176 812 72.4 1:8
64 031 48750 112 781 56.7 1:16
32015 48750 80 765 39.6 1:32
16 007 48750 64 757 24.7 1:64

8 000 48750 56 750 14.0 1:128

4001 48750 52 751 7.5 1:256

2 000 48750 50 750 3.9 1:512

1000 48750 49750 2.0 1:1024
0 97500 97500 0 1
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TCRB expression
A1 B1 @3 H1
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Fluorescence intensity [RFU]

Analysed partitions

Figure 3: Fluorescence intensity of the DMN3, TRB, and Kkiif.tb primers for each analysed
partition. A scatterplot showing the fluorescence intensity of the DMN3, TRB, and kiif.tb PCR product
for each analysed partition which is represented by each dot for four different samples: Al: PBMCs
only, B1: kiif.tb TCR-transfected Jurkat T cells only, G3: Negative Control, and H1: 1:64 diluted sample.
The red line is the threshold that determines if individual partitions fall above (positive) or below
(negative) the signal level that denotes whether the partition contained the gene of interest. The
negative control (G3) only contained the master mix and no DNA sequence.

The results demonstrated that kiif.tb expressing Jurkat T cells spiked into PBMCs at
various amounts could be detected with the dPCR assay (Figure 3,Figure 4). Notably,
as the amounts of kiif.tb T cells were reduced, so the dPCR assay consistently
detected lower counts of the TCR sequence. However, as we added lower amounts
(less than 40% of Jurkat T cells) or no Jurkat T cels cells were added, the detection of

these cells by dPCR became significantly more difficult (Figure 4). This observation
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implies that we had approached the lower detection limit the assay, which was 0.54
copies/ul, obtained when 39.6% of Jurkat T cells were spiked into PBMCs.

100 ®
90
80
70 ®
80
50
40
30

20

]

Frequencies of T cells expressing kiif tb COR3a sequence (%)

0 10 20 30 40 50 60 70 80 90 100
Amount of Jurkat T cells expressing the kiif.tb CDR3a sequence (%)

Figure 4: Correlation between the frequencies of Jurkat T cells expressing the kiif.tb CDR3a
sequence measured by dPCR and the amount of Jurkat T cells spiked into PBMCs (x-axis). A
scatterplot graph displaying the frequencies of T cells expressing the CDR3a sequence measured by
dPCR for the different spiked amounts of Jurkat T cells. The proportion of Jurkart T cells spiked in was

calculated by dividing the number of Jurkat T cells added over the total number of cells in the sample.

2.5.2 dPCR-quantified frequencies of kiif.tb T cells correlate poorly with
frequencies from bulk TCR sequencing

Next, we assessed the accuracy of dPCR in quantifying T cells in PBMCs from the
GC6 cohort by comparing it to bulk TCR sequencing. The bulk TCR sequencing was
performed on the first vial of PBMCs, while the second vial from the same participant
was used for dPCR analysis. The kiif.tb TCR frequencies obtained through dPCR were
compared with those previously determined by bulk TCRa sequencing, where the
frequencies of total T cells were also quantified. The frequencies of total T cells
measured by dPCR and bulk TCR sequencing were highly correlated (rho = 0.73, p-
value = 0.021, Figure 5). This suggests that our dPCR assay can reliably quantify total

T cell frequencies in the samples.
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Figure 5: Correlation between the frequencies of total T cells measured by dPCR and bulk
sequencing. A scatter plot graph showing the frequencies of T cells measured by dPCR compared to
the frequencies of T cells obtained by bulk sequencing in the ACS cohort. The number of samples
analysed is 10. The Spearman’s rank correlation coefficient, rho, is 0.73, p-value = 0.021.

We were also interested in the correlation between frequencies of specific T cells
expressing the kiif.tb T cell CDR3a quantified by dPCR and those quantified by bulk
sequencing. Despite the good correlation observed in frequencies of total T cells
observed between the two methods, there was no correlation between frequencies of
specific T cells expressing the kiif.tb CDR3a sequence measured by dPCR and by
bulk sequencing, (rho = 0.07, p-value = 0.8, Figure 6). Moreover, in bulk TCR
sequencing, frequencies of kiif.tb T cells were undetectable in two donors, whereas
dPCR detected kiif.tb T cells at frequencies well above the detection level. Conversely,
in two other donors, dPCR returned zero frequencies of kiif.tb T cells, whereas bulk
TCR sequencing detected frequencies above zero.
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Figure 6: Correlation between frequencies of T cells expressing the kiif.tb CDR3a sequence
measured by dPCR or by bulk sequencing. A scatterplot showing the frequencies of T cells
expressing the kiif.tb CDR3a sequence measured by dPCR or by bulk sequencing in the ACS samples.
The number of samples analysed is 10. The Spearman’s rank correlation coefficient, rho, was 0.07, p-
value = 0.8.

2.5.3 Hyperwelling improves the correlation between total T cells and those
expressing the kiif.tb CDR3a sequence, as measured by dPCR and bulk
sequencing

To improve the limits of detection in our dPCR assay, we implemented the
hyperwelling technique, distributing our sample across four wells, and taking the sum,
which increases the number of partitions where reactions can occur. Thus, whereas
a single well generated 26,000 valid partitions, hyper welling increased this number by
fourfold to 104,000 valid partitions, except for a few samples that had less than
100,000 valid partitions (Figure 7).
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Figure 7: The effect of hyperwelling in the number of valid partitions/reactions. A boxplot showing
the number of valid partitions before and after hyper welling using dPCR assay. The error bars represent
the first quartile (below), the third quartile (upper) and the middle represents the median The number of
samples analysed is 25.

Because the digital PCR spans more reactions, we reasoned that this would improve
the sensitivity of the assay to detect kiif.tb CDR3a-expressing cells at lower
concentrations. We used samples with known total T cells and kiif.tb frequencies,
which were previously determined using bulk TCR sequencing. The samples were
then ranked in order of highest to lowest frequencies of T cells expressing the Kkiif.th
CDR3a sequence based on the bulk sequence readout. Furthermore, we selected
samples with a frequency of total T cells greater than 300,000, because the kiif.tb T

cells are rare and we needed to sample a large number of T cells to identify them.
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Figure 8: Correlation between T cell frequencies measured by dPCR after hyperwelling and bulk
sequencing. A scatter plot graph showing the frequencies of T cells measured by dPCR compared to
the frequencies of T cells obtained by bulk sequencing. The number of samples analysed is 25. The
Spearman’s rank correlation coefficient was 0.74, p-value, 0.02.

We detected a strong correlation between the frequencies of total T cells measured
by dPCR and by bulk sequencing using this hyperwelling technique (rho = 0.74, p-
value = 0.02, Figure 8). Notably, an improvement in the correlation between T cells
expressing the CDR3a sequence, as measured by dPCR and bulk TCR sequencing,
was observed following hyperwelling (rho = 0.48, p-value = 0.01, Figure 9) compared
to before hyperwelling (rho = 0.07, p-value = 0.8, Figure 6). However, while improved
and significant, this correlation was still moderate (rho = 0.48, p-value = 0.01). As
observed previously, the frequencies of kiif.tb T cells determined by dPCR, exhibited

a higher range compared to the frequencies measured by bulk sequencing.
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Figure 9: Correlation between T cells expressing the kiif.tb CDR3a sequence measured by dPCR
and bulk sequencing after hyperwelling. A scatter plot showing the frequencies of T cells expressing
the kiif.tb CDR3a sequence measured by dPCR compared to the frequencies of T expressing the kiif.tb
CDR3a sequence obtained by bulk sequencing. The number of samples analysed is 25. The
Spearman's rank correlation coefficient was 0.48, p-value, 0.01.

2.5.4 Similar frequencies of T cells expressing the CDR3a sequence in
peripheral blood of healthy uninfected individuals, healthy infected, and active
TB individuals using the dPCR assay

Previously, we observed significantly higher frequencies of T cells expressing the
kiif.tb CDR3a sequence in peripheral blood in controllers, compared with those
progressors. Additionally, we also observed higher frequencies of T cells expressing
the kiif.tb CDR3a in a separate cohort of QFT-positive individuals compared to those
with active TB disease. Given the importance of our previous findings, we wanted to
confirm whether the differences in the frequencies of kiif.tb T cells observed between
QFT-positive individuals and those with active TB were reproducible using the dPCR-
guantification assay in a different cohort. The hyperwelling technique was used, as our
previous results indicated that it improves the sensitivity of the assay. Furthermore,
our interest extended to assessing the accuracy of the dPCR assay in quantifying the
frequency of T cells within our sample cohort. To achieve this, we conducted a
comparison between the frequencies of total T cells measured using dPCR and those

determined by flow cytometry in a prior study. Likewise, to the correlation between
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dPCR and bulk TCR sequencing, we found a significant correlation between dPCR
and flow cytometry, (rho = 0.75, p-value = 5X10°%, Figure 10).
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Figure 10: Correlation between T cell frequencies measured by dPCR and flow cytometry. A
scatterplot displaying the T cell frequencies measured by dPCR and flow cytometry for the whole
sample cohort. The number of samples analysed is n = 77. The Spearman’s rank correlation test was
performed and the correlation between the two methods was rho = 0.75, p-value = 5x108.

A comparison of the frequencies of T cells expressing the kiif.tb CDR3a measured by
dPCR with those obtained from bulk sequencing could not be performed, as this
specific method was previously not performed for this sample cohort. Furthermore, in
the prior study, flow cytometry analysis was used solely to quantify total T cells and
not kiif.tb T cells for this sample cohort. Therefore, we were unable to compare the

correlation of these two methods when measuring kiif.tb T cells.

However, our main interest was to determine if the frequencies of kiif.tb T cells were
higher in recent QFT converters and persistently QFT-positive individuals compared
to individuals with active TB or QFT-negative individuals. Unfortunately, only 77
samples of the possible 100 yielded interpretable results that could be included in our
analyses, because some samples had insufficient volume and others had to be
excluded due to technical issues with the Qiacuity machine, including failure to capture
images for specific wells which precluded visualization and determination of gene copy
numbers. Therefore, instead of the full sample size of 25 samples in each group, the

sample sizes for each group decreased to a range of 18-21 samples per group.
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Figure 11: Frequencies of T cells expressing kiif.tb CDR3a sequence in QFT-negative, recent
QFT converters, persistently QFT-positive, and active TB individuals. Boxplots comparing the
frequencies of kiif.tb T cells in QFT- negative, recent converters, persistent QFT-positive, and active TB
individuals. The error bars represent the first quartile (below), the third quartile (upper) and the middle
represents the median. Mann-Whitney U test was used to compare groups (significant p value<0.05).
The number of samples analysed is i) QFT-negative, n = 19, ii) recent QFT converter, n = 18, iii)
persistent QFT-positive, n = 21, iv) active TB, n = 19.

There were no significant differences in frequencies of kiif.tb T cells in recent QFT
converters compared to QFT-negative or active TB individuals, (p-value = 0.4, 0.39,
respectively, Figure 11). Furthermore, frequencies of kiif.tb T cells observed in
persistent QFT-positive individuals were not different between QFT-negative and

active TB individuals, (p-value = 0.31,0.27, respectively, Figure 11).

2.5.5 Effect of the number of valid partitions on the dPCR outcomes

The published dPCR assay we adapted in our study used 50ng of DNA in a final
volume of 20ul, which led to 0.75 copies per partition of haploid genomes after
partitioning the samples into 20,000 partitions. We followed the same approach to
maintain 0.75 copies per partition, as we were also generating around 26,000
reactions. In our study, the final volume was 40ul, so the amount of DNA used was

doubled to 100ng. However, there was a concern that this high input amount of DNA
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may potentially saturate the microwells, such that many contain more than a single
copy of the template. Three target sequences were used in this assay: TRB,
exclusively found in non-T cells, its presence in all partitions was not anticipated.
Secondly, the kiif.tb sequence is unique to kiif.tb T cells, which are rare, making
saturation less likely. For those reasons, we focused on examining the positive
partitions for DNM3, a reference gene present in all cells. Each valid partition might
contain at least one or multiple copies of DNM3 due to its presence in all cells. As a

result, there was a risk that the quantitative ability of the assay would be lost. The

TCRB copies/ul
DNM3 copies/pl’”’

following equation is used to calculate the proportion of T cells: (-

Inaccuracies in the copy number of DNM3 would therefore lead to incorrect

guantification of T cells. Moreover, since the calculated amount of T cells is used to

kiif.th copies/ul
T cell proportions

determine kiif.tb T cells ( ), any inaccuracies could yield inaccurate

proportions of kiif.tb T cells. In addition, without a standard reference method to
compare our frequencies of kiif.tb T cells to, we opted to assess the range of positive
partitions for DNM3 to determine if saturation was occurring. We observed that the
proportion of DNM3 positive partitions lay in the range between 25-75% for most

samples, with a few below or above this range (Figure 12).

DNM3 Positive Partitions (%)
@

Sample ID
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Figure 12: The percentage of positive partitions for the reference gene (DNM3) for each sample.
A scatter plot showing the range of positive partitions for DNM3 for each sample. The sample size is n
=77.

Next, we calculated the frequencies of T cells within different ranges to determine a
range that is not below the detection threshold but also does not appear to reach
saturation. We compared the T cell frequencies measured by dPCR and by flow
cytometry at these different ranges for DMN3 positive partitions and first selected
samples that had between 15% and 50% DNM3 positive partitions. There was a slight
increase in the correlation between frequencies of total T cells measured by dPCR
and by flow cytometry (rho = 0.77, p-value = 2.4x10%, Figure 13) compared to when
the correlation for all samples was assessed. Although the correlation was good, it is

important to note that we were only comparing 53 samples compared to the initial 77

samples.
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Figure 13: Correlation between total T cell frequencies measured by dPCR and flow cytometry
at (15-50%) DNM3 positive partition range. A scatterplot displaying the T cell frequencies measured
by dPCR and flow cytometry at 15-50% positive partitions for the reference gene. The number of
samples analysed is n = 53 The Spearman’s rank correlation test was performed and the correlation
between the two methods was rho = 0.77, p-value = 2.4x1007

We also compared the frequencies of kiif.tb T cells between the groups in this sub-
analysis. The frequencies of kiif.tb T cells in recent QFT-positive were not significantly
higher compared to QFT-negative and active TB individuals (p-values = 0.78, 0.71,
respectively, Figure 14). Additionally, the frequencies of kiif.tb T cells in persistent QFT-
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positive were not higher compared to QFT-negative and active TB individuals (p-
values = 0.5, 0.36, respectively, Figure 14).
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0.5
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Frequencies of T cells expressing the kiif.tb CDR3a sequence (%)
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‘C.lassmcallon.

Figure 14: Similar frequencies of T cells expressing kiif.tb CDR3a sequence in QFT-negative,
recent QFT converters, persistent QFT-positive, and active TB with 15-50% positive partitions
for DNM3. A boxplot comparing the frequencies of kiif.tb T cells in QFT- negative, recent converters,
persistent QFT-positive, and active TB individuals at 15-50% positive partitions for the reference gene.
The error bars represent the first quartile (below), the third quartile (upper) and the middle represents
the median. Mann-Whitney U test was used to compare groups (significant p-value < 0.05). The number
of samples analysed is i) QFT-negative, n = 11, ii) recent QFT converter, n = 12, iii) persistent QFT-
positive, n = 18, iv) active TB, n = 12.

We also investigated the frequencies of total T cells and kiif.tb T cells in samples with
25 to 75% DNMS3 positive partitions. This was a range in which most of the positive
partitions lay. The was a slight decrease in correlation between frequencies of T cells
measured by dPCR and by flow cytometry (rho = 0.74, p-value = 2.2X107, Figure 15).
However, the correlation remained strong. In this range, we only compared 68

samples, which showed that most of our samples lay within this range.
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Figure 15: Correlation between T cell frequencies measured by dPCR and flow cytometry at (25-
75%) DNM3 positive partition range. A scatterplot portraying the T cell frequencies measured by
dPCR and flow cytometry at 25-75% positive partitions for the reference gene. The number of samples
analysed is n = 68. The Spearman’s rank correlation test was performed and the correlation between
the two methods was rho = 0.74, p-value = 2.2x1007

In terms of differences in the frequencies of kiif.tb T cells between the groups, a
significant difference was still not observed. Frequencies of kiif.tb T cells in recent
converters, QFT-negative and active TB individuals overlapped entirely, (p-value =
0.47, 0.75, respectively, Figure 16). Similarly, frequencies of kiif.tb T cells in persistent
QFT-positive individuals, QFT-negative, and active TB individuals were also not

different (p-value = 0.89, 0.66, respectively, Figure 16).
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Figure 16: Similar frequencies of T cells expressing kiif.tb CDR3a sequence in QFT- negative,
recent QFT converters, persistent QFT-positive, and active TB with 25-75% positive partitions
for DNM3. A boxplot comparing the frequencies of kiif.tb T cells in QFT- negative, recent converters,
persistent QFT-positive, and active TB individuals at 25-75% positive partitions for the reference gene.
The error bars represent the first quartile (below), the third quartile (upper) and the middle represents
the median. Mann-Whitney U test was used to compare groups (significant p value<0.05). The number
of samples analysed is i) QFT-negative, n = 19, ii) recent QFT converter, n = 17, iii) persistent QFT-
positive, n = 16, iv) active TB, n = 16.

Lastly, we looked at samples with 50-75% positive DNM3 patrtitions. This range
represented the above extremities, which might reduce the assay’s dynamic range
and might also result in inaccurate readouts. The was a decrease in the correlation
between T cell frequencies measured by dPCR and by flow cytometry (rho = 0.57, p-
value = 0.01, Figure 17). The correlation at this range was poor and only 20 samples

were in this range.
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Figure 17: Correlation between T cell frequencies measured by dPCR and flow cytometry in
samples within the 50-75% DNM3 positive partition range. A scatterplot portraying the T cell
frequencies measured by dPCR and flow cytometry at 50-75% positive partitions for the reference gene.
The number of samples analysed is n = 20. The Spearman’s rank correlation test was performed and
the correlation between the two methods was rho = 0.57, p-value = 0.01

Next, we compared the frequencies of kiif.tb T cells between the groups in samples
with 50% to 75% positive partitions of the reference gene. Similarly to all previous

findings, no differences between the frequencies of kiif.tb T cells between the four

groups were observed, Figure 18).
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Figure 18: Differences in the frequencies of T cells expressing kiif.tb CDR3a sequence between
QFT- negative, recent QFT converters, persistent QFT-positive, and active TB individuals at 50-
75% positive partitions for DNM3. A boxplot comparing the frequencies of kiif.tb T cells in QFT-
negative, recent converters, persistent QFT-positive, and active TB individuals at 50-75% positive
partitions for the reference gene. The error bars represent the first quartile (below), the third quartile
(upper) and the middle represents the median. Mann-Whitney U test was used to compare groups
(significant p value<0.05). The number of samples analysed is i) QFT- negative, n = 7, ii) recent QFT
converter, n = 6, iii) persistent QFT-positive, n = 3, iv) active TB, n = 4.
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2.6 Discussion

One of the aims of this study was to optimize a highly sensitive, digital PCR assay for
the precise measurement of T cell frequencies and frequencies of T cells expressing
the kiif.tb CDR3a sequence in the peripheral blood of distinct participant groups.

The dPCR assay was intended to provide a robust, reproducible, reliable, and cost-
effective method for quantifying this particular T cell clonotype within the diverse
cohorts. The aim was that the dPCR assay would contribute valuable insights into the
dynamics of kiif.tb T cells by quantifying absolute counts and revealing whether
frequencies of these cells differ between individuals infected with M.tb and those with
active TB. In comparison to gRT-PCR, the dPCR assay offers the advantage of
absolute quantification of targeted sequences. This is crucial for achieving a higher
level of precision and reproducibility in measurements. Notably, when contrasted with
traditional PCR methods, dPCR exhibits enhanced sensitivity and precision, making it
particularly well-suited for studying T cells expressing specific CDR3a sequences,
which are typically present in lower abundance.%: 11 The dPCR assay accurately
identified Jurkat T cells engineered to express the kiif.tb T cells CDR3a sequence at
high concentrations. However, challenges arose at lower concentrations, which
approached the lower level of detection. Furthermore, a notable discrepancy emerged
when comparing frequencies of kiif.tb T cells measured by dPCR with those quantified
by bulk TCR sequencing, which is the gold standard for measuring the TCR repertoire

and frequencies of individual T cell clonotypes.

To address this limitation hyperwelling was introduced. This resulted in a four-fold
increase in the number of valid partitions generated, thereby increasing the sample
size of cells that could be assayed by amplifying the number of reactions and
broadening the scope for detecting kiif.tb T cells. With the dPCR assay now spanning
a greater number of reactions, it allowed sampling of more T cells, and thus low-

frequency cells should be detectable, even at very low concentrations.

The introduction of hyperwelling showed a slight improvement in the correlation
between kiif.tb T cells measured by dPCR assay and bulk sequencing, but the
persistence of a poor correlation raises concerns about the sensitivity of the dPCR
assay in detecting kiif.tb T cells. Despite efforts to enhance sensitivity through hyper-

welling, a poor correlation was observed in the frequency of kiif.tb T cells measured
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by dPCR, compared to bulk TCR sequencing, suggesting limitations in detecting T
cells expressing the kiif.tb CDR3a sequence, especially since these cells are found in

much lower abundances.

Interestingly, the correlation of total T cell frequencies measured by dPCR compared
to bulk TCR sequencing remained modest, regardless of the effects of hyperwelling.
Similar findings were observed when the frequencies of total T cells measured by
dPCR were compared to those obtained by flow cytometry. A potential explanation
for the strong correlation between bulk TCR sequencing and dPCR assay could be
that the assay can only accurately detect targets at higher abundances, such as total
T cells (in the range of 30-70%). This limitation may affect the assay's accuracy when
quantifying T cells expressing the kiif.tb CDR3a sequences, since they are at
abundances 1000-fold lower (in the range 0-0.04). It prompts a critical evaluation of
the assay's sensitivity range and its applicability to samples with varying cell
populations, emphasizing the importance of understanding the dynamic range and

limitations of the method.

The challenges observed underscore the complexity of accurately quantifying very
low-abundance cell populations using molecular technologies and highlight the need
for continued optimization or consideration of alternative methodologies, such as flow
cytometry, which is extremely sensitive.''? Further refinement of the dPCR assay
requires validation against other highly sensitive methods, including bulk TCR
sequencing and flow cytometry. This validation would help address the existing
sensitivity issues and enhance the sensitivity of detection by dPCR, improving its
correlation with other established techniques. Ultimately, this approach would facilitate
a more reliable analysis of kiif.tb T cell frequencies across diverse cohorts.

Building on our previous study, which revealed higher frequencies of kiif.tb T cells in
both peripheral blood and lung tissues among controllers compared to progressors,
as well as in individuals who are QFT-positive compared to those with active TB, we
aimed to confirm these findings by examining a different study cohort and using an
alternative assay— dPCR rather than bulk TCR sequencing. Unlike our prior study,
the current study found no statistically significant differences in the frequencies of T

cells expressing the kiif.tb CDR3a sequence among the different study groups.
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Our findings raise the possibility of assay saturation, given the fixed amount of 100 ng
of DNA used—the calculation for the amount of DNA was guided by a published dPCR
protocol we adapted in our study.%® During our analysis, we paid close attention to the
ranges of positive partitions for the reference gene, which is found in every cell. This
examination was necessary as the determination of T cell proportions in our samples
relies on the copy numbers of both the reference gene, DMN3, and the germline TCR
gene (TRB). It was likely that each valid partition might contain a copy of DMN3, or
even multiple copies, potentially resulting in an inaccurate count of cells expressing
the gene. In contrast, it was unlikely for every valid partition to contain a copy of the
TRB gene, as mature T cells present in the samples would lack this gene.
Furthermore, given that kiif.tb T cells are rare, their copies would not be present in
every valid partition. Additionally, a slight error in the quantification of each of the
DMN3, TRB, and kiif.tb targets would be when these results are used to calculate the
abundance of kiif.th cells lead to a significantly larger error in quantification.

To evaluate the potential of saturation we performed a sub-analysis of samples with a
range of positive DNM3 valid partitions of 15-50% (low), 25-75% (middle), and 50-75%
(high). Across various threshold ranges, correlations varied: low thresholds showed
increased correlation, middle thresholds decreased slightly, and high thresholds saw
a notable drop. However, it is important to note that the sample size in the higher
threshold was small, and any differences would be difficult to observe. This suggests
a potential overestimation of copy numbers due to multiple gene copies' invalid
partitions. Therefore, establishing appropriate thresholds is crucial for accurate and

reproducible results using the dPCR assay.

Previous research by Paquin-Proulx et al. has demonstrated that frequencies of certain T cell
subsets such as iINKTs and MAIT cells were significantly higher in M.tb infected individuals
compared to those with active TB8., We were curious to investigate if this trend applies
to kiif.tb T cells, as these cells appeared to be donor-unrestricted T cells due to their
presence in virtually all individuals. Interestingly, no significant differences in the
frequencies of kiif.tb T cells were observed among the various groups across all three
threshold ranges. The frequencies of kiif.tb T cells were not higher in recent QFT
converters or individuals maintaining a positive QFT-positive result compared to those
with active TB and healthy, uninfected individuals. These results do not support our

hypothesis, and the following could be a reasonable explanation. The dPCR assay
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lacked the requisite sensitivity to detect these cells, particularly given their very low
abundance. This concern is further highlighted by the observation that, even when
assessing frequencies of kiif.tb T cells through bulk TCR sequencing, the observed
differences between QFT-positive and active TB cases were not massive. Therefore,
it appears that a highly sensitive assay is required to accurately detect any changes
in the frequencies of these cells. To address this limitation, potential solutions include
a comparison of frequencies obtained by dPCR with those obtained through bulk TCR
sequencing as this is the gold standard for quantification of T cells with a specific TCR

sequence.109 111

However, the absence of significant differences in kiif.tb T cell frequencies in the
peripheral blood of our study cohort could be considered valid. This is because we
might have lacked the initial power of 70%, as we had fewer than 25 samples in each
group. However, the frequencies of kiif.tb T cells between the different groups were
overlapping, which might indicate that there is no significant difference between the
study cohorts. The initial finding higher kiif.tb T cells in QFT-positive participants
compared to TB participants that informed this current study, may have been a chance
finding. However, a more detailed analysis of the activation phenotypes of kiif.tb T cells
might reveal more notable distinctions, if these cells do engage antigen through their
TCR, as previous findings have demonstrated that some donor-unrestricted T cell
subsets such as INKTs and MAIT cells express higher levels of exhaustion and
activation markers in individuals with active TB compared to those who are infected.®
The next chapter aimed to study the differences in the activation states of kiif.tb T cells
between healthy uninfected individuals, healthy M.tb infected individuals, and those

with active TB.
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Chapter Three

Optimizing methods Compatible with Flow Cytometry to detect
kiif.tb T cells in peripheral blood

3.1 Background

A cell-mediated immune response is widely recognized as crucial for controlling M.tb
infection, with particular emphasis placed on CD4 T (helper) cells.** Among these,
Thl cells are acknowledged for their significant role in controlling M.tb infection by
producing IFN-y. However, other cells are also deemed important, such as Th17 and
Th1-Th17 subsets. The distribution of these distinct T cell types appears to differ
between individuals with M.tb infection and those with active TB.113 A study by Estevez
et al. demonstrated that Th1/Th2 ratio was lower in individuals with active TB
compared to uninfected and M.tb infected individuals. Additionally, the Th1-Th17
subset proportions were lower in active TB individuals compared to both uninfected
and M.tb infected individuals.*'2 In a recent study, we identified a T cell clonotype that
was more abundant in healthy individuals who controlled M.tb infection (controllers)
compared to those who progressed to active TB (progressors). Furthermore, we
observed in a separate cohort that healthy individuals with M.tb infection had higher
frequencies of this T cell clonotype compared to those with active TB, suggesting that
this clonotype might be associated with protection.

Flow cytometric immunophenotyping (FCI) is increasingly acknowledged as a
powerful tool for characterising immune cells, using their surface and intracellular
receptors.’** The capability to measure multiple fluorescence parameters
simultaneously enables comprehensive analyses of co-expression or distinct markers.
Flow cytometry has emerged as a powerful tool for high-resolution identification and
guantification of cell types, along with their functional characteristics. This capability
makes flow cytometry invaluable for elucidating inter-individual differences in the

immune system.115

Based on our preliminary findings, it seemed that peripheral blood frequencies of kiif.tb
T cells were higher in QFT-positive individuals compared to QFT-negative and active
TB individuals when they were measured using bulk TCR sequencing. However, when
we looked at the frequencies of kiif.tb T cells in a different cohort of QFT-positive, QFT-

negative, and active TB individuals using a dPCR approach, we did not see any
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differences. This raised the possibility that the dPCR assay may not have been
sensitive enough to quantify these cells as they are present at low frequencies. We
therefore wanted to compare the frequencies of kiif.tb T cells in QFT-positive, QFT-
negative and persons diagnosed with active TB using flow cytometry to determine if

this method would detect any differences using a more definitive approach.

Additionally, we sought to delve deeper into the distinctions in the activation
phenotypes across the categories of healthy uninfected individuals, those who are
healthy but infected, and individuals with active TB. Previous studies have indicated
variations in the phenotypes of specific T cell subsets between individuals with M.tb
infection and those with active TB.!16117.118 Different markers, such as CD27
(expressed on all naive cells and downregulated after TCR engagement) and
CD45RO (expressed on memory T cells post-antigen activation), can assist in
identifying the activation and memory states of these cells during TB infection.13

Furthermore, HLA-DR, which is a member of the MHC class Il family typically
expressed by antigen-presenting cells, is often used as a marker of T cell activation.
In the context of TB, studies have shown that the expression of HLA-DR is elevated in
M.tb specific T cells from individuals with active TB compared to those who are M.tb

infected, regardless of their HIV status.116 117,118

The objective of this chapter was to optimize a customized RNA hybridization assay
(PrimeFlow), designed to be compatible with flow cytometry, and develop custom
monoclonal antibodies to identify and characterise kiif.tb T cells in the peripheral blood
of participants in our study cohort. Additionally, we compared the activation phenotype

of T cells expressing the kiif.tb CDR3a sequence within our study groups.
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3.2 Aims:

3.2.1 To develop and optimize methods compatible with flow cytometry to detect kiif.tb
T cells in peripheral blood.

Hypothesis:

Kiif.tb T cells in PBMCs can be detected using the customised PrimeFlow assay and

a custom monoclonal antibody.

3.2.2 To compare the frequencies and activation phenotype of kiif.tb T cell between
healthy uninfected, healthy M.tb infected, and individuals with active TB using the

customised PrimeFlow assay or a custom monoclonal antibody.
Hypothesis:

Kiif.tb T cells from healthy M.tb infected will have a less activated phenotype compared

to individuals with active TB.
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3.3 Methods
3.3.1 Study Participant Groups

The same study samples, described in the previous chapter were used, which include
QFT-negative samples and QFT-positive samples from the ACS study, and samples

from persons with active TB in the MRC-SHIP study.

3.3.2 PBMC thawing

The complete (R10) media was prepared by adding 44ml of Roswell Park Memorial
Institute Medium Lonza BE12-702F(RPMI), 5ml of heat-inactivated Fetal Bovine
Serum (FBS-80%), 0.5ml of L-glutamine and 0.5ml of penicillin-streptomycin (Pen-
Strep) in a 50 ml falcon tube and was placed in the water bath set at 37°C. A volume
of 9ml was added to another 15ml falcon tube and placed in the water bath. Labelled
cryopreserved PBMC vials were retrieved from liquid nitrogen storage and thawed in
the 37°C water bath by slowly agitating the tubes until cells were nearly completely
thawed. For the 1st wash, 1ml of warmed complete media was added to the cells
dropwise in the cryovial, and the cells were transferred to the tube containing 9ml of
media. The vials were rinsed, and the cells were centrifuged at 400g at RT for 10
minutes. The supernatant was discarded, and for the 2nd wash the pellet was re-
suspended with 1ml of warmed complete media then 9ml of the warmed complete
media was added. The cells were centrifuged at 400g at RT for 10 minutes. The
supernatant was discarded, and the pellet was resuspended in 1ml of warm complete
media. The cells were then counted by microscopy using trypan blue to determine

viability.

3.3.3 Manual counting of cells

The haemocytometer was pre-cleaned with 70% ethanol and dried using lens paper.
An aliquot of 20pl of the thawed cell and 20l of trypan blue was mixed in a clean tube,
and the suspension was allowed to sit for two minutes before loading to the
haemocytometer. Approximately 10pul of the well-mixed diluted cell suspension was
pipetted at the edge of the coverslip. The haemocytometer was mounted on the
microscope and a low-power lens (5X) was used for focus and a higher-power lens
(40X) to count the cells was used. Once the cells had settled, a tally counter was used
to count the cells in the four large squares that separate viable cells from non-viable

cells. The average count from the four large squares was used.
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3.3.4 Antibody titration

Antibodies for the flow cytometry panel used (Table 7) in the PrimeFlow assay were
titrated to determine the optimal volumes needed for optimal resolution. Two-fold
dilutions were prepared in fluorescence-activated cell sorting (FACS) tubes. In each
tube except the first, 50ul of cell staining buffer (Cat:420201) was added. For the first
tube, double the volume of the manufacture’s recommended about was added was
added and topped up with staining buffer to bring the final volume to 100ul. The
solution was mixed and 50ul was taken from the first tube and added to the second
tube. The solution was mixed and 50l was taken from the second tube and added to

the third tube. This was repeated for all the remaining tubes.

Table 7: The antibody panel used for identification and characterisation of kiif.tb T cells.

Type of | Fluorochr | Manufact | Catalogue Marker Titre Compens
Marker ome urer Number W ation (ul)
Viability BUV450 Invitrogen | 2286899 | Live/dead 0.5 0.2
Kiif.tb T APC Thermofis | 368738- Kiif.th 5 5
cells her 000 MRNA
PE Biolegend 405307 | Secondary 0.15 2
antibody
- GenScript | U709BHF Kiif.th 20 -
060- TCRa
71FJ1047 chain
Surface APC-H7 BD 560176 CD3 0.5 0.5
markers
BV786 BD 563877 CD4 0.2 0.2
BUV805 BD 612889 CD8 0.05 0.05
Activation BUV563 BD 748340 HLA-DR 0.5 0.5

3.3.5 PrimeFlow assay

Kiif.tb T cells were detected using a customized PrimeFlow assay developed by Dr
Munyaradzi Musvosvi. This assay is an in-situ RNA hybridization approach compatible
with flow cytometry. The assay uses branched DNA technology, and a clear
advantage is that DNA/RNA isolation is not required. Therefore, maintaining single-
cell resolution is possible because RNA extraction is not required. DNA/RNA
extraction has limitations because it is impossible to determine which cell the

DNA/RNA originated from. The PrimeFlow assay utilized a custom-designed probe set
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targeting a specific CDR3a sequence, which was designed by Thermo Fisher Scientific. The
probe set consisted of five bDNA probes: four Label Extenders (LEs) and one Capture
Extender (CE). The Label Extenders (LEs) were specifically designed to bind to the target
sequence, covering the region of interest to maximize the signal for detection. These LEs are
labeled with fluorophores to facilitate signal amplification.Capture Extenders (CEs) were used
to stabilize the target binding, though they are not directly involved in the detection signal.
Blockers (BLs) were not necessary in this design, as the LEs provided sufficient coverage and

signal strength.

Extracellular staining: After determining viability with LIVE/DEAD™ Fixable Aqua
Dead Cell Stain, 50ul of the phenotyping antibody master mix was added to 50ul of
cells, and the cells were incubated for 45 minutes at 4°C (Table 7). After 45 minutes,
2ml of cell staining buffer was added and the cells were centrifuged at 931g for 5
minutes at RT. The supernatant was discarded, and the cells were resuspended in
1ml of flow cytometer cell staining buffer. The cells were then fixed and permeabilized
using the PrimeFlow assay.

Permeabilization and fixation: The fixation buffer 1 was prepared by mixing equal
parts of PrimeFlow RNA fixation buffer 1A and PrimeFlow RNA fixation buffer 1B. Then
1ml of the prepared fixation buffer was added to each sample, and incubated for 30
minutes at 2-8°C. The samples were then centrifuged at 800g for 5 minutes at 2-8°C,
and the supernatant was discarded. A 1X PrimeFlow RNA permeabilization buffer with
RNase inhibitors was prepared by diluting the 10X PrimeFlow RNA permeabilization
buffer with RNase-free water. Then the RNAse inhibitors (100X) were added at 1/100
dilution, and 1ml of this permeabilization buffer was added to wash cells. The samples
were then centrifuged at 800g for 5 minutes at 2-8°C. The wash step was repeated
twice to ensure permeabilization of the cells. The cells were fixed again with
PrimeFlow fixation buffer 2. The buffer was prepared by adding 125ul of PrimeFlow
RNA fixation buffer 2(8X) with 875ul of PrimeFlow RNA wash buffer per sample. A
volume of 1ml was added to each sample and inverted to mix, the samples were
incubated for 1 hour in the dark at RT. After incubation, the samples were centrifuged
at 8009 for 5 minutes at RT, the supernatant was discarded, and the cells resuspended
in the residual volume by gently vortexing. The cells were then washed in 1ml of
PrimeFlow wash buffer and centrifuged at 800g for 5 minutes at RT. The wash step

was repeated twice, and the cells were resuspended in the residual volume by gently
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vortexing. Target probe hybridization was performed following fixation and

permeabilization.

PrimeFlow target probe hybridization: Directly to the cell suspension, 100ul of the
PrimeFlow RNA target probe diluent with target probes, specific for the kiif.tb mRNA
sequence was added at a 1:20 dilution and briefly vortexed to mix. The samples were
incubated for 2 hours at 40°C, and after 1 hour the samples were inverted to mix.
Following incubation, the samples were washed with 1ml of PrimeFlow wash buffer
and centrifuged at 800g for 5 minutes at RT. The supernatant was discarded, and then
cells were washed again with 1ml of PrimeFlow wash buffer with RNAse inhibitors.
The cells were centrifuged at 800g for 5 minutes at RT, and the supernatant was
discarded. Then the cells were resuspended in the residual volume by vortexing gently
and stored overnight at 4°C.

PrimeFlow signal amplification: A volume of 100ul of PrimeFlow RNA Preamp mix
was added directly to the cell suspension and briefly vortexed to mix. The samples
were then incubated for 1 hour 30 minutes at 40°C to allow the preamplifier to hybridize
with the target probes. Following incubation, 1ml of PrimeFlow wash buffer was added
to the samples and centrifuged at 800g for 5 minutes at RT and the supernatant was
discarded. The wash step was repeated three times and cells resuspended in the
residual volume. After the wash steps, 100l of PrimeFlow RNA Amp mix was added
to the samples and incubated for 1 hour 30 minutes at 40°C to allow hybridization to
the PrimeFlow preamplifier. At the end of incubation, 1ml of PrimeFlow wash buffer
was added and the samples were centrifuged at 800g for 5 minutes at RT. The
supernatant was discarded, and the cells resuspended in residual volume by gently
vortexing, the wash steps were repeated twice. Following the wash steps, 100ul of
PrimeFlow RNA label probe diluent and PrimeFlow RNA label probe at a 1:100 dilution
was added to the cell suspension. The cells were incubated for 1 hour to allow the
label probe to hybridise to the PrimeFlow amplifier, and after 1ml of PrimeFlow wash
buffer was added. The cells were centrifuged at 800g for 5 minutes at RT, the
supernatant was discarded, and the cells were resuspended by gentle vortexing, and
these wash steps were repeated twice. Following the wash steps, 1ml of flow
cytometry staining buffer was added to the cells, and centrifuged at 800g for 5 minutes
at RT. The supernatant was discarded, and the cells were resuspended in the residual
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volume by gently vortexing, and 100ul of flow cytometry staining buffer was added.

The cells were then analysed on flow cytometer.

3.3.6 GenScript antibody production

Two amino acid sequences containing the kiif.tb sequence were generated by
GenScript and used to immunize mice: a shorter kiif.tb peptide sequence
(LNKASQYVSLLIRDSQPSDSATYLCAVNRDDKIIF) and a longer sequence
(MHHHHHHOGFPSHDEDGRFTAQLNKASQYVSLLIRDSQPSDSATYLCAVNRDDKI
IFGKGTRLHILPNIQNPDPAVYQLRDSK). Both antigens contained two important
sequences: the variable gene usage sequence for the alpha chain of the TCR of kiif.tb
T cells (TRAV12-2) labelled in red and underlined, and the kiif.tb CDR3a sequence,
which is a very hypervariable region labelled in bold. Furthermore, both peptide

sequences were conjugated to an immunogen: keyhole limpet hemocyanin. This was
done to elicit a more vigorous immune response. Approximately 6-week-old mice were
then immunized with either a shorter or longer Kiif.tb peptide sequence to allow the
mice to mount an antibody response to the antigens. Following this, the spleens of the
mice were harvested for mature plasma cell isolation, and after isolation, the B cells
were fused with immortal cancer cell lines to form hybridomas using electrofusion.
After fusion, successfully formed hybridomas were isolated from unfused B cells and
immortal cancer lines by growing the cells in a hypoxanthine-aminopterin-thymidine
medium (HAT), which is a selective medium. The surviving hybridoma cells were then
diluted into multi-well tissue culture plates, each in their well, and their supernatants,
containing monoclonal antibodies, were subjected to a rigorous screening process
using enzyme-linked immunosorbent assay (ELISA) to select for the highest specificity
and affinity binders against shorter and/or longer Kkiif.tb sequence and a negative
control TRAV1-2. The hybridoma cells that produced monoclonal antibodies with
higher affinity and specificity against the two peptides were then purified and
cryopreserved for future production of monoclonal antibodies. This whole protocol was

done by Genscript and we received the eight clones.
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Figure 19: Summary of the method used to develop monoclonal antibodies that recognise the
kiif.tb CDR3a sequence. A) Stage 1: Two specific antigens recognizing the variable gene usage of
the alpha chain of kiif.tb T cells and the TCR CDR3a were generated. (B) Stage 2: Mice were immunized
with either a shorter or longer Kkiif.tb sequence. (C) Stage 3: B cells were then isolated from the mice’s
spleen and fused with myeloma cells to form hybridomas using electrofusion. (D-G) Stage 4: The
hybridomas were (D) diluted into selective culture medium and plated in multi-well tissue culture plates
(1 clone/well), (E) individual hybridoma clones were allowed to expand, after which (F) tissue culture
supernatants that contain monoclonal antibodies were screened via ELISA in order to (G) hybridoma
clones which produce monoclonal antibodies with higher specificity and affinity for the two specific
antigens. (H, I) Stage 5: Selected hybridoma clones were used for (H) monoclonal antibody purification,
and hybridoma cell lines were (1) cryopreserved for future antibody production. (J) Stage 6: Purified
monoclonal antibodies were used in flow cytometry in our study. (Figure taken from the GenScript white
paper, Hybridoma Technology for the Win: An In-Depth Introduction into Hybridoma-Based Antibody

Development, https://www.genscript.com/hybridoma-technology-for-the-win.html). This whole protocol

was done by GenScript.

3.3.7 GenScript antibody staining

Kiif.tb T cells were detected using an indirect flow cytometry assay, where a primary
antibody which targeted the kiif.tb sequence was first used, followed by a secondary
antibody labelled with PE, which binds to murine IgG (the primary antibody). Cells
were first incubated with LIVE/DEAD™ Fixable Aqua Dead Cell Stain and then
washed and resuspended in 200ul of cell staining buffer. The resuspended cells were
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split evenly into two FACS tubes labelled primary antibody and no primary antibody
(negative control) tubes per sample. Then 20ul of the primary antibody was added into
the tube labelled primary antibody, while in the other tube, 20ul of media with no
primary antibody was added (negative control). The mixture was incubated in the dark
at RT for 30 minutes. Following incubation, 2ml of cell staining buffer was added to
each tube, and the cells were centrifuged for 5 minutes at 931g at RT. Next, the
secondary antibody was added to both tubes and incubated for 15 minutes at room
RT. Subsequently, 2ml of cell staining buffer was added, and the cells were spun at
931g for 5 minutes at RT. This washing step was repeated three times to ensure the
removal of unbound secondary antibodies. Then, 50ul of the phenotypic markers
antibody master mix was added to cells, and the cells were incubated for 45 minutes
at 4°C (Table 7). After the 45-minute incubation, 2ml of cell staining buffer was added,
and the cells were centrifuged at 931g for 5 minutes at RT. The supernatant was
discarded, and the cells were resuspended in 100ul of 1X Phosphate buffered saline

(PBS). The cells were then analysed on a flow cytometer.
3.3.8 Statistical analysis

Statistical analysis and representative graphs were performed using R version 4.2.0
and GraphPad Prism 9.3.1(471) for Windows. A Fisher’s exact test was conducted to
determine whether an individual had a kiif.tb response (responder) or not. The Mann-
Whitney test was performed to evaluate the differences between frequencies of PE
positive cells detected when no primary antibody or the primary antibody was added.
Furthermore, this test was also used to detect the differences in frequencies of kiif.tb
T cells/Bulk T cells expressing HLA-DR and the median expression of HLA-DR
between our study groups. Differences with a p-value of < 0.05 were considered

significant.
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3.4 Results

3.4.1 Custom PrimeFlow assay detects Jurkat T cells expressing the kiif.tb
CDR3a sequence

Dr Munyaradzi Musvosvi developed customized PrimeFlow probe pairs specifically
designed for the kiif.tb CDR3a sequence to identify kiif.tb T cells. Dr Musvosvi
prepared a dilution series of kiif.tb-TCR expressing Jurkat T cells in PBMC ranging in
proportion from ~3% to 10% of kiif.tb-TCR expressing Jurkat T cells. The PrimeFlow
assay stained approximately 73.6% of cells in the 100% Kkiif.tb-TCR expressing Jurkat
T cell preparation, suggesting that some TCR-transfected Jurkat T cell did not express
sufficiently high levels of TCR to allow detection. However, although there was some
staining, we observed a significant decrease of positive staining in the PBMC-diluted
kiif.tb-TCR expressing Jurkat T cell conditions, to much lower levels than expected
(Figure 20).
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Figure 20: Custom PrimeFlow assay detects kiif.tb-expressing Jurkat T cell line. A) The first plot
(top left) shows custom kiif.tb PrimeFlow assay staining of a Jurkat T cell line engineered to express
the kiif.tb sequence. The next five plots show frequencies of kiif.tb T cells detected by prime flow assay
as the proportions of kiif.tb Jurkat T cells among PBMC added were reduced. B) A summary line graph
showing the frequency of Kiif.tb cells detected using the custom Kkiif.tb PrimeFlow assay as the

proportion of kiif.tb cells added reduced. Results generated by Dr Munyaradzi Musvosvi.

Dr Musvosvi also assessed if the custom kiif.tb-specific PrimeFlow assay could identify
cells expressing the kiif.tb sequence in PBMCs collected from a QFT-positive donor.
A small population of T cells staining positive for the kiif.tb-specific PrimeFlow assay
could be detected (Figure 21). The population of kiif.tb-specific PrimeFlow-positive cells

did not express CD8, however, because CD4 was not included in the flow cytometry
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antibody panel it was not possible to determine if kiif.tb-expressing T cells express
CD4. Overall, the preliminary results suggest that kiif.tb-expressing T cells can be

detected using the custom kiif.tb PrimeFlow.
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Figure 21: Gating strategy to identify kiif.tb T cells in PBMCs. A population of lymphocytes was first
identified, then a population of singlet cells. Next, live cells were identified, followed by T cells, and lastly
kiif.tb specific T cells. Two million cells were used in this experiment. Results generated by Dr
Munyaradzi Musvosvi.

3.4.2 Optimizing cell retention in PrimeFlow assay for enhanced experimental
accuracy

To validate the results generated by Dr Musvosvi, we spiked different amounts of
Jurkat T cells expressing the kiif.tb CDR3a sequence into PBMCs to generate samples
with varying frequencies of Jurkat T cells expressing the CDR3a sequence. Despite
starting with 2,000,000 cells, we only acquired 383 of cells, demonstrating a

substantial loss of cells when using the PrimeFlow assay (Figure 22).
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Figure 22: Loss of cells observed follow the PrimeFlow assay sample preparation. A bar graph
showing the initial cell count and the acquired cell count. The starting cell count was two million cells of

Jurkat T cells. The log scale was used for the y-axis to accommodate the wide range data set.
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PrimeFlow assay is a two-day experiment. On the first day, it involves viability dye
staining (LIVE/DEAD™ Fixable Aqua Dead Cell Stain) and surface receptor staining,
fixation, permeabilization of cells, and target probe hybridization. On the second day,
signal amplification takes place. Despite starting with 2,000,000 cells, it appeared that
excessive cell loss might be occurring at various stages, as the assay includes a total
of 16 washes. To investigate steps in the sample process where cell loss might occur,
we performed flow cytometry analyses at varying steps, relative to a control tube
(Figure 23). This control tube did not undergo PrimeFlow, but only underwent viability
and surface marker staining, which is done before starting the PrimeFlow assay. This
tube thus had only two washes.
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Figure 23: The gating strategy used to determine stages of cell loss. The side scatter (SSC-A) and
forward scatter (FSC-A) parameters were used to assess the granularity and size of lymphocytes. A
population of lymphocytes was first identified, then a population of single cells. Next, live T cells were
identified, followed by T cells expressing CD4 and CD8. A threshold of 30 000 on the FSC-A was used
to avoid acquiring debris.

It seemed that the frequencies of live T cells and those expressing CD4 or CD8 were
similar to those of the control tube (Figure 24A). However, the frequencies were
relative, so we looked at the time it took to acquire 100,000 events as the starting
number of cells was a million in each tube. We then compared that to the time it took

to acquire 100,000 events in the control tube.
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Figure 24: Time taken to acquire 100,000 live T cells, CD4 and CD8 T cells for the different stages

of the PrimeFlow assay. A total of one million cells was used in each condition. A) In the Viability &

Surface receptor staining, there were a total of two washes, while in the fixing & Permeabilization

condition, a total of six washes were conducted. During the target probe hybridization stage (End of day
one), eight washes were performed, and the signal amplification stage (End of day two) involved a total

of 16 washes. A million cells were utilized in each condition, and this experimental setup was duplicated

for every stage. B) A line graph showing the average acquisition times in minutes for 100 000 events
across different stages of the assay and the control.
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As expected, the control tube, which underwent only viability and surface receptor
staining, had the shortest acquisition time. In comparison the time to acquire 100,000
events increased as the tubes were exposed to more washes, with the tube that
underwent the entire procedure taking nine times longer compared to the control tube.
This highlights that considerable cell loss occurs during this assay, but it appears that
some cells are still present at the end of the assay (Figure 24A&B). We proceeded to
assess the specificity of PrimeFlow in detecting T cells expressing the kiif.tb CDR3a

MRNA sequence.

3.4.3 Poor viability of the Jurkat T cell line and poor resolution of surface
markers

Next, we spiked Jurkat T cells expressing the CDR3a sequence into PBMCs at equal
proportions. Additionally, we had conditions with only PBMCs or kiif.tb-expressing
Jurkat T cells (positive control). The reason for this was that we wanted to determine
if the PrimeFlow assay would detect the increase in frequency of kiif.tb T cells when
we spiked them into PBMCs. However, the viability of the Jurkat cells was very poor,

severely limiting our ability to detect kiif.tb T cells (Figure 25).
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Figure 25: The gating strategy used to identify kiif.th T cells. A population of lymphocytes was first
identified, then a population of singlet cells. Next, live cells were identified, followed by kiif.tb T cells,
and then CD4 and CD8 kiif.tb T cells. A threshold of 30 000 on the FSC-A was used to avoid acquiring

debris.
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Upon spiking Jurkat T cells into PBMCs at equal proportions and gating for live cells,
we noticed that most of our Jurkat T cells appeared to stain positive for the Viability
dye, suggestive of major cell death (Figure 26). We did not detect higher frequencies
of kiif.tb PrimeFlow assay-positive cells as expected in our positive control, nor when
we spiked Jurkat T cells into PBMCs. Moreover, even after titrating the anti-CD3
antibody to determine the optimal titre, we encountered challenges with optimal

resolution when using the assay (Figure 26).
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Figure 26: Lower frequencies of kiif.tb mRNA-positive cells observed in PBMCs only compared
to PBMCs with Jurkat T cells spiked in, and Jurkat T cells only. A total two million cells were used
for each condition. For the spiking one million of PBMCs and one million Jurkat T cells (middle plots)
were added to make a total of two million cells.

The initial gating strategy exclusively included live cells (Viability-dye positive cells
were excluded); however, upon noticing that a substantial portion of our Jurkat T cells
appeared to be dead, we explored modifying the gating strategy to include all cells,
regardless of the viability dye staining (Figure 27). This adjustment resulted in an
increased number of kiif.tb mRNA-positive cells, suggesting that the majority of Jurkat
T cell line was dead, but the assay was still able to detect kiif.tb mRNA in the Jurkat T
cells (Figure 27B). However, when looking at PBMCs and the spiked condition,
although an increase was seen in the frequencies of kiif.tb, the separation between
kiif.tb negative and kiif.tb positive cells was not good, and it was difficult to detect a

clear population of kiif.tb T cells (Figure 27B).This was concerning, as the sample type
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to compare frequencies of kiif.tb cells in our study cohort were PBMCs. Without a clear
resolution of kiif.tb T cells, it was clear that this assay for quantifying kiif.tb T cells

would be too challenging.
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Figure 27:Higher frequencies of kiif.tb mRNA-positive cells observed in PBMCs only, spiked
PBMCs with Jurkat T cells, and Jurkat T cells only, when including viability dye-positive cells. A

total two million cells were used for each condition. For the spiking one million of PBMCs and one million

Jurkat T cells were added to make a total of two million cells (middle plots). The gating strategy was

changed to include dead cells. A) The gating strategy including all cells. B) An increase in the
frequencies of kiif.th T cells in the three different condition
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Additionally, poor, or minimal CD4 staining was observed in all conditions (Figure 28).
Interestingly, the CD8 staining appeared optimal.
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Figure 28: Frequencies of kiif.tb T cells expressing CD4 or CD8 in PBMCs only, spiked PBMCs
with Jurkat T cells, and Jurkat T cells only. A total two million cells were used for each condition. For
the spiking one million of PBMCs and one million Jurkat T cells (middle plots) were added to make a
total of two million cells.

Initially, we used CD3, CD4, and CDS8 titres optimised for PBMCs and thought they
would be compatible with the PrimeFlow assay. We observed satisfactory resolution
of cell subsets using these when testing at which stages of PrimeFlow cell loss occurs
(Figure 24A). However, during that experiment, we did not incubate cells at 40°C
degrees as we thought cell loss might occur due to washes and not incubation, but
now we suspected that the 40°C degree incubation might affect our antibody staining
guality. We proceeded to titrate the CD4 and CD3 antibodies to determine the optimal
antibody volumes for the PrimeFlow assay, including incubation steps at 40°C, that
would improve staining resolution. We also investigated whether the volume optimised
for standard PBMC surface receptors staining could be used at the end of the assay
to avoid any potential interference from the incubation steps and preserve staining

quality.
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A) Surface staining before PrimeFLow assay B) Surface staining after PrimeFLow assay
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Figure 29: Optimal titre for CD3 compatible with PrimeFlow assay. A 2-fold dilution was performed
to determine the optimal titre and a million cells were used. A) shows the titrations and the volumes. B)

shows surface staining after the PrimeFlow with the original titre which was 0.5ll.

In titrating the antibodies, we were able to identify staining volumes that resulted in
improved resolution. For CD3, we selected 1ul (Figure 29A).Staining after the
PrimeFlow assay step was not successful, as we did not observe any CD3-positive
staining (Figure 29B). For CD4, we selected 0.4ul as the optimal volume (Figure 30A)
and similarly, there was no CD4 staining observed after staining following the assay
(Figure 30B). However, the challenge remained as we did not seem to be detecting
kiif.tb+ T cells in using PBMCs using the PrimeFlow approach.
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0.8l 0.4ul 0.2ul 0.2ul

b kiif.tb T cell 105j kiif tb T cell: 0] kiifib T cell 107 i
iif cells iif cells iif cells Kiifth T cells

0

4,04E-3 4] 152E-3

CD4

kiif.th mRNA kiif.tb mRNA
Figure 30: Optimal titre for CD4 compatible with PrimeFlow assay. A 2-fold dilution was performed

to determine the optimal titre and a million cells were used. A) shows the titration and the volumes used

for CD4 B) shows staining of CD4 after PrimeFLow with the original titre; 0.2pl.
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3.4.4 GenScript primary antibodies recognise the kiif.tb T cell CDR3a sequence

in Jurkat T cells

The initial use of the PrimeFlow assay was driven by the lack of available technologies
to directly detect the kiif.tb CDR3a sequence. While optimising the PrimeFlow assay,
we contacted GenScript to produce monoclonal antibodies that would directly bind to
the CDR3a amino acid sequence of kiif.tb T cells. Monoclonal antibodies from eight
hybridoma clones were identified by GenScript using indirect ELISA as having
specificity for the kiif.tb CDR3a sequence and not for the negative control (TRAV1-2

CDR3a) (Figure 31).
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Figure 31: Monoclonal antibodies specific for the kiif.tb CDR3a sequence. An indirect ELISA was
performed to determine the specificity of the monoclonal antibodies for the kiif.tb sequence, and 8
monoclonal antibodies were identified as having specificity for kiif.tb T cell sequence. ELISA plates were
coated with either the shorter or longer Kkiif.tb sequence which both contained the kiif.tb sequence (see
methods for full the sequences). As a negative control, ELISA plates were coated with a peptide termed
TRAV1-2 CDR3, which did not contain the kiif.tb sequences.

The poor viability of the TCR-engineered Jurkat T cells was an ongoing concern, as
these cells served as our positive control due to their expression of a TCR containing
the kiif.tb CDR3a sequence. Firstly, we were concerned that the non-viable TCR-
engineered Jurkat T cells may result in autofluorescence or non-specific staining to
the PE-labelled secondary antibody due to the accumulation of cellular debris and

breakdown products. Secondly, this presented a challenge as we needed to select an
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antibody that binds most effectively to Jurkat T cells. This determination relied on
assessing the frequency of cells positive for PE. However, our ability to interpret the
data could potentially be compromised if the kiif.tb expressing Jurkat T cells inherently

fluoresced at a wavelength overlapping with the PE signal, due to autofluorescence.
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Figure 32: Dead Jurkat T cells have a higher level of autofluorescence. The level of PE
fluorescence for dead (pink) or live cells (blue) are plotted. A total of 250 0000 cells was used. The cells
were not stained with a secondary antibody labelled with PE.

To determine the extent of PE signal we compared PE fluorescence from live or dead
cells without including any PE-labelled secondary antibody. No PE signal should be
observed in this case. Dead cells had considerably higher PE signal compared to live
cells (Figure 32). Therefore, a decision to gate only on live cells was made, as dead

cells are highly auto fluorescent and yield inaccurate results.

Next, we tested the eight monoclonal antibodies on the TCR-engineered Jurkat T cell
line to determine which antibody had higher specificity for the kiif.tb CDR3a sequence
(Figure 33). Despite the suboptimal viability of our Jurkat T cell line, observed
consistently whether we used thawed cells or fresh cells from culture, we observed
that some of the antibody clones bound the Jurkat T cell line (Figure 34).
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Figure 33: The gating strategy used to determine the frequencies of kiif.tb T cells identified by
each monoclonal antibody. A population of Jurkat T cells was first identified and then followed by
single cells. Then a population of live Jurkat T cells was identified and lastly a population of Jurkat T
cells were the kiif.tb sequence was identified by the different antibodies. A total of 700 000 cells were

used to test frequencies of cells binding each clone.

In this experiment, we used only a single negative control, where we did not add the
primary antibody but did add the secondary antibody to determine the level of
nonspecific signal from the secondary antibody alone. However, we did not include
another important negative control: adding the primary antibody without adding the
secondary antibody. This control would have shown the level of PE signal due to the
primary antibody alone. As anticipated, Jurkat T cells that were not stained with any
primary antibody but were stained with the secondary antibody (PE), which recognises
the primary antibody, demonstrated low frequencies of cells that were PE positive
(Figure 34). This served as a negative control to assess nonspecific binding
(background noise). mAb39A9D4 resulted in the highest frequencies of PE+ cells and

was selected as the antibody to use on PBMCs to identify kiif.tb T cells.
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Figure 34: Frequencies of Kiif.tb T cells binding to each of the clones. A total of 700 000 cells were

used to test frequencies of cells binding each antibody. The negative control was included to determine

unspecific binding.
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We then assessed the capability of the selected monoclonal antibody (mMAb39A9D4)
to bind to kiif.tb T cells in PBMCs from various donors ( Figure 35). This was done to
determine whether the antibody could identify kiif.tb T cells when they are expected to

be present at lower frequencies, unlike when using a kiif.tb expressing Jurkat T cell

line.
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different donors. A keeper gate was included to remove debris, then a population of lymphocytes was

identified, followed by a population of single cells. Next, live cells were identified, followed by kiif.tb T
cells. A threshold of 30 000 on the FSC-A was used to avoid acquiring debris.

The manufacturer's recommended volume for the secondary antibody of 2pl,
appeared to be too high because we did not see clear resolution of kiif.tb T cells from
other T cells (Figure 36). Additionally, in the negative control, where no primary
antibody was present but only stained with the secondary antibody (PE), we observed
a high frequency of T cells positive for PE. This observation indicated unspecific
binding by the PE-labelled secondary antibody.
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Figure 36: Frequencies of kiif.tb T cells in PBMCs of different donors detected using 39A9D4
antibody. A total of a million cells was used for each donor and each condition (No primary antibody
added and when primary antibody is added). The negative control was included to determine non-
specific binding
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Following this, we then performed a two-fold titration of the secondary antibody (PE),
to identify the optimal staining volume We performed this titration under two conditions:
PBMCs alone, given the low abundance of kiif.tb T cells and PBMCs spiked with Kiif.tb-
expressing Jurkat T cells. These conditions allowed us to identify a volume that could
discriminate between negative and positive populations, in both conditions where
kiif.tb T cells are present in low abundances and/or higher abundances (Figure 37).
Additionally, we also had two negative controls. The first one was where we did not
add the primary antibody but added the secondary antibody to check for nonspecific
binding. The second negative control was where we added the primary antibody but
did not add the secondary antibody. We did not expect to detect a positive signal in
this case, as the signal comes from the secondary antibody. Our objective was to
determine a volume that allows clear resolution between negative (other T cells) and
positive populations (kiif.tb T cells) in the spiked condition as well as in PBMCs
because we wished to observe clear kiif.tb T cell populations in our PBMC samples.
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Figure 37: The gating strategy used to determine the optimal titre for the Secondary antibody
(PE). A population of lymphocytes and Jurkat T cells was first identified, then a population of single
cells. The FSC-A and SSC-A values of PBMC and Jurkat cells were different so the gate was placed
this way to be able to detect both PMBC and Jurkat T cells that have been spiked in. Then a population
of single cells. Next, live cells were identified, followed by kiif.tb T cells ( pink plot). A threshold of 30 000

on the FSC-A was used to avoid acquiring debris.

We selected 0.30ul of the secondary antibody, because this volume resulted in
separation of the negative and positive PE populations, while maintaining a low
background level of PE in the no-primary antibody control, particularly in the
experimental condition with the spiked Kkiif.tb cells (Figure 38A&B). Additionally, at this
volume an increase in the frequency of kiif.tb T cells in PBMCs was observed. Although
an increase in the frequencies of kiif.tb T cells was noted when higher volumes were

used, we were worried that we might also see an increase in nonspecific binding in
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the negative control. This volume (0.30ul) was a compromise to limit nonspecific
binding but still detect kiif.tb T cells (Figure 38A&B).

91



A)

06

0.4

Frequency of kiif.tb T cells

0.0

v

__&7———._./’
1

0.1 0.3
Volume (log scale)

3.0

Condition

mADb 39A904_1-PBMCs only
mADb 39A8D4_1-Spiked

no primary mAb-PBMCs only
no primary mAb-Spiked

-
-

B)

No secondary antibody No primary antibody mAb39A9D4
5
105' 105' 10 7
4 4
10 7 104' 10
kiiftb T cells Kiif.tb T cells
o3 0 10%4 Kiif b T cells 1031 0,046
4,97E-3
0 i 0 0 i
e T - e v —
0 10° 100 10 0 100 10t 10° 0 100 100 10
5
10°1 10°1
4]
10
Kiiftb T cells 3 Kiiftb T cells Kiiftb T cells
0 1077 0,012 020
4
o]
3 Lag ool v 4 Ty
10 10 0 100 100 10 0 100 10 10

kiif.tb T cells

PBMCs

PBMCs &

Jurkat T cells
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However, when we used this volume of secondary antibody on PBMC samples from
other donors, we observed some background PE signal in the negative control (no
primary antibody condition), which could lead to inaccurate results due to unspecific
binding (Figure 39). Therefore, we decided to use a secondary antibody volume of
0.15pl, as this volume also showed better discrimination between mAb39A9D4 stained
kiif.tb T cells and the no primary antibody control (Figure 38). Although this volume was
chosen, we were aware of limitations such as detecting fewer Kkiif.tb T cells, especially

in the spiked condition, as we observed a decrease in frequencies using this volume.
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Figure 39: Higher background signal observed in the optimal secondary antibody in other
donors. The optimal chosen volume was tested on two donors and a total of a million cells was used
in each experimental condition.
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3.4.6 Frequencies of T cells expressing the CDR3a sequence in healthy

uninfected individuals, healthy infected and active TB individuals are not

different

Based on the dPCR results, it appeared that there were no significant differences in

frequencies of cells expressing the kiif.tb CDR3a sequence. To address this question

using the anti-TCR antibody staining approach. We used monoclonal antibody
(mAb39A9D4) to assess the frequencies of kiif.tb T cells in PBMC collected from
healthy M.tb uninfected, healthy M.tb infected individuals, and those with active TB

(Figure 40).
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Figure 40: The gating strategy used to determine the frequencies of kiif.tb T cells in QFT-

negative, QFT-positive, and active TB individuals. A population of lymphocytes was first identified,

then a population of single cells. Next, live T cells were identified, followed by kiif.tb T cells. A threshold

of 30 000 on the FSC-A was used to avoid acquiring debris.

Before comparing the differences in the frequencies of kiif.tb T cells between our study

cohorts, we first wanted to determine whether the frequencies of kiif.tb cells detected

by the primary antibody were higher compared to the negative control in each study

group control. Interestingly, samples from QFT-negative and individuals with active TB

had higher frequencies of mMAb39A9D4-PE+ T cells compared to their corresponding

negative controls, which did not contain the primary antibody (p-value = 0.030, 0.050,

respectively, Figure 41A). In contrast, in QFT-positive individuals, frequencies detected

with the mAb39A9D4-PE antibody were not significantly higher than frequencies

observed in the negative controls (p-value = 0.09). We then assessed if the

frequencies of mMAb39A9D4-PE+ T cells were different in active TB individuals,

unhealthy uninfected and M.tb infected individuals. There was no significant difference

in the frequencies of kiif.tb T cells between our study groups (Figure 41A).
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Next, we focused on identifying responders, defined as donors having significantly
higher frequencies of kiif.tb T cells when stained with the primary antibody
(mAb39A9D4) compared to their corresponding negative control (i.e. samples without
the primary antibody). We wanted to compare the activation of kiif.tb T cells amongst
QFT-negative, QFT-positive, and active TB individuals, and to do this we first had to
identify which of the donors had a kiif.tb response. We used Fisher's exact test to
compare the number of positive cells vs the total cells in the fully stained vs negative
control samples. This approach ensured that we focused on individuals with a
significantly higher staining in the presence of the antibody compared to no-antibody
controls, aiming to minimize the impact of background signal, which we acknowledge
will always be present to some extent. However, it is important to note that this
approach only addresses issues of nonspecific binding by the secondary antibody. To
also address potential nonspecific binding of the primary antibody, a good control that
our study lacked and needed to be added might have been an untransfected Jurkat
cell line to check for background staining, as the PE signal could have resulted from
nonspecific binding of the primary antibody. All QFT-negative individuals had
significantly higher kiif.tb antibody-positive T cells compared to the negative control
(Figure 41A). Among QFT-positive individuals, only a single individual demonstrated
significantly higher kiif.tb antibody-positive T cells, whereas four active TB individuals

had higher counts of kiif.tb T cells compared to the negative control (Figure 41A).

3.4.7 Higher relative expression and frequencies of kiif.tb T cells expressing
HLA-DR in active TB individuals compared to QFT-negative individuals

Due to insufficient responders, defined by a Fisher’s exact test, among QFT-positive
individuals we could not examine the expression of HLA-DR in kiif.tb T cells because
it is not possible to assess phenotypes if the donor does not have a sufficient
population of antibody-positive cells. We decided to compare the expression of HLA-

DR in QFT-negative and active TB individuals only (Figure 42).
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Figure 42: The gating strategy used to determine the frequencies of kiif.tb T cells expressing
HLA-DR among QFT-Negative and active TB individuals. A population of lymphocytes was first
identified, then a population of single cells. Next, live cells and live T cells were identified, followed by
total cells expressing HLA-DR. Then a population of T cells expressing HLA-DR was identified using
the threshold set to identify all cells expressing HLA-DR. Lastly, a population of kiif.tb T cells was
identified using the HLA-DR threshold. A threshold of 30 000 on the FSC-A was used to avoid acquiring

debris.

As expected, active TB individuals had higher frequencies of kiif.tb T cells expressing
HLA-DR compared to QFT-negative individuals (p-value = 0.02, Figure 43A). Besides
examining frequencies, we were also interested in assessing the median fluorescence
intensity (MFI), which indicates the relative intensity of HLA-DR expression on Kiif.tb
T cells. We aimed to determine whether differences in the relative expression of HLA-
DR between these two study groups could also be observed. The relative expression
of HLA-DR on kiif.tb T cells was also higher in active TB individuals compared to QFT-
negative individuals( p-value = 0.03, Figure 43B).
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Figure 43: Higher frequencies of kiif.tb expressing HLA-DR and relative expression of HLA-DR among active TB individuals compared to QFT-
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(significant p-value<0.05). B) A boxplot comparing the median of kiif.tb T cells expressing HLA-DR between QFT negative and active TB individuals. The
number of samples analysed is i) QFT-negative = 5, ii) active TB, n = 4.
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3.4.8 Comparison of the frequencies of bulk T cells expressing HLA-DR and
relative expression of HLA-DR among QFT-negative, QFT-positive, and active
TB individuals

We also wanted to see if there were any differences in the expression of HLA-DR in

bulk T cells as it has been described in the literature (Figure 44).
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Figure 44: The gating strategy used to determine the frequencies of bulk T cells expressing HLA-
DR. A population of lymphocytes was first identified, then a population of single cells. Next, live cells
and live T cells were identified, followed by total cells expressing HLA-DR. Then a population of T cells
expressing HLA-DR was identified using the threshold set to identify all cells expressing HLA-DR. A
threshold of 30 000 on the FSC-A was used to avoid acquiring debris.

Frequencies of bulk T cells expressing HLA-DR were higher in active TB individuals
compared to QFT-negative individuals (p-value = 0.05, Figure 45A). However,
frequencies of bulk T cells expressing HLA-DR were not higher in active TB compared
to QFT-positive individuals (p-value = 1). Frequencies of bulk T cells expressing HLA-
DR were also higher in QFT-positive compared to QFT-negative individuals (p-value
= 0.03, Figure 45A). Furthermore, we also measured the MFI and observed a similar
trend to that observed in frequencies of bulk T cells expressing HLA-DR. However, the
relative differences in intensity of HLA-DR expression in bulk T cells did not reach
significance (Figure 45B), although the relative intensity of HLA-DR expression in bulk
T cells was higher in active TB compared to QFT-negative (p-value =0.02, Figure 45B).
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Figure 45: Frequencies of bulk T cells expressing HLA-DR in QFT-negative, QFT-positive, and active TB individuals. A) A boxplot comparing the
frequencies of bulk T cells expressing HLA-DR between QFT-negative, QFT-positive, and active TB individuals. The error bars represent the first quartile
(below), the third quartile (upper) and the middle represents the median. Mann-Whitney U test was used to compare groups (significant p-value<0.05). B) A
boxplot comparing the median of bulk T cells expressing HLA-DR between QFT-negative, QFT-positive, and active TB individuals. The error bars represent the
first quartile (below), the third quartile (upper) and the middle represents the median. Mann-Whitney U test was used to compare groups (significant p-

value<0.05). The number of samples is h = 5 in each classification.
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3.5 Discussion

The second aim of this study was to develop and optimize methods compatible with
flow cytometry to measure the frequencies of T cells expressing the kiif.tb CDR3a
sequence and characterise these cells in peripheral blood samples from healthy
uninfected individuals, healthy M.tb infected individuals, and active TB individuals.
Furthermore, we also wanted to examine the activation phenotype, i.e., the

frequencies of kiif.tb T cells expressing HLA-DR, within our study cohort.

Our results suggested no significant differences in the frequencies of T cells
expressing the CDR3a sequence when measured by dPCR between QFT-negative,
QFT-positive, and active TB individuals. However, during the optimization stages, the
dPCR assay showed poor correlation of the kiif.tb T cell frequencies measured by
dPCR vs bulk TCR sequencing, which is considered the gold standard in measuring
the frequencies of certain TCR sequences. This raised questions about the validity of

the results or whether there was a sensitivity issue with our dPCR assay.

Therefore, we sought to measure the frequencies of kiif.tb T cells between QFT-
negative, QFT-positive, and active TB individuals using flow cytometry. Additionally,
we aimed to study the differences in activation phenotypes, as previous studies have
shown higher expression of HLA-DR in active TB individuals compared to QFT-
positive individuals.'6: 118 We hypothesized that the frequencies of kiif.tb T cells

expressing HLA-DR may be higher in active TB compared to QFT-positive individuals.

The PrimeFlow assay, is an in-situ hybridization assay that combines the power of
branched-DNA technology with flow cytometry. This assay offers the advantage of
simultaneous detection of up to four RNA targets in combination with
immunophenotyping for surface and intracellular markers using antibodies. However,
in our case, we were interested in detecting a single mRNA target, specifically the
kiif.tb CDR3a sequence. This assay used a pair of kiif.tb-specific probes to amplify the
detection of kiif.tb mRNA transcripts, achieving 8000-16000-fold signal amplification.

Although in experiments performed by Dr Musvosvi illustrated that the custom
PrimeFlow assay was able to detect TCR-engineered Jurkat T cells expressing the
kiif.tb CDR3a sequence spiked in PBMCs (Figure 20,Figure 21), similar results could

not be obtained in our case. Several challenges with the assay were also encountered,
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primarily because of loss of the majority of kiif.tb expressing Jurkat T cells during the
process, which initially was attributed to the numerous washes involved.

However, upon investigating at which stages of the assay cell loss might have
occurred, significant cell loss was not observed. The frequencies of live T cells, CD4,
and CD8-positive T cells in the tubes subjected to the PrimeFlow assay were not
markedly different to those in the control tube, which did not undergo the PrimeFlow
assay. Furthermore, the time required to acquire 100,000 events was also examined.
Expectedly, the control tube, which only underwent surface and live/dead staining, had
the shortest acquisition time, while the tubes that went through the entire procedure
had the longest time. These results suggest that cell loss did occur, but we were still

able to acquire enough PBMC.

The second challenge encountered was regarding the viability of the TCR-engineered
Jurkat T cells. A significant portion of our cells appeared to be dead, based on staining
with our amine group-binding viability dye. Despite our efforts to grow the cells and
use Jurkat cells from fresh culture, the viability did not improve. A possible reason for
the observed cell death, confirmed by staining with trypan blue and a viability dye,
could be the number of passages the cell line underwent. There is a possibility that
the cells had reached the replicative senescence stage, where they lost their ability to

divide and eventually died.

The viability issue presented a challenge as these cells served as positive controls
and were crucial to demonstrating the specificity of the assay in detecting kiif.tb T cells.
With dead cells, it became increasingly difficult to showcase the assay's specificity
because the cells were dying. Future optimization can look into creating a new Kkiif.th
clone (i.e., cloning within the kiif.tb clone), cloning the Kkiif.tb into primary T cells using
CRISPR-Cas9, or using a T cell line with better stability than the Jurkat T cell line,
such as SUP-T1.

In addition, the frequencies of kiif.tb T cells detected in PBMCs were low, and the
resolution was suboptimal when we used the PrimeFlow assay. A possible reason for
the poor sensitivity might be that the recommended concentration of the Fixation buffer
Il used prevented amplification, as demonstrated in some studies to affect mRNA
amplification. Henriquez et al. demonstrated that loss of Early B cell Factor 1 mRNA

amplification was observed after fixing with Fixation buffer Il. 1° The loss of Early B
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cell Factor 1 was recovered by reducing the concentration of the buffer by half or fixing
the cells with the recommended concentration but incubating for half the stated time.
These techniques might be adapted in future work to optimize the PrimeFlow assay.
Furthermore, issues of poor resolution were also observed in the CD4 and CD3
staining. Initially, it was attributed to the majority of our Jurkat T cells being dead,
possibly resulting in downregulated CD4 and CD3 expression. However, even in viable
PBMCs, the same poor staining quality was observed. During the optimization of
antibody titres, incubation stages at 40°C, required for the PrimeFlow protocol, were

not included, and it was clear that incubation at 40°C appear to have affected staining.

After performing titrations, we identified optimal antibody titres. However, the staining
quality was still not optimal, especially staining after the PrimeFlow assay. This
suggests that the CD3 and CD4 surface receptors may be affected during the
incubation stages. Surprisingly, CD8 staining remained good and was not significantly
affected by the incubation steps. Considering the challenges mentioned above, we

thought a more standard flow assay using custom antibodies would be better.

To overcome these challenges a switch to the use of custom monoclonal antibodies
specific for the kiif.tb CDR3a was made. Monoclonal antibodies were generated from
mice immunized with either shorter or longer Kkiif.tb peptide sequence. Both Kkiif.th
peptide sequences were conjugated to keyhole limpet hemocyanin. This conjugation
was done to enhance immunogenicity by specifically targeting the recognition of the
kiif.tb CDR3a sequence.

Aware of the viability concerns with Jurkat T cells and the potential autofluorescence
from dead cells due to the breakdown of cellular products such as flavins or ROS*?°,
we observed a shift in the median fluorescence intensity for PE in dead Jurkat T cells
compared to live cells, emphasizing the challenge of determining whether the PE
signal was due to antibody binding or autofluorescence. We therefore decided to gate
only on live cells to avoid any false PE signal when testing the eight monoclonal
antibodies to determine which antibody had the highest specificity for kiif.th expressing
Jurkat T cells.

Similar findings to the dPCR assay were observed when using monoclonal antibodies
with flow cytometry, as there were no significant differences in the frequencies of kiif.tb
T cells among QFT-negative, QFT-positive, and active TB individuals.
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Unfortunately, | did not have sufficient time to further investigate each of the possible
challenges to further optimise the assay to detect kiif.tb T cells. However, it should be
noted that there are several additional avenues for exploring and further optimising the
assay. Further titrations of the secondary antibody are needed to determine the
optimal volume. It would be useful to conjugate the primary antibody with a fluorophore
to avoid the need for two-step staining and decrease the background signal issues
observed when using a secondary antibody. Another approach that may improve the
performance is additional purification of the monoclonal antibody preparation and

increasing the concentration.

Previous studies have indicated that T cells in individuals with active TB express
higher levels of HLA-DR compared to those with M.tb infection.'1€ It was thought that
similar differences may be observed in the activation phenotypes of kiif.tb T cells
between QFT-negative, QFT-positive, and active TB individuals.

To study the activation phenotypes in kiif.tb T cells, we first had to identify which
donors had sufficient numbers of kiif.tb T cells to allow assessment of HLA-DR
expression. We compared the proportion of PE+ T cells when PBMC were stained
with our custom primary antibody, mAba39AD4, with the proportion of PE+ T cells
when cells were not stained with a primary antibody. All five QFT-negative donors and
four active TB donors had detectable kiif.tb T cells, whereas only one QFT-positive
donor had detectable kiif.tb T cells. Therefore, we did not compare the expression of
HLA-DR in kiiftb T cells amongst QFT-positive individuals because, without
differences between the antibody and the negative control, we might compare cells
that were positive for PE but are not kiif.tb T cells. This further highlights the need to
optimise the secondary antibody volume so that if allows for clear separation of
negative and positive populations. As expected, individuals with active TB had higher
frequencies of kiif.tb T cells expressing HLA-DR compared to QFT-negative
individuals. Not only were the frequencies different, but the median fluorescence
intensity of HLA-DR in kiif.tb T cells were higher. Consistent with this, we also
observed that the median expression of HLA-DR in kiif.tb T cells was higher in active

TB individuals compared to QFT-negative individuals.

As previous studies have revealed that T cells generally express higher levels of HLA-

DR expression in individuals with active TB compared to those with M.tb
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infection.118121 We decided to look at bulk T cells to determine if a similar result would
be observed. A similar trend was noted, the frequencies of bulk T cells expressing
HLA-DR were higher in active TB individuals compared to both QFT-negative and
QFT-positive individuals. Furthermore, we observed significantly higher frequencies
of HLA-DR+ T cells in persons with active TB compared to and QFT-negative
individuals. Additionally, we also observed that QFT-positive individuals had higher
frequencies of bulk T cells expressing HLA-DR compared to QFT-negative individuals.
However, we noted that some QFT-negative participants had high frequencies of bulk
T cells expressing HLA-DR. The high HLA-DR expression by T cells in these QFT-
negative participants may be due to other infections that trigger T-cell activation. A
study demonstrated increased expression of HLA-DR but not CD38 on CD4 bulk T
cells in patients with non-TB respiratory diseases, and this might be due to bystander

T cell activation.116

It's important to note that we had a limited sample size of only five samples in each
group. This was due to time constraints and if we had run more samples, we might

have observed different results.
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Chapter Four

General Discussion and Conclusions

While T cells are recognized for their pivotal role in infection control, the extent to which
the nature of the M.tb-specific T cell repertoire or specific T cell clones influences the
outcome of M.tb infection remains unclear. The original finding that the donor-
unrestricted T cell clonotype termed kiif.tb T cells was more abundant in controllers
compared to progressors suggested that this T cell might be associated with
controlling infection. This study aimed to develop and optimise molecular and
immunophenotyping techniques to replicate our prior findings using different
guantification methods. Additionally, we wanted to determine if the activation state of
these cells was different between healthy uninfected, healthy M.tb infected, and

persons with active TB.

We used a customized dPCR, which allows absolute quantification, and generated
custom monoclonal antibodies to measure the frequencies of kiif.tb T cells between
recent and persistent QFT-positive, QFT-negative, and active TB individuals. There
were no significant differences in the frequencies of kiif.tb T cells between our study
groups, using both the dPCR assay or flow cytometry using customized monoclonal

antibodies.

Because of our small sample size and because a single person in the QFT-positive
group had sufficient numbers of kiif.tb-positive cells, the expression of HLA-DR in
kiif.tb T cells could not be compared to QFT-negative and active TB individuals.
Therefore, the proportions of HLA-DR+ kiif.tb cells and the relative surface expression
of HLA-DR on Kkiif.tb cells were investigated between QFT-negative and active TB
individuals. The proportion and the relative expression of HLA-DR on kiif.tb T cell were

higher in active TB individuals compared to QFT-negative individuals.

Likewise, the expression of HLA-DR on bulk T cells was investigated among our study
cohort. Similar trends to those reported in the literature were observed, where
individuals with active TB had higher frequencies of bulk T cells expressing HLA-DR
compared to QFT-positive individuals. We also observed that QFT-positive individuals
had higher frequencies of bulk T cells expressing HLA-DR compared to QFT-negative

individuals.
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The future work for this project includes several areas of focus. Firstly, it will be
important to validate our initial finding of higher kiif.tb T cell frequencies in QFT-positive
individuals and those with active TB, using the gold standard of bulk TCR sequencing.
It will also be important to determine if QFT-positive have higher frequencies of kiif.tb
T cells compared to QFT-negative individuals. In preliminary analysis of bulk TCR
sequencing, we observed a trend toward higher frequencies of kiif.tb T cells in QFT-
positive individuals compared to QFT-negative individuals (p = 0.07). This analysis
was performed on a small sample size of ten in each group. We hypothesise that
increasing the sample size to 25 per group and performing paired analysis using
samples from recent QFT converters, collected before and after the QFT conversion,
would provide sufficient statistical power to determine if the frequency of kiif.tb T cells

is higher in QFT-positive individuals compared to QFT-negative individuals.

If the results from bulk TCR sequencing highlight significant differences between the
study groups, the second area of focus would be to further optimise the custom
monoclonal antibodies that specifically bind the kiif.tb CDR3a sequence. We
hypothesise that by increasing the antibody purity, concentration, and conjugating a
fluorophore directly to the antibody, hence eliminating the need for secondary antibody
binding, will improve the performance of the monoclonal antibodies. Once the antibody
reagent has been optimized, the subsequent step would be to study the activation
state of these kiif.tb T cells and to characterise the transcriptional profile, phenotype,

and function of these cells in an expanded sample size of donors per study group.

For example, it will be important to determine whether these cells express CD4 or
CDS8, or other defining lineage markers. Based on preliminary findings, these cells did
not express CD8, but because CD4 was not used in the staining, we could not
confidently state that they are CD4-positive cells. Additionally due to the presence of
kiif.tb T cells in most individuals confirmed by bulk TCR sequencing, it is thought that
these cells are donor unrestricted T cells. We would also like to study their TCR beta
chain variable gene usage using antibodies targeting the majority of human class-
specific V segments for the TCR  chain (Supplementary Table 1). We had titrated the
antibodies to do this, but the variable gene usage antibodies were conjugated to PE,
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which was the same as our secondary antibody conjugate (Supplementary Tablel,
Supplementary Figure 1). We therefore were not able to complete the optimisation of
the assay to complete this due to time constraints. We hypothesize that kiif.tb T cells

will have a highly restricted variable gene usage.

Overall, this project laid the foundation for the development of innovative tools in
understanding kiif.tb T cells. One particularly intriguing finding was the higher
expression of HLA-DR+ on kiif.tb cells, a result that will require further investigation
and may be a crucial tool in for a TB biomarker quantifying the activation of M.tb-
reactive cells. As a foundational project, it has set the stage for subsequent studies,

that aim to define the role of kiif.tb T cells.
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Supplementary Table 1: The Beta TCR VB antibody kit composition

according to Wei et al.

Supplementary Material

and associated Vbeta

Tube Conjugate Vbeta Optimal volume
(Hl)
A PE VB5.3 2.5
FITC+PE VB7.1
FITC VB3
B PE VB9 2.5
FITC+PE VB17
FITC VB16
C PE VB18 2.5
FITC+PE VB5.1
FITC VB20
D PE VB13.1 3.75
FITC+PE VB13.6
FITC VB8
E PE VB5.2 2.5
FITC+PE VB2
FITC VB12
F PE VB23 2.5
FITC+PE VB1
FITC VB21.3
G PE VB11l 2.5
FITC+PE VB22
FITC VB14
H PE VB13.2 5
FITC+PE VB4
FITC VB7.2
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Supplementary Figure 1: Optimal antibody volumes allow detection of different VB sequences
expressed by CD4 and CD8 T cells. Frequencies of CD4 (A) and (B) CD8 T cells expressing the
different VB sequences. A total of one million cells was used to test each tube.
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