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Abstract

The role of antibodies in TB has been debated for over a century. Antibodies Myainbacterium
tuberculosis(M.th) are detectable in persons who appear to résidt infection, and yet humoral
immune activation is a consistent biomarker of TB disease progression. Antibody responses to TB could
therefore be a duadged sword, where antibodies promote TB pathogenesis, but some people produce
antibodies that restrict ¢hgrowth ofM.th. | therefore investigated the role of antibodies in TB in

multiple clinical cohorts.

Firstly, | show the generation of fully human mAbs agalwhgb from patients with ATB. | identify the
antigen of one mAb as the secreted antigen GInAl, and then show that this mAb piomites
production of TNFU, -6lahdl:16 i n the absence of mycobacteri al

Secondly, | investigate antibody responses aghristin persons who live with HIV (PLWH). PLWH
fail to mount a significant increase in IgG levels agdingb in ATB. M.tb-specific IgG responses are
also detectable in different cohorts of PLWH with negative interferon gamma release assay (IGRA)

tests. However, greater levelsMftb-specific IgG associates with IGRA conversion.

Thirdly, | show the development of flow cytometric assays to study opsonization and antibody
dependant cellular phagocytosis (ADCP) of live mycobacteria in BCG vaccinated adults. These

methods show that BCG vaccination induces ADCP 28 days/posination

Fourthly, | test whether unswitched memory B cells, and specifically the marginal zone B cells (MZB)
subset, are impacted by ATB. MZB respond to capsular pathogens and could thus recoduitte the

cell wall. MZB are found to be depleted in ATB but are not enriched at the site of disease in PLWH
with pericardial TB. The depletion of unswitched memory B cells in TB observed in this study

resembles that reported in autoimmune disease.

Taken together, | provide support to the notion that at least some antibodies &ytinsduld
contribute to immunopathology in TB. The fact that PLWH are at greater risk of disseminated TB, and
mount less of an antibody response could support a role for antibodies in preventing disseminated

disease that remains to be studied.
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Chapter 1: The role of antibodiesin tuberculosis

1.1 Introduction to TB

1.1.1Introduction

A decade after the discovery lycobacterium tuberculosigv.tb) by Robert Koch in 1882 the first
evidence of the existence of di sease neutralizi
inevitable that this newly identified form of immunity would be tested against tuberculosis (TB), at that

time a major causef death in Europe. In fact, much of the first characterization of antibodies was

performed at the Robert Koch Institute.

The first antibodybased diagnostic tests for TB were described in 1898, and decades of curative efforts
followed where people suffering from TB were transfused serum obtained from goats, sheep, rabbits,
or horses inoculated withil.tb. Although some studieshowed a beneficial effect of serum therapy,
many did not, and no standardized protocol for its usage was ever designed. Staunch advocacy against
serum therapy by Calmette and Guerin, the inventors of the BCG vaccine, led to the cessation of serum
therayy trials in the late 1920s. Subsequent studies of antibody responses in humans showed that
although antibodies against TB were detectable in most TB patients, the magnitude and specificity of
serological responses varied too widely to be of diagnostityutit contrast, the loss of CDZ cells

in both humans and animal models was strongly implicated protection against risk of developing TB.
There have therefore been decadeunderexploration into the role of antibodies in human TB that

has only recetty begun to reverse.

The drivers of this resurgence of interest into the role of antibodies in TB are multifactorial. A vaccine
candidate designed to target cellular immunity have not shown efficacy in clinical trial. Both the human
6resi st er 6 phurean primatgwich starifizahg imrounity have been discovered to possess
unique antibody profiles. Better tools to characterize antibodies, both at scale and at a monoclonal
(mAb) level, have also revealed fresh insights into protection against TB. However, novel
transciptomic signatures for the prediction and diagnosis of TB now consistently associate humoral
immunity with disease progression. Understanding what role antibodies play &gaimisttherefore

essential to understanding both the pathogenesis and prevention of TB.
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1.12 Epidemiology

Tuberculosis (TB) has afflicted humans for millennia and is tHdel#ling cause of death worldwide.

In 2007, TB exceeded human immunodeficiency virus (HIV) as the leading cause of death from a single
infectious agenfl). This was unchanged until the COVI® pandemic, and yet even still in the year
2020 ~1.3 million people succumbed to TB. The global incidence of TB has been relatively stable for

the past decade, with approximately 10 million people developing actiyemearnFigure 1.3 (1).
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Figure 1.1Global incidence of TB in 2020 for countries with at least 100 000 incident cases (2020)

The causative agemilycobacterium tuberculos{d.tb), is predominantly spread by aerosol production
when coughed out by individuals with respiratory TB. Approximately 1.7 billion people globally are
estimated to be infected witfl.tb in an asymptomatic and clinically quiescent state known as latent
TB infection (LTBI). In this state, the WHO estimates the lifetime risk for developing TB to be between
5 and 10% (2). This estimate was derived from studies spanning steeadesn which the presence

of a delayed hypersensitivity reaction to a subcutaneous injectiritbntigens known as tuberculin

skin testing (TST) is interpreted as indirect evidence of latent infectiorvivit(3).

The Bacille CalmetteGuérinvaccine BCG) is the only licensed vaccine available for TB and has been
employed globally since its first use in 1921 (4). The principal benefit of BCG vaccination is the
prevention of disseminated forms of TB in infants that carry high morbidity and mo(&lityhe
efficacy of BCG in preventing active TB in adults is far more variable, with estimates ranging from 0%
to 63% across geographical regions (6)-Viaecination with BCG in adults could thus be seen as
reasonable tdoost waning immune response, but when trialled this approach did not improve the
ability of BCG to protect adults from developing TB (7). The global transmission of TB has therefore

not been strongly impacted by vaccination.
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1.13 The spectrum of human TB disease

The clinical manifestations dfl.tb diseaseare protean and can affect any organ system (8). Active
TB6s (ATB) typical presentation, however, is th
constitutional symptoms such as malaise, drenching night sweats, unintentional weight loss and
subjecive fevers (8). A diagnosis of TB is made by identifying the presenigktbin sputum or other

clinical specimens by culture, nucleic acid amplification assays, microscopy, or detection of cell wall
components by lateral flow device in urine (8). In the-gmm#biotic era, untreated TB carried an
estimated mortality of 50% (9). §eelae of ATB includes, but is not limited to, haemoptysis, pleural
effusions,pericardial effusionsand respiratory failure (8)IB meningitis is another severe form of
disease that carrisgynificant risk of neurological impairment and death (10,1igs@&ninated TB with
mycobacteremia can occur in profoundly immunocompromised patients with HIV, withspital
mortality rates as high as ~ott@rd of patients (12). Despite microbiological cure, TB is also associated
with long-term morbidity from botlsocial factors and permanent impairment of lung function (13).

Yet most people (~90%) can control the replicatioiMab after inhaling aerosol droplets containing
bacilli (1). The classical model of TB disease presumes that infection remains in a quiescent state known
as LTBI unless there is a loss of immugmmtrol butcan progress to ATB as peatimary TB or later

reactivate due to loss of immune con{ibt).

A two-state paradigm of LTBI or ATB was described for many decades, despite early observation from
screening programs that asymptomatic individuals could harbour culturable bacilli in sputum, or display
chest xray pathology compatible with ATB (15). Thisodel has been replaced by an understanding
that symptomatic TB is preceded by a phase of increased bacillary replication known as incipient TB,
followed by subclinical host pathology in which the presendd.ddfis identifiable but symptoms have

not yetdeveloped (16). Modern studies using TB GeneXpert show that individuals may be completely
asymptomatic but have detectalfetb DNA in induced sputum samples or radiographic changes
consistent with TE16). The gain in resolution afforded by positron emission tomography combined
with computerized tomography (PET/CT) and RNA transcript signatures have allowed subclinical TB
to be better defined in terms of the combined expression of inflammatory pathwasrsAaEB, with
metabolically active pulmonary lesi®(lL7). A study by Esmaikt alin HIV-1 infected adults showed

that individuals with subclinical TB so defined were more likely to develop symptoms and culture
positive ATB within 6 months of clinical followup (17). Further, a transcriptomic signature study
conducted in Worcester, South Africa, suggested thatgethé signature emerges months prior to the

presentation of symptomatic TB (18).

Thus, it is likely that TB disease occurs on a specfiigure 1.2. Conversely, the notion that certain

individuals could potentially be resistant to TB and clear the initial inoculuvhtbfis well supported

13



by epidemiological studies. Only 50% of close household contacts develop positive IGRA or TST tests,
and negative TST tests despite exposulé.tbmay occur in approximately50% of people (reviewed
by Moller et al, 2018)(19).

IGRA/TST Culture, Clinical

negative
despite
exposure

smear symptoms
PCR positive present

Resister LTBI ) Incipient TB "Subclinical TB Clinical TB

Figure 1.2 Schematic of the clinical stages of TBreated byBiorendercom

A consensus has been sought in how best to cl as:
immunological assays or evidence of ATB despite definitive exposilelig20) Resisters must have

evidence of (a) exposure kd.tb (b) A negative TST and IGRA test and (b) longitudinal data that this
response is sustained in the absence of progression to LTBI or ATB (20). More recently, cohorts in
Uganda have determined both genetic and immunological features of this phenotyperttaard f
investigation into such individuals are likely to be critical to understanding protective immunity against

M.tb (20,21).

Antitubercular therapy (ATT) options for driggnsitive ATB have not improved for several decades.
Combination therapy with rifampicin, isoniazid (INH), ethambutol, and pyrazinamide (RHZE) is
effective at curing TB when given for an2onth period followedoy 4 months of rifampicin and
isoniazid. A shorter regimen with comparable cure rates has only been described but has not been
implemented?22).

1.14 The causative agent Mycobacterium tuberculosis

As an ancient pathogen with millennia ofeeolution with humag M.tb is exquisitely adapted to
surviving within its host (23). Robert Koch first described the aetiology of TB in 1882, with Ziehl and
Neelsen developing the characteristic acid staining of mycobacteria the following year (24,25). The
slow growth (doubling in 24hrs) ofM.tbin culture, combined with a layer of adiast lipids imply a

unique biology with implications for pathogenesis.

The first complete sequencing of thetb in the reference strain H37Ryv identified approximately 4000

genes, with ~3906 encoding for proteins, and ~250 involved in lipid metabolism (26).
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Modern studies have analysed the components of the mycobacterial cell wall as a bilayer consisting of
an inner layer of mycolic acids linked to arabinogalactan and an outer layer of glycolipids and non
covalently bonded lipid&-igure 1.3 (27). This lipid layer has profound effects on hiskib interacts

with the host immune system, and also limits drug penetration of many antibiotics (27).
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Figure 1.3(A) The layers of the cell envelopeMiftb. (B) The structure of LAM, a major envelope glycoprotein
in M.tb (28).

An early observation ah vitro cultures ofM.tb was the accumulation of proteins secreted or shed by
dead bacteria that appeared to be highly immunogemaglledculture filtrate proteins (CFP) (29)o

engage with the extracellular environment, mycobacteria employ a unique type 7 secretion system to
shuttle proteins across the hydrophobic lipid layer (30). The-ES&cretion system is required for full
virulence ofM.tb, facilitating the translocation of bacilli from host phagosomes into the cytosol (31).
Early secretory antigen targeé{ ESAT-6) and culture filtrate proteihO (CFR10) are two such proteins
transported by ESA thatare encodethy a region of the genome deletedvin bovisBCG (32). As

such, detection of immune sensitization to these antigens forms the basis of IGRA testing (33,34).

As an intracellular pathogell.tb are able to persist under hypoxic and nutrient deprived conditions as
might occur post macrophage internalisa{i@b). The metabolic adaptationsMftb are extensive and
involve systems to dynamically sequester of iron, carbon sources, and vitamins during infection
(36).Thus, any function of antibodies against TB must contend with the unique biology of the
mycobacterial cell wall, secreted antigens, and the ability for the pathogen to survive inside host

immune cells.
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1.15 Immunology of TB

1.1.5.1lnnate immunity

Natural immunity againd¥l.tb must exist, as the majority offected people do not go on to develop

ATB (4). The risk for reactivation disease is highest in patients with a range of conditions resulting in
impaired immunity (HIV, alcoholism, type 2 diabetes mellitus, renal failure,-ONFi nhi bi t or s
showing thaprior control of bacilli was likely mediated by host immune factors (40}aRtiotic era

autopsy series showed the presence of viable bacteria in granulomatous lesions in individuals who had

not been ill with TB (41). Lesions containing caseous matesae more likely to contaiM.tb than

healed calcified granulomas, and these bacilli were able to cause disease when inoculated into guinea
pigs (41). More interestinglymostlesions macroscopically typical of TB on autopsy were sterile,
whereas only 1 out of 68 contained viable bacteria (42). Théaoran primate model confirms this

finding, with granulomas within the same macaque varying from being sterile to multiba@i®ry

Ités therefore clear that t hokill Mt lsuttheiinnmome fagorss y st e n

determining the outcome of infection are incompletely understood (44).

M.tb is recognized by a range of pattern recognition receptors includinigkéoteceptors, Nodike
receptor, and @ype lectin receptors (45). A complex interplay exists betvdéimand host cells post
phagocytosis or invasion, resulting in either necrosis or apoptosis (46). In the lung, alveolar epithelial
cells (AECs) can become infected withtb, but alveolar macrophages (AM) are the principal cells
initially involved in immunity against TB (46). Howevawl.tb can also replicate in the caseous eent

of granulomas, the surface of cavities, as well as inpi@gocytic cells. The precise determinants of

the fate ofM.tb phagocytosed by AM are still being mapped, but phenotype (M1 vs M2), metabolic
state and host genetics are all important (47).

1.1.5.2Tcellsin TB

Cellular immunity elicited by CD4T cells is the best understood component of adaptive immunity
againstM.tb (44). A tripoint argument for the necessity of cellular immunity in TB has been firmly
established. Firstly, genetic investigation of humans with susceptibility to unusually severe or recurrent
mycobacterial infection (Mendelian Susceptibility to Mycoksdetl Disease), lossf-function of
interferono and bot h 4l2)and doprstteane naediatofsl(STAY have been described

(45). Second}, the global HIV epidemic has clearly demonstrated that declining numbers 6fTCD4
cells in humans greatly increases risk for developing active TB. Moreso, lowérTGi24l counts also
associate with risk of extrapulmonary TB and disseminated infection, including mycobacteremia
(49,50). Thirdly, a series of key mechanistic experiments showed that mice withdutoaklFN-0
TNF-U, -12, BTAT1, and CD4 were exquiditesensitive to mycobacterial dised&di 53)
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Despite a clear accumulation of evidence that Gi#fls are a critical component of immunity against
M.th, a vaccine designed to boost this response was unable to thedptmtection provided by BCG

in infants (54,55). The Modified vaccinia Ankegapressing Ag85A (MVA85A) vaccine was
rationally designed to stimulate polyfunctional T cells (&8N -UN F a-@ expreésding) against an
immunodominant antigen (Ag89Autdid not prevent active TB in infants and HIVinfected adults
(54,55). Further, T cell epitopes may be evolutionarily conservétitln suggesting that recognition

of these epitopes does not exert selection pressure on the organidmd@@jtion, uncontrolled T cell
activation has been shown to lead to atypically severe and fatal TB in individuals receivihg PD
inhibitor immunotherapy (57). Understanding how immunity agaihtiis orchestrated beyond CD4

T cells is therefore of crucial importance (44). Investigation of early infection events and mucosal
immunity have identified roles for innate immunity, neutrophils, and a range of lymphocyte subsets

such as mucosalssociated invariant T cells (MAIT) (RO

1.1.53 B cellsinhuman TB

Less is known about the role of B cells in TB, but aggregates of B cells are readily identified around
granulomas, and antigespecific B cells are detectable in the peripheral circulation of TB patients
(58,59). There have been conflicting studies of Hdwell knockout mice respond tdA.th, with

extensive debate as to what can be inferred about human TB from these exp€bEmBajs

The composition of the peripheral B cell compartment is widely perturbed in ATB. Expansion of
atypical and switched memory B cells, as well as reductions in circulating unswitched memory B cells
have been reportd89). B cells in both LTBI and ATB express less markers of proliferatio, ILL-

10, and are less able to produce antibodies upwitro stimulation(56).

More recent studies have shown a favourable role for B cells in TB. When B cells were depleted in
macaques using an a@D20 mAb, granulomas displayed poor cellular organization and trended
towards higher CFU count§0). Most recently the induction of B cells via mucosal exposure te non
tubercular mycobacteria was protective agaivigb challenge in mic€61). Here, B cell aggregates

and germinal centre reactions was strongly associated with reduced bacillary burden.

B cells also contribute to immunoregulation and antigen presentation, functions that may influence the
fate ofM.tb-infected granuloma$®). For example, B regulatory cells isolated from patients with ATB
suppressed the production©tell IL-22in in vitro co-culture(63). More recentlyex vivoanalysis of

B cells from patients with pleural TB showed that B cells at the site of diegasssedreatemamounts

of IFN-b t B eelis isolated fronperipheral blood64). This type 1 interferon signal polarized
macrophages towards an aimflammatory phenotype and associated with incredéiolburden in a

mouse model @. Depletion of B cells via antibody in NHP, or kneolt of the B cell transcription

factor BCL6 in mice hamperthe accumulation of Tollicular helper cells in granulomeelated
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lymphoid tissueandresuls in impaired control oM.tb infection (65). These recent studies again give
contradictory outcomes towards the function of B cells in TB.

Both lung immunohistochemistry of human samples and ELISA on lung tissue of NHBhoawre the
presence of B cells surrounding the granul¢6®a62) Therearelikely alsospatial considerations with

where human B cells interact wiM.tb that would be challenging to recapitulate in animal models
Threedimensional reconstruction of human lung tissue from patients with ATB showed that CD20
were enriched in areas of lung where necrotic debris and mycobacteria had spread into a bronchus ie. a
larger airway(66). A similar cohort characterizing necrotic and +w@trotic granulomas in resected
human lung tissue from patients with a poor clinical response to ATB treatment showed that non
necrotizing granulomas were enriched for B cé). In contrastnecrotizing granulomas associate

with macrophage predominan(gy).

B cellsare therefore clearly a component of the human response to TB at the site of disease. These cells
express a range of cytokines as described abatienpact the fate of granulomas through mechanisms
yet to be fully definedHowever,pathogerspecific adaptive immunity by B cells is mediated by the

expression of antibodies, and this function of B cells will be discussed next.

1.2 Overview of antibody biology

1.2.1 Introduction to antibodies

In 1890, Behring and Kitasato designed experiments to show that the protein fraction of blood contained

a factor capable of neutralizindiphtheriaand tetanus toxing68). Rabbits were inoculated with
diphtheria, and the transfer of serum from these animals to naive animals rendered fatal doses of
diphtheriatoxin harmless. More so, cdliee blood from animals inoculated with tetanus was unable to

protect against diphtheria, showing that this protective response was both acquired and elicited
specifically against the original inoculum. These molecules werente d 6 ant i k°r per 6 or
and Behring later derived that this specific dokin factor was contained in the protein fraction of

serum 69). In 1939, Tiselius and Kabat discovered that adding ovalalbumin to ovaHmmianized

rabbit serum depletd only the gammaglobulin peak on electrophoresis, thus confirming

gammagl obulin proteins as70anti bodies or O6i mmunoog

The structure of the gammaglobulin proteins was later elucidated from patients with myeloma, a
malignancy of antibodyroducing cells. The most abundant subtype Immunoglobulin G consisting of
a dimer of heavy chailight chain of 50kDa and 25kDa respectivined by a disulphide bond in a
hinge region(Figure 14) (71). The total IgG mass is therefore 150kDa. The heavy chain consists of
three constant regions (CH1, CH2, CH3) and atemhinal variable domain (VH), and light chains
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have a single constant region (CL) and variable chain (VL). The light chains canbeoba a o f a mi
Pepsin treatment can cleave the disulphide bond, resulting in the creation of .arBfabgnt that

retains its antigen binding without the ability to engage host immune cells. Papain treatment results in
cleaving of both disulphide bonds in the hinge region and the creation of single heavy and light chain
F(ab) fragments72). Hypervariable regions in the Fab region create complementarity determining
regions (CDRs) that dock with antigens in thddmensional conformation. The Fc, or crystallisable
fragment, consists of constant regions differing in the antibody isotype and directly engages with

phagocytic, natural killer (NK) cells as well as compleine

1.2.2 Production of antibodies

Antibodies must be able to recognize an enormous array of unique pathogen molecular structures, yet

B cells do not contain additional genetic information relative to other somatic cells. The Nobel prize

was awarded in 1987 for solving this dilemma with the scovery of Afcombi nat c
Transcripts from variable (V), diversity (D) and joining (J) regions of genomes are combined in early

naive B cells to form a complete heavy and light variable re@lomfull extent of recombination events

and th& mechanisms are reviewed by Schroeder and Cav@@hiBetween recombination of VDJ

segments anpairing of heavy and light chains, the potential diversity of unique clones of antibodies is

estimated at approximately 2@q74)

Antibody affinity increases over time of exposure to antigen as cognate antigen binding stimulates
expression of activatieimduced cytidine deaminase (AID) which drives further controlled mutagenesis

in a process called somatic hypermutatio®).(

B cells retaining affinity to antigen thus propagate and differentiate into antibody producing plasma
cells or memory B cells. T cell stimulation via a CD40/CD40L interaction stimulates sseldshing
process whereby the same VDJ variable domains caraibed with differing heavy chain constant
regions, resulting in antibodies with similar specificity but differing effector functié@). (The
importance of these processes is highlighted by deficiencies of AID in hwvhéstsresults in hyper

IgM syndrone (type 2) whereby neither class switching or affinity maturation occurs, and patients

present in early childhood with recurrent bacterial infecti@i (

1.2.3 Antibody isotypes and subclasses

IgG: Immunoglobulin G (IgG) comprises the majority of serum antibody of which there are four
subclasses in humans (1gG1, 2, 3 and 4)2a% of all serum proteins in humans are IgG antibodies
(83). 1gG subclasses differ in heavy chain constant region structure and hinge structure, thus altering

binding affinity for Fc receptors (FcR) and complem@figure 1.4. Although the Fab region is
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classically understood to confer antigen specificity, heavy chain structure has recently been shown to
alters antibody flexibility and thus independently affect affinity to antigéd). (gG1 is the most
abundant 1gG subclass. Both IgG1 and I1gG3 are typically produced in response to protein antigens and
have high affinity for FcR. Classwitching to 1gG2 can occur independent ofcCEIl help in the
presence of polysaccharide antigerd #ms class of antibody has been showhamade in response

to polys@charidebased vaccines agair&reptococcus pneumoraadNeisseria meningitidié30,81).

IgG3 has the longest hingegion of all IgG subclasses, and interestingly is better able to neutralize
HIV-1 than IgG1 antibodies potentially due to flexibility changes in antibody stru@freldG4 is
associated with prolonged antigen exposure and can be increased in parasitic infectieiesmlong

beekeepers, and individuals undergoing immunotherapy for peanut #88ygy

IgM has a pentameric structure and is secreted by early development B cells. IgM is typically therefore
low affinity polyreactive and part of the primary immune response to new pathogen. However,
multimeric binding and the capacity to recruit complement #ffely makes IgM effective at
opsonizing pathogen. As little as one molecule of IgM can recruit enough complement to lyse a red
blood cell, whereas 1000 IgG are required to do so. Natural IgM is also producetl bglIB in the

absence of antigenic stulation and is now implicated in many homeostatic procé8ggs

IgA: Early studies highlighted the presence of an immunoglobulin in the stool of dysentery patients,
the nares of influenza patients, saliva in oral typhoid vaccination, and human breé&&B8k The

unique structural features of IgA allow it to be secreted across mucosal barriers, and IgA is the
predominant antibody in secretory fluid. Dimerized IgA associated with a joining (J chain) can be
secreted and prevent pathogens from binding to ejaithoellls. This appears to enhance sensitivity to
bacterid proteases, and thus IgA2 is concentrated in mucosal secretion, whereas IgA1 in serum. IgA
also plays an immunoregulatory role with the gut microbiome, and IgA deficient individuals display

features of gut dyshbios(87).

IgDi' s the | east understood antibody isotype and
increased hinge flexibility88). IgD is an alternative splicing arrangement of IgM, asdpregulation

is associated with B cell anergy and tolerance indu¢88n The majority of IgD is membrane bound,
however secreted IgD has been shown to interact with pathogens infecting the upper airways, including
Haemophilus influenzamndMoraxella catarrhalig90). Circulating IgD has also been shown in human

cells to modulate basophil function and trigger expression of antimicrobial peptiggd] H13 andB-

cell-activating factor of the tumotnecrosisfactor family (BAFF) 01).

IgE is present at the lowest concentration of immunoglobulin in serum and has the shoHdst half
The production of IgE is associated with hypersensitivity reactions, allergy armheeitic immunity
(73 . The constant region of l gE binds with exqu

basophils, Langerhans cells to trigger degranulation. Although mainly implicated in allergy, IgE also
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mediate protection against envenomation, and evidence for a tumour surveillance effect in humans is

emerging 92,93).
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Figure 1.4 Structure of immunoglobulin isotypes asabclassefd4).
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1.2.4 Functions of antibodies

Physiologically, antibodies are present in blood, mucosal surfaces, tear fluid and cerebrospinal fluid.
The important of antibodies in the human immune system is shown by the evidemsedtiaensed
vaccines work by the induction of protective antibod®3.(Antibodies exert their effect through the

following mechanisms.

Direct neutralisation of toxins was the first major function of antibodies studied per Behr@&. (

Toxin production is a major virulence factor for numerous human pathogens, incBaailtus
anthrax Staphylococcus aureu€lostridium botulinum Clostridium difficile and Escherichia coli
Antibodies may sterically inhibit binding of toxins to host ligands or agglutinate toxin and thus render
toxin inactive. MADb therapies have been approved in humans ag@indlifficile toxin B
(Bezlotoxumab) and the #mwax toxin named Protective Antigen (Obiltoxaximab®,97). In viral
infections, antibodies can directly inhibit viral entry through blockade of w&aeptor interactions.
MADbs against envelope proteins gp120 that block interactions with CD4, for example, can prevent HIV
replication in patients with acute Hiifection ©8).

Opsonisationand complement recruitmentoccur when antibodies bind surface exposed antigens on

a pathogen and trigger the classical complement cascade. Deposition of complement results in a pore
forming membrane attack complex (MAC) that lyses material cell walls. Antibodies vary in capacity to
recruit complement, with IgM having the greatest and 19G2, IgG4 and IgA being relatively weak
complement recruite®9). Complement C1q initiates the classical complement cascade by interaction
with antibody CH1 reigns. Complement fixing antibodies are critical for the protection elicited by the

4CMenB vaccine against meningococ¢L@0).

Antibody-dependent cellular phagocytosis (ADCP the opsonization of pathogen via antibody that
directs pathogens towards phagocytic cells expressing a range (RERI he finding that antibodies

aided the uptake of bacteria by host cells was first demonstrated in 1903 and reconciled the two leading
theories on antibacterial immunity at the tintie humoral and phagocytic models of immui(it§2).

In pathogens where MAC formation may be ineffective, opsonization and complement deposition is

able to trigger phagocytosis through host cell expression of Fc receptors described in more detail below.

Antibody dependent cellular cytotoxicity (ADCC) is classically understood to be crosslinking of
FcoRII Il a on Natur al Killer (NK) cells, stimul at
leading to target cell lysis. Contingent on this process happening is the presence of antigen oh the targe

cell surface to trigger sufficient binding of IgGtocrdss nk t he | ow affinity Fco
was first described in 1965, when it-i wdsc ed&er

cytotoxXc death of tumour cells only when astrum was presert@3).

NK cells are not the only cells capable of perfo

(neutrophils, basophils, eosinophils) can perform ADCC via expression of a range df(EER hie
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principal role for ADCC has been described in antitumour surveillance, and several oncology
immunotherapy mADbs likely function via ADCQA@). However, recent roles for ADCC have been
demonstrated in infectious diseases. Antibodies stimulating ADCC can set the HIV viral setpoint in
elite controllers 106). Likewise, mAb114, a mAb derived from an Ebola survivor, was shown to elicit
ADCC and was later demonstrated to improve case fatality rates in the 2018/2019 Democratic Republic
of Congo outbreak1Q7). ADCC therefore plays a significant role in viral infections where viral
budding from the host cell membrane provides a window of opportunity for antibody binding of exposed
antigen on infected cells. The role of ADCC in other infections is still in questib®DCC occurs in

mouse models dEhlamydia trachomatiand schistosomiasi4¢@8,109).

1.2.5 Fc segments and Fc receptors

Antibody effector function is mediated by the Fc portion of antibodies engaging with a range of cell
types expressing Fcfigure 1.5). Although antibodies can bind tey@e lectins, namelipC-SIGN
andmannosei nding | ectin, the principal medi at ors of
FceR and Fc UR). Fc eeceptra aver asfamily of cell surface receptors that recognize
antibodies and are linked to immunoreceptor tyrebiased activation motif (ITAM) or
immunoreceptor tyrosinbased inhibitory motif (ITIMY110).

Activating Inhibitory Recycling

Immunoglobulin (T 1) L) - P .
domain - -
|
ii I ITAM ‘ ii I ITIM ‘

Common FcyR

FcyRI FcyRIIA FcyRIIIA FcyRIIB FcRn

v-chain
High affinity to Low affinity to monomeric IgG High affinity to IgG at
monomeric IgG and  High affinity to immune complexes pH <6.5

immune complexes

Figure 1.5Structure and function of Fc recept¢@s).

Activating FcRs bind the heavy region of the antibody (described below) and initiate downstream
pathways by signalling through ITAM11). The effects ITAM signalling is to drive internalisation of

pathogen, followed by maturation of the phagosome, production ofTNF6 IlL-1 b , secretion
antimicrobial peptides, metalloproteinases, antigen presentation vialMit@ression, and resptory

burst (10). Differential effects have been observed for ADCP in different phagocytes. In neutrophils,
ADCEP is &sociated with NAPDHlependent oxidative bursts, ROS production, degranulation, as well
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as NETosis 112). In macrophages, FCR mediated phagocytosis can alter macrophage polarization
between M1 and M2 phenotypes, enhance intracellular killing via phagatgeomaturation, and
increase antigen presentation via MH@113). Likewise for DC, ADCPresults in upregulation of
MHC-II and coestimulatory molecules for T cell activation, therefore enhanced antigen presentation
(113).

FcoRII B is the only inhibitory FcR, containing I
recognitionvialTiIM@13) . FcoRI I B is expressed on B cells, w
activation for homeostasidX4). FcRn, the neonatal receptor involved in transcytosis of maternal 1gG

to the neonate, also regulates IgG concentration in serum by uptake and lysosomal degradation of IgG

(115). Affinity of immunoglobulins for FcRN thus influences the Hiflé of antibodies in serum.

The FeFcR engagement is influenced by antibody isotype and subclass, glycosylation, and the affinity
of receptors. IgGubclasses vary greatly in the number of amino acids present in the hinge region of
the antibody, impacting the ability for antibodies to engage with effector recefttis Hinge
flexibility in order goes from IgG3 > IgG1 > IgG4 > 1gG2, with the elongated hinge of IgG3 conferring

a higher degree of rotational freedoiiq). Functionally, IgG3 may have greater ability to activate the
intracellular antibody receptor TRIM21, as well as bind complenidd).

In terms of glycosylation, IgG contains a conserved glycan at position Asn297 of the CH2 heavy chains,
between CH2 and CH3. Additional glycan moieties are present at the hinge region of IgG3 and IgAl
(119). Variation is generated by combinations of sialic acid, galacteseglIglucosamine (GIcNACc)

and fucosylation of the amino acid. Glycans at this position can alter binding of the FcR to effector cells

by modulating hydrophobicity, as well as antibo@ffife (120). IgG lacking glycosylation is unable

to interact with FcoR. For example, ADCC activit
mAbs (@21). Direct viral neutralization of HIV by a mAb is affected by glycosylatid®2j. Thus,

glycosylation directly impacts upon antibody function, and patterns of glycosylation are shaped by

disease states and vaccinatied)(

1.2.6Advances in studying the human antibodyesponse

Behring presciently stated in an 1895 scientific
the basis of serum t her apy 128)iThelmeansiti@interrdgats serpm e ar

antibody responses has been a central scientific focus.

Quantification of antibodies is typically performed pnzymelinked immunosorbent assays
(ELISA), originally described in 1971124,125). The broad of principles of ELISA relies on covalent
binding of immunoglobulins or a target antigen to plastic in laboratory plate wells, and the development

of secondary antibodies conjugated to enzymes such asrhdisk peroxidase or alkaline phoapdse
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that catalyse a chemiluminescent reaction when exposed to an appropriate sul28jrateinerous
clinical laboratory assays rely on this method to diagnose of a range of infectious aidraubh@

conditions.

Avidity is defined as strength of binding of polyclonal antibody to an antigen and was originally
measured either by the introduction of a chaotropic agent such as urea to remove weak bonds between
antibody and antigen, causing low avidity antibodies to dissodMobre recently, surface plasmon
resonance has largebupplantedurea assays and provides finer measurement of the strength of

antibodyantigen interactionl7).

As opposed to studying serum or purified polyclonal antibody fractions, the produatigxbefallows

the precise structural epitopes of antibody to be paired with functional assays. Immortalizing of splenic
antibody producing cells through fusion with a
isolation of mAbs 128). More recently, the ability to clone mAbs by single fluorescence activated cell
sorting (FACS) and a set of primers covering the families of all potential VDJ leader sequences ha
revolutionized the study of human mAb&29,130). Patientderived antibodies are now being
extensively trialled and used for the therapy of several infectious disease such as Ebola, HIV, and
COVID-19 (13171 133). Reverse vaccinology has also been identified as a rational means to identify
novel immunogens through characterizing antibodies from patients in the convalescent phase of
infections, or post vaccination where antibodies form a correlate of protedtjomg B.6) 134). After
identifying antibodiesvith the function that is sought (broadly neutralizing antibodies, prevention of
viral entry, ADCC etc), the sequence of amino acids or crystal structure recognized by the antibody can

be identified. Recombinant structural subunit immunogens can thested tn animal mode(334).

Singlechain variable fragments (scFv) can also be cloned, comprised of VH and VL regions joined by
a short linker peptidel@5). Multi-specific antibodies can crefsk separate antigens and both bi
specific mAbs and trspecific scFv are being tested against HIV to overcome barrieesistance to
single mAbs 136,137).

Perhaps the biggest advances in studying humoral immunity have been the emergence of high
throughput sequencing paired to antibody cloning. Bioinformatic approaches have been used in bulk
RNA sequencing to pair heavy and light chains into putative comp(et®) sequences fan vitro
expression138). Characterizing antibody repertoires have been used to add resolution to understanding
vaccine responses and could be useful for immunophenotyping in natural infection. The future
generation of mAb productiarould potentially be derived from highroughput methods of single cell
sequencing to generate extensive libraries of paired heavy and light chain sequences, with bioinformatic

approaches to determine putative antigen binding even prior to exprels38dmai().

25



>

Vaccinated » epitope
or infected B cell and Ab greemssenasenan s i A
individuals repertoire dissection Y i QA

\ :f Protective
epitope
mAb
A A Structure-based antigen design

Exploratory clinical trials
to select best formulation
and delivery system for
new vaccine

| Protective Abs INattural b B i Pathogen binding | Ab-mediated
s screening assay i and cell infection \’nhlbmon
& | Bcells o —> ......
: o / . ’ i ‘\f
Single cell Prollferatlon and Ig gene Membrane
] sorting Ab secretion sequencing i
f; Ef f -ﬁr l(‘ Protective

Figure 1.6 Pathway of cloning and characterizing mAbs from humans for the purpose of vacci(iidpy

1.3The human antibody response td/.tb across the spectrum of clinical tuberculosis

1.3.1Active TB

Over the last century there has been no shortage of studies examining human serum binding against a
range ofM.tb antigens. These are well reviewed by Glatrramedman and Casadevall in a seminal

paper covering the historical literatudl{).

Perhaps the defining feature of these studies is great heterogeneity in antigen recognition across
individual patients, and between LTBI and ATB. For example, out of a panel of 10 culture filtrate
proteins, no single antigen was recognized by all of 5@matwith ATB, and the number of antigens

recognized per patient varied from one to eight?2).

This is further compounded by the finding that approximately 10% of patients do not appear to mount
a detectable titre of antibodies against mycobacterial ant{dd@s To the extent that these studies
using mainly ELISA based methods could determine, no single antigen or even cluster of antigens could
be relied upon to distinguish ATB from LTBI. This resulted in the WHO calling a moratorium on
antibodybased diagnostic kits for TB in 201243).
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Initial studies predominantly focussed on antigens that were noted to be highly immunogenic in western
blots onM.tb lysates, or from technical easéuse in culture filtrate. ESAB, CFR10, Ag85A,
MPT64, the 38 k-Dgstalinnateiexpmpies of antiggns that are extensively studied as
targets of the human antibody response in a range of clinical scefiddhsDespite the above noted
heterogeneity in the human antibody response, ATB generally induces a robust humoral response to
M.tb that dso correlates with higher bacterial load in sputdd¥y.

All subclasses and isotypes have been reported additisantigens, but the predominant antibodies
produced are IgG1 and IgGB45). Interestingly, ATB has also been associated with increases in IgD

as well as IgG4, the role of which is not knowH§).

The greatest advances in understanding the breadth of antibody responses in ATB have come more
recently from higkthroughput protein arrays and transcriptomics. Firstly, Kunkalayudhaneet al

used a TB protein microarray representing over 1200 linearized proteinsftbid37Rv to determine

the seroreactive antigen repertoireMutb (147). This array was probed with serum from individuals
with ATB, and immunodominant antigens represented only 0.5% d¥ittieproteome (Figure 1.7).

484 proteins wereecognized by serum by at least a single patient. Antigen recognition in ATB was
skewed towards secreted proteins such as MPT64, Ag85A;1GFBnd the 38kDa antiged4y)

Further protein array studies in ATB have largely affirmed the already known heterogeneity of
response, as well as a skewing towaegegnition of secreted proteirisigi 151). Most recently, large

scale Luminex assays have been used to test binding of 1680 antigens in individuals with LTBI and
ATB (152). ATB was best discriminated from LTBI by antigen recognition of LAM, RV2435c, Rv3583
and Rv1528. Two other interesting findings emergeitly, that ATB associates with a loss of IgM
against Rv1508 and Ag85A, and secondly that IgG binding to FcR is stronger in ATB tharlBZBI (

Figure 1.7Each bar represents one of the 4,000 proteih.tf The bar height and blue colour gradient reflects

the number of reactive sera to each prof&#r).
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Using protein arrays validated by ELISA, out of 103 recombihétid antigens 90% of people had
antibodies against at least one antigen, but a combination of responses to six @@k, Rv2031,
Rv2032, Rv2875, Rv0934, and Rv3874) was required to reach a sensitivity ¢153%

Although specific antibody has failed to generate a useful diagnostic tool in and of itself, the addition
of measuring antAg85B antibodies to a panel of-#, IL-8, IL-18 and VEGF raised the sensitivity of
a rapid triage assay from 80% to 86% in adulith wersistent coughlb4). Even from largescale

protein arrays, it seems unlikely that antibodies could be useful biomarkers for diagnosislB5)TB (

The human repertoire of antibodies also targets-protein antigens, but despite the biological
relevance tdvl.tb, far less is known about these antibodies in TB relative to those targeting proteins.
Antibodies against lipoarabinomannan, a highly immunogenic glycolipid, are the best characterized
(156). A glycan array probed with sera from ATB, LTBI and controls all showed a range of

seroreactivity to arabinomannan (AM) polysaccharid&g)(

Follow-up work cloning antibodies from patiedérived B cells baited for AMeactivity showed that
human mAbs recognize a diverse range of epitopes acros42d)1 Two highaffinity mAbs reacted

to distinct polysaccharide domains, were {tompeting, and were able to stain histology samples for
the presence of whoM.tb (158). Although these two mAbs were not from individuals with ATB;, 0 s
evident thatM.tb glycans are broadly immunogenic in humans and can contain multiple antibody

epitopes.

In terms of antipid antibodies, synthetic trehalose monomers and dimers are broadly reactive with
patient seruml(59). Other studies using antigenic preparations containing predominantly lipid, such as
cord factor or membrane vesicles, show seroreactivity in ATB as 16€/161).

Diagnostic utility aside, the underlying reason for the heterogeneity of the antibody response is poorly
understood. Duration of active disease prior to sampling, straid.t and host HLA genetic
polymorphism are all plausible ammhder investigatedxplanations. There is limited data to suggest
that HLA influences antigen recognition but chronological evaluation of antibody responses, or linking

of strain to antibody responskas not yet been don&g2163).

Although there are unanswered questions regarding why and when certain antibody responses develop
in TB, one of the hallmarks of emerging transcriptomic studies in TB has been the upregulation of FcR
and complement by myeloid cells during ATB. Thus, altffoantibodies to specific antigens are not

able to well distinguish between disease states, the overall activation of humoral immunity is consistent

in ATB and even subclinical TB.

Several parsimonious TB transcriptomic signatures have now been evaluated for diagnostic utility in
clinical studies. Independent of HiV coi nf ect i on, FcoR1A/ FcoR4LB tran
regulated in persons with ATB§4i 166).
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Esmailet al validated these findings on a protein level, showing that circulating immune complexes
(CIC) become more abundant in subclinical and then ATB relative to LHiBure 1.8) 167). In a

cohort of adolescents with LTBI in Worcester, South Africa, levels of IgG and IgA rose in those who
went on to develop ATB vs those who did not prior to presentation with clinicgl@. Elsewhere,

CIC in ATB have been shown to contain a range of immunodominant humoral antigens such as Ag85A,
as well as glycolipids. The antigens identified in CIC include Ag85A, 30kDa antigen, and glycolipids
(LOS, DAT and PGLTb1§169i 171) Part of the challenge of detecting free LAM in the urine of PLWH

is thatLAM readily forms circulating immune complexes in the circulatibri?yj.

.Smear microscopy positive patients were much earlier found to possess greater amounts of circulating

immune complex than smear negative patients, suggesting CIC relates to bactefiai3pad
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Figure 1.8 Schematic summarizing markers of humoral immunity in ATB. Created by BioRender.

Spatially, antibodies and B cells have long been known to be present in the granuloma. Human lung
tissue in ATB stains intensely with rabbit aRfPD serum. Sputum and BAL in ATB also contains
M.tb-specific IgG and IgA, CIC and cytokines driving the expansion of antipoolgucing cells (I

4, CCL4, SOCS3) 1(74i 176).

A substantial portion of the indepth phenotyping of cells in the granuloma comes frehuman
primate data. Gideoet alhave in a series of publications defined that the granuloma contains activated
antibodysecreting B cells. Lung tissue in these animals was enriched for plasma cells and
immunoglobulins that bound to CARP and ESAT6, showing that B cells in the granularare likely

to be producingM.tb-specific antibodieg177,178). Further, by paired single cell sequencing and
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immunophenotyping, the B cells in the granuloma were shown to be predominantly 1gG or IgA
expressing plasma cells.

1.3.2 Latent and subclinical TB

The M.tb genomecontains ~50 genes @xpressed as r@sponse to hypoxia and nutritional stress,
encoded by the DosR regul@h79). Thus, a longstanding hypothesis has been that in LTBI, the
antibody response would skew towards targeting antigens expressétbhynder immune pressure
ie. Odxadeanicyt edd ant i geended gkdteinhaveagtifpenienATB ganriotds R
discriminated from LTBI based on their recognition by antib{t§3). For example, Kimudat al

tested antibody responses to the Desiroded proteins Rv1733c, Rv0081, Rv1735c, and Rv1737c in

a cohort of Ugandan individuals with either LTBI or ATB, and responses to these antigens did not differ
between groupg&l80).

Single specific antibody biomarkers thus seem unlikely to accurately discriminate between disease
states as even individual granulomas have both replicating anceplacating populations ofl.tb.
OsadaOkaet alidentified both Ag85A (associated wil.tb in growth phase) and MDP1 (associated
with dormancy) expressed in the same granuloma of a patient with previous TB who underwent lung
biopsy(181). Further, timing and intensity of exposureMdb also factor into the antibody response in
LTBI. TST(+) persons from Ethiopia bore higher levels of antibodies to EsAmd CFPLO than
TST(+) individuals from bottBrazil and DenmarK182). When antibody responses in recent TST
conversion was compared to individuals with a remote history of TST conversion, recent TST
conversion associated with greater titres of antibody against BSA§85A, Acr and MDPL (183).

In a macaque model of LTBI, antibodies against E®Adccurred early (6 to 7 weeks post infection),
whereas antibodies against Ag85, MPT53 and-C&®ccurred sporadically, if at all. Interestingly,
antibodies against ESA8 were sustainably detectablespite some animals undergoing IGRA
reversion(184).

As with ATB transcriptomic signatures, subclinical {@ymptomatic patientshows an increase in

CIC complex and~ ¢ o éxpression(167). FcoR1lc expression is a compo
whichcanpredict incipient TE185). In a Gambian cohort, a single gene pair of C1q and T cell reeeptor

U variable gene 27 consistentl vy pr(8.Whetherthispr ogr e
humoral response actively contributes to disease progression by a form of audiipedynt

enhancement remains to be studied in this population.
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1.3.3 IGRA negative butM.tb-exposed

Natural outbreak events have shown the existence of individuals who, despite definitive exposure to

M.tb, remain TST and/or IGRA negatiamddo not appear to be at risk of developing active disease

(187). Studying such persons may therefore provide insight into immunity agdditist and thus
defining the phenotype of a TB o6resisterd has be

are summarized below (Table 1.1)

Table 1.1Table summarizing constituents of the resiptegnotype.

No. Criteria Description

1 Definitive exposure to M.th * Household contacts
High transmission
communities

* Occupational exposurei.e.
healthcare workers or gold
miners

2 Immunological markers of infection « TST
* IGRA
3 Absence of features of ATB * Symptom screening

* Radiographicscreening

3 Longitudinal data regarding durability of phenotype |+ Absence ofimmunological
markers of infection
* Clinical signs of ATB

Phenotyping the antibody response in the resister population has been a major area of recent focus. A
specific antibody response td.tb in this population despite a negative TST or IGRA would be
definitive that these persons were indeed exposttittn Questions as to the role of these antibodies

in clearance oM.tb follow logically.

Prior to the establishment of resister cohorts, it was hypothesized that if protective antibodies in TB
exist, then their utility might be in preventing the initial establishment of latent infectionMvith

(188). Several TST or IGRA negative cohorts have been studied without longitudinal-tgloanti

PPD antibodies do exist in TST negatpersons anéhoculating peripheral blood mononuclear cells
(PBMC) with PPDand autologous serum resulted in a diverse effect on T cell acti(@88n Sera

where high titres of anfPPD antibodies were present drove the proliferation of T cells.

Healthcare workers in a TB ward who remained TST negative despite occupational exposure possessed
overrepresentation of an IgA gene arrangement on bulk B cell sequencing that was not present in their
TST positive colleagugd90).

More recently, cohorts with longitudinal folleup of the TSTUIGRA negative phenotype have been

described. A cohort of household contacts (HHC) of a pulmonary TB index case was recently described
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where IGRA negative HHC were followed up for a period of seven (&rsDespite lacking
sensitization tdvl.tb defined by QF¥Gold In Tube, these individuals had clasgitched antibodies to
ESAT-6/CFR10, as well as higher IgM levels, antibody avidity and a unique Fc glycosylation pattern

in comparison to IGRA positive HHC. NdRN-o T c el | r e s pscnbedeirs/olvive r e al
CD40L (CD154), CD107a, H2 and TNFU . I'n this cohort, Mihwast¢he er |, t h

same in both the resister and IGRA positive cohorts.

Another recent cohort of HHC in The Gambia where TST or QF Fcoonerters were compared to
converters at baseline and at 3 mor{itsl). The transcription profile of neconverters was enriched

for B cell markers. Using a protein array, serum recognition of several antigens by IgA differed between
groups. The antigens that best discriminated groups were Rv0134, Rv0629¢ and Rv2188eateith g
responses seen in converters. Interestingly, recognition of Rv3541c by IgG was greater in

nonconverters, which may imply host benefit towards antibody recognition of this target.

Kroon et al described another population of resisters who were-HIkfected with advanced HIV.
Although not definitive HHC, the cohort resided in an area in which IGRA positivity is almost universal
by adolescencél92). This cohort, despite advanced HIV, did not acquire TB or both TST or IGRA
positivity. Via ELISA, serum reactivity to ESAB/CFR10 was frequent (~67%) and by Luminex

serum reactivity to these antigens was seen in all resisters.

1.3.4 Effect of antitubercular therapy

Given the long duration of treatment for ATB, an antibbdged biomarker that could predict the
successful resolution of disease is desirable -R©$t the range of antigenic recognition broadens in
what has been termed as epitope spreadifid).(Kaplan and Chase were amongst the first to report
this, showing that treatment increased the number of persons with ATT reacting to a single antigen
(193). This finding of epitope spreading has subsequently been replicated further, with proposed
mechanisms begneither the release of previously shielded antigens from dead bacteria, or the decline
of active immune evasiori44). A novel protein array probed by sera from patipnsand postATT

showed 14 antigens whose recognition differed significantly by treatment status (including cobL gInQ,
arg, groEL) 148). Levels of IgG, 1§51, 19G2, IgG4 and IgM against ESAG, CFR1 and Acr decline

from time of diagnosis, between 1 and 3 months and completion of treatment. IgG3, however, did not
differ during treatmentl©4). Further, levels of CIC also decline with ATT, but remains high in patients

who do not convert to a negative sputum cul{igs).

When treated with INH prophylaxis, TST positive children show a decline in IgM and IgG against
alphacrystallin (196). IgG avidity against aml.tb lysate preparation initially decreased in 73% of
patients with treatment, but then increased towards the end of therapy. Thisugmddtecognition

of new antigens released from bacilli killed by INES7).
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The over abunXatrarsaiptscalko dedinesRwith therapy6@4-transcript signature

diminished after 2 weeks, and further until the end of treat(iéb{198) Cliff et alshowed that levels

of complement el at ed and FcoR transcripts quickIly nor m:
cell transcripts normalize at a later time pditfi5).

1.35 Effect of HIV on the antibody response to TB

TB is the leading cause of death in people living with HIV (PLWH). Increased risk for TB occurs within

the first year after HI\6eroconversion anid not fully ameliorated by ART181). At lower CD4 T

cell counts, disseminated TB, TB meningitis and mycobacteremia become more freQQemdart

from the loss of CD4T cells, HIV infection also results in widespread perturbation of the humoral

i mMmmune system. B cell anergy results from chroni
ART even after six months of treatme@0(). The vaccine response to influenza vaccination is also

blunted in PLWH, with lower titres, neutralization and aviditgn HIV negative individuals Z02).

Thus,HIV infection could blunt the antibody response agdimngb or results in less effective antibodies

via loss of CD4 T cell help. Given that HI\fassociated TB is more frequently paucibacillary,

serodiagnostics could potentially be a more useful tool in strengthening available diagnostics.

Barreraet al reported that the prevalence of detectable antibody responses against PPD declined with
the progression of HIV disea§203. Among HIV-negative patients the prevalence of IgG to PPD was
50%, compared to 36% in PLWH and 5% in AIDS patigrtisgh-throughput profiling of humoral
response in HIVassociated TB has recently revealed the loss of LAM and-&p88ific IgG responses,

as well as lower titres of antibodies against ESAT6,-C8Pand PPDZ05).

There could also be a potential defect in ckasigched antibody production, as IgG2 against LAM is
less frequently detected in PLWH than in HIV negative individ(20€). Antibodies against AM are
also significantly reduced in HPdssociated TB, with a similar deficit in IgG2 respon286) These
effects could result from loss of T follicular helper cells (Tfh) that are required for isotype switching,
somatic hypermutation and proliferation of B cé167). In keeping with this, the avidity of antibodies
against Ag85A is lower in PLWH than in nétlV infected persong208).

The trend of declining antibody titres against TB in PLWH is not universally observed. Interestingly, it
appears that antibody responses to phenolic glycolipid {P&Al) may be preserved in HIV across
CD4' counts(209). Despite a mean CDA cell count of 98, participants maintained seroreactivity to
PGL-Th1. This finding could be accounted for by lipid presentation to B cells vid @i3tricted T

cells. 1gG reactivity to MPT51 may be increased in HIV/TB coinfection relative teHi@nrB cases

(210). Whether this is because of altered bacillary replication or phenotype is unclear.
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HIV-associated TB can also present as an immune reconstitution inflammatory syndrome (IRIS) after
initiation of ART (211). Parsimonious host transcriptomic signatures to predict incident TB (RISK6
and Sweeney3) share some overlap with the prediction of((RE. However, earlier studies have
shown that antibodies against P&hl are increased prior to ATT in individuals who develop
paradoxical IRIS, whereas antibodies against ESAJFR 10 did not show the same associatatB).
Antibodies against LAM rise disproportionately during TB IRIS relative to controls who do not develop
IRIS at the same timepoint post ATZ14). TB IRIS patients also demonstrated higher total CIC at

and 2monthspost treatmen{213). As it is thought that antigen load relates to the risk of IRIS,
antibodies/CIC may track with the presencé/atb and serve as a surrogate marker of overall antigen

burden.

1.36 Humoral immunodeficiencies

If antibody responses agairidttb are necessary for protection against TB, it would be reasonable to

assume increased risk for ATB or poor clinical outcome in persons with humoral immunodeficiency.

Although metaanalysis of the most prevalent humoral immunodeficiencies in children dehoot
increased risk of ATB, these studies most frequently occur irblongden settings and where access to
IVIG replacement is availabl215). A range of isolated cases where atypical mycobacterial infections
were observed in persons with selective IgA deficiency or higdrsyndrome have been reported
(216). Another unusual case of sternal and pulmonary tuberculosis in a Japanese adult male with

hypogammaglobulineia and normal T cell frequency has also been descriigyl.

Patients receiving mAb depletion of B cells and novel small molecule inhibitors are another population
with humoral immunodeficiency. Multiple longitudinal cohorts of patients on Rituximab, aCB2i0

mADb that depletes peripheral levels of naive B célisie not shown an increased risk of TAS).

However, case reports have emerged shown that severe and less common cases of disseminated TB
have occurred after rituximab therapy in the absence of HIV infe@®i 221). However, identifying

a specific asociation for antB cell therapy with TB is difficult in such patients as concomitant use of
multiple immunosuppressants is common. In patients with LTBI, rituximab was not associated with
changes in QFT quantitative values, or the occurrence of TB oyear £22). This perhaps shows

that patients with established LTBI do not appear to lose immune conkidlloivhen B cells are lost,

but the NHPmodel shows that rituximab may impact early granuloma organizdtiGi (

Recently, belimumab, a mAb that binds to B lymphocyte stimulator was tested in a randomized, double
blind, placebecontrolled study in systemic lupus erythematosus. One death from tuberculosis

meningitis was reported in the treatment ap2gj.
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As there are unusually severe cases of TB reported in humoral immunodeficiencies, future studies could

explore whether antibody defects associate with disseminated TB.
1.4 Mechanisms of protective antibody immunity in TB

1.41.ADCP

In seeking a role for antibodies in TB, it must be notedlthtiis opsonized by complement and IgG

via the classical pathway (C1q activation) but this does not result in mycobacterigk2¢$idr{ fact,

early studies showed that TB was able to actively replicate in a media mixed 1 in 4 with patient serum
(225).

However, numerous antibody functions are contingent not only on antibody opsonization, but on
engagement with host phagocytic cel®l)( Antibodies are effective at opsonizing bacteria and

targeting for complemennhediated lysis and antibodiependent cellular phagocytosis (ADCP).

We have previously summarized the evidence in favour of an A@M{VEN protective antibody
response in TB (Figure 1.9226). The crux of these studies is that opsonikkth can be more
efficiently phagocytosed, killed, and processed for antigen presentation thampswrized bacilli.

FcRs play an essential role in this proc&&). This appears to hold true in animal models, although

in ATB most antibodies do not directly target the mycobacterial capsule and could thus be thought to
be & nmumrc t (148,228). ICiecumstantial evidence that this process is subverted in ATB could be
(i) antigenic variability in surface antigens (ii) the loss of IgG2 against capsular antigens in advanced
HIV (iii) the skewing of antibody responses to secreted antigen in ATB.

(1) Antibodies against
surface-exposed antigens (ie
LAM, HBHA, ACr, AM) (3) Enhanced intracellular
opsonizes M.th killing via Fc receptor (FcR)

downstream signallin
9 g (4) ADCP enhances
\ antigen-presentation to CD4+
T cells
> ‘)? A

Fc receptor

(2) Antibody-dependent
cellular phagocytosis

CD4*T cell

Macrophage

Figure 1.9 Schematic of putative mechanisms ADCP in TBeated by BioRender.com
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More recently, Lwet alhave published two studies using systems serology to contrast the functionality
of antibodies between LTBI and ATB, as well as LTBI or to the resister population 9172
methodology describes fluorescent beads that are conjugdtktbtantigens’ either PPD or ESAT
6/CFR10 to determine phagocytosis in the human TIHRonocyte cell line via flow cytometry. Using

this assay, sera from individuals with LTBI differed markedly from those with ATB in terms of Fc
region glycosylation and ADCRulk serafrom LTBI individuals showed greater ADCP, affinity to
FcRs, phagolysosomal fusion, and inflammasome activation relative to serum from persons with ATB
(229). Resisters showed very similar quantitative levels of antibodies to S&FR10, LAM, and

PPD, and produce antibodies that perform ADCP and ADCC.

Li et alshowed that out of a cohort of healthcare workers from a TB treatment facility, 7/48 (14.6%)
produced immunoglobulin fractions that restricted the growthl.¢if in mice and ann vitro whole
blood assay230). Depletion of opsonizing antibodies from serum removed the protective effect in

whole blood.

Studying the immune response to BCG vaccination has also pointed towards a role for ADCP in
protection against TB. ArtAM antibodies in persons with both BCG vaccination and LTBI was able

to perform ADCP and restrict the growthMftb in THP-1 cells (15). In adults previously not BCG
exposed, BCG vaccination resulted in the induction of antibodies that drove ADCP as well as restricted
the growth of BCG in a mycobacterial growth inhibition ass@i)2Further, in an atisk population

of PLWH, neutrophilmediatedADCP was significantly poorer than in néflV infected person&32).

Although several murine @himericantibodies display effects agaihitb, fully human mAbs against

the phosphate transporter subunit (PstS1) were recently charac{@83edrhese mAbs were cloned

from memory B cells baited for PstS1 reactivity and were able to opsikhibePerhaps the most
salient feature of this study is that t hese mA
transporter protein, but still were able to modestly impair the growM.iifin vitro and in mice at

profoundly supraphysiological doses (500pghml 1mg/ml)). This finding, and the fact that FcR

blockade (CD16/CD32) abrogated protection reveals that ADCP is likely the mectatrastion, not

direct neutralization of essential bacillary metabolic processes. Provocatively, these mAbs were cloned
from a patient with ATB, further obscuring the role of antibodies in ATB and implying that either
antibodies in ATB are i) 6too little, too | at ebo

either bacterial growth or other immune defects.

1.4.2 Blockade of entry

Mucosal immunity has been a developing field of TB vaccinology. Investigation into the role of
mucosalassociated invariant T cells, innate lymphoid cells and tisssident memory T cells in TB

are ongoind234).
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In principle, secreted IgA (sIGA) could bind to inhaled bacilli and prevent invasion of host cells as is
likely the case for pneumococcus anaerhophilus influenza€95). SIgA crosses the alveolar
epithelium, and the muedliary escalatory allows pathogens to be trapped in mucous and expelled
from the airways. This idea has previously been challenged in TB on the basis of to what extent
sufficient concentrations of IgAotlld be present in the airway to capture inhaled bacilli prior to
establishment of infectior285). Nevertheless, functional IgA mAbs have been cloned directly from
HCW in a TB ward that blocked the entry Mftb into a human alveolar epithelial cell lin@36) In
contrast, the same mAbs cloned into an IgG constant region drove uptake of bacilli. These findings
corroborate a recent mouse study in which a humanizedhanthAb protected mice against drug

resistant.tb with an IgA backbone, but not when cloned with an IgG constant reg@ah (

The means to assess local immunity in the lung relies either on animal models, lung biopsy or BAL. A
recent description of a human challenge model with pulmonary installation of PPD or BCG could be
one means by which afil.tb mucosal antibodies could be studi@@g). There are ethical and safety
reasons why BAL or lung tissue is challenging to obtain in donors, and thus the phenotype of mucosal
antibodies is not yet known in populations apart from ATB. Vaccines specifically targeting mucosal
immunity viaintranasal inoculation are in lattage development for COVID9 andcould serve as
proof-of-concept for future studies in TR39).

1.4.3 ADCC

ADCC is understudied in bacterial intracellular pathogens, to the extent that no robust evidence exists
as to whether it occurs in natural infection or not. There are conceptual challenges to the biological
validity of this concept. Firstly, there must Aetigens present in the host cell membrane of infected

macrophages that are recognized by antibody. Secondly, NK cells must be able to kill both the infected

host cell and the internalized bacilli.

There is, however, a reasonable epidemiological precedent for ADCC in TB. In multiple cohorts where
immunophenotyping was performed on individuals prior to presentation with ATB, only the peripheral

NK cell frequency associated with decreased risk of armid B (239). Further, apart from canonical

activation markers, expression of the NK cell ar
was associated with ngprogression. The resister cohort from éfual also possessed antibodies with
greaterafini ty for FcoRIII A than those fr emalstudye | GRA

ADCC was measured by coating ELISA plates coated with PPD, followed by serum, and then lastly

incubation with NK cells (21). It is inferred that NK cell expression of CD16;FN and degr anul

markers, correlates directly to ADCC capacity. Ehegperiments are yet to be extended to human
MDM and liveM.tb.
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Although no studies in humans have shown definitively that antibodies are able to redddhize
antigens in the host cell membrane, antibodies recognizing the cell surface of infected cells does occur,
and M.tb lipids potentially disseminate into the host cell membrane. Firstly, a mAb against a
polysaccharidéeRhodococcus equintigen, PNAG, can bind human macrophages infected with this
acidfast intracellular pathoger?241). R. equiis predominantly an equine pathogen but can cause a
granulomatous pneumaniin humans clinically likeM.tb. PNAG disseminated into the host cell
membrane distinct from the bacteria. KillingRfequin human macrophages was facilitated by a mAb
recognizing PNAG in conjunction with complement and neutrophils, suggestirtgophil mediated

ADCC occurred 241). In mycobacteria, fluorescently labelled mycobacterial lipid phthiocerol
dimycocerosat€¢PDIM) was shown by Cambiast al to embed into infected zebrafish macrophage
membranes spatially distinct from visualized live ba¢#f1). This process of PDIM spreading from
intracellularM. marinumto the cell membrane of an infected cell was replicated in A549 human
epithelial cells 242). Taken together, it could be hypothesized thatlgit antibodies are able to bind

M.tb lipids such as PDIM that have embedded in the macrophage cell membrane, and thus target
infected cells for killing by NK cells by ADCC.

1.4.4 Priming of cellular immunity

Where functional antibodies have been described in TB, it has almost always been in concert with
cellular immunity. Liet alshowed that a small fraction of HCW produced sera protective ayhihst
challenge in a mouse model and whole blood asz2g).(However, bead depletion of CD% cells,

but not CD8T cells, in the whole blood assay abolished the protective effect of s2BOnA human

IgA mAb instilled in the nares of mice challenged wittb co-administered with IFNo reduced the

CFU greatethan IFNo2, but not i not48e absence of | FN

The pleiotropic effect of FcR activation is weléscribed, and either stripping antibodies of
carbohydrate, or blocking FcR, removesvitro functionality of antibodies in a range of ADCP and
growth assays2@7,230). Antibodies could thus assist in priming or augmenting cellular immunity. In

an interesting experiment, de Valligeeal co-incubated PBMC with DC that had phagocytosed BCG
opsonized by serum from BCG revaccinated ad@Hg)( Postvaccination serum resulted in better T

CD4' proliferation andFN-o0 e xpr essi on, an ef f e cdbsotptioadflgG oul d

from serum 244).

1.4.5 Limiting dissemination of disease

Hematogenous dissemination of TB was first reported in the early 1900s in which bacteremia was
identified in 66.6% of patients with miliary TB, but only 6.7% of other forms of TB in thérpagément
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era @45). Approximately 15% of TB cases occur as extrapulmonary disease, and transient
mycobacteremia and/or lymphatic spread is likely the mechanism whereby distant organs are seeded
with M.tb (246). Surprisingly, in autopsy studies of RdB related deaths, extrapulmondytb DNA

can widely found in endothelium, kidneys, liver, and sple&4y)( Mycobacteremia is also more
common in advancedlV and correlates with poor clinical outcome (12).

There therefore must be a point in time whereby extraceMtdris exposed to antibodiéseither in
the lymphatic system, or in blood. The fact that only a small portion of people develop extrapulmonary

TB could form another role for antibodies in TB.

One of the earlier mouse mAb studs®wedthat prior coating of BCG with a mAb against HBHA
did not reduce lung CFU, but markedly limited spleen dissemina2d8).(HBHA is an adhesin and
facilitates entry of mycobacteria into host cells. Mice immunized with anpidfein conjugate
produced opsonized antibodies againsiMitb capsule 249). Passive transfer of immune serum prior
to infection of naive mice results in reduced extrapulmonary disseminatidrtiofo the spleen, a
finding not seen in cont serum from BCG vaccinated mic). Intravenous administration of LAM
in mice results in deposition of LAM in the spleen and liver. An-BAtYl IgM mAb reduced organ
deposition and resulted in clearance of LAM via biliary excret&&i)(

The human data to date are circumstantial, but it appears disseminated forms of TB are associated with
a particular defect in opsonizing IgG2. In PLWH, a defect in IgG2 antibodies against LAM is seen in
those diagnosed with extrapulmonary TB4). This same observation has been made in children,
where IgG responses in LAM show a marked trough coincident with the age of peak incidence of
disseminated TB251). Again, children with disseminated TB had markedly reduced antibodies to
LAM than those with respiratory disease despite equivalent total IgG &zl Antibodies of the

IgG2 subclass against BCG were higher in infants who converted to QFT positivity after two years
when compared to those that did (25§2). In the glycan array study discussed, levels ofAktilgG2

were greater in patients with pulmonary disease than those with extrapulmonary TB or a miliary picture
on chest xay (157). Notably, no such difference in a®tM IgG1 levels were observed between

pulmonary and disseminated TB57).

The antibody response in ATB could therefore possess heterogenous functions, with some antibodies
curtailing bacilli that break through granuloma control. The mAbs against PstS1 that both opsonized
and restricted the growth df.tb despite being derived from a patient with AT233). The absence of
radiographic cavitation i.e. lung destruction is also associated with greater Ag85A antibody response
(252).
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Rituximab therapy has sporadically been linked to cases of miliary/disseminated TB, but not an increase
in risk of pulmonary diseas€19,220). A role for antibodies in limiting dissemination, but not
reactivation TB, could be one explanation for this observation.

To test this hypothesis, the B cell and antibody compartment of patients with iyas$iiated
disseminated TB b) HIV negative persons with extrapulmonary TB could be contrasted to those whose

disease is restricted to the respiratory system.

1.5Antibodies in TB pathogenesis

There is a clear association between the increase in IgG against secreted antigens, C1q transcripts and

| evel s, as wel | as FcoRIII A/ FcoRIITI B activati on
emerging phenomenon could be interpreted that lnalmmamunity indirectly measures antigen burden

asM.tb replicates, but these immune complexeptor interactions could also be directly contributing

towards disease pathogenesis.

One model Figure 1.10) of viewing these findings is that replicatiidgb express secreted antigens

which are then bound in CIC and taken up by myeloid cells via FcR. The overabundance of
Fcorl1l1A/ Fcor1B would impli cat e-resident macpghagss,intibendr i
uptake of antibody, and the downstream patyswvould result in expression of interferons, TMF a n d

IL-1 (108).

) Y ) N\ 3. Antibodies form
1. Macrophage infected @ ® N\ == circulating immune
with M.tb ® == complexes (CICs) with
@ @ ® \ secreted alntigertl and
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Figure 1.10 Schematic of putative mechanisms whereby antibodies could contribute to pathogenesis in TB

Created by BioRender.com
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The classical model for a role of antibodies in the pathophysiology of an infectious disease is in Dengue.
Antibody-dependant enhancement (ADE) of infection is central to the development of severe disease,
whereby nomeutralizing antibodies traffic dengweus to FCcR expressing cells. Psexisting non
neutralizing antibodies from prior infection with other serotypes drives viral replication and can result
in haemorrhagic feve(253). In parasitic infections, the pathogenesis of tropical splenomegaly in
malaria is chronic antigen uptake distinct from parasite killing driven by Rlsgsmodium falciparum

IgM (255,256). Leishmaniasis, another protozoal infection, is also characterized by the induction of
antileishmanial antibodies that correlates withak parasitemia, and the presence of &7)(
Leishmaniainduced CIC from patients with visceral leishmaniasis stimulates the productior6of IL
IL-10 and GMCSF in PBMC 258).

The case is less strong in TB, but CIC do appear to have a proinflammatory effect. IlgG1 antibodies
from patients with ATB drives uptake of PPD into MDM with greater production of-ONF-10, and

IL-6 relative to control serun2$9). Following on from this work, Thakurdas alisolated IgG1 from

patient serum and showed that IgG1 specifically augmentsdNfor oducti on despite t
TNF-U i nh26®.i t or (

Treatment of human neutrophils with CIC extracted from ATB patient sera suppressed the release of
IL-4,1L-6, GM-CSFand TNFU r el ative to CIC from healthy cont
neutrophil respiratory burst and chemotag®l]. TNFU | evel s correl ate well wi
in a broad range of inflammatory illness282).

ATB has rarely been associated with the development of immune complex mediated
glomerulonephritis, showing that these CIC can result inoegdn damage?263,264). A characterized
cohort of IgA nephropathy in TB showed deposits of IgA1 and EBAM renal immunohistochemistry
despite negative urine cultures fdrtb (265).

In postmortem lung tissue biopsies of patients who died of TB, granulomas unintuitively rarely reveal
visible M.tb (265). However, lung tissue in ATB stains diffusely and intensely with-RRD rabbit

sera. The rim of cavities contains equal amountsi &b and antigens, but there is an abundance of
protein antigens present in diseased tis266)( It can therefore be envisioned that the antibody
response to these antigens is unlikely to target bacilli for ADCP or ADCC, but rather form immune

complexesanddrivepion f | ammat or y -madsatedugdtaks in macropfagesR

1.6 Antibodies and vaccination against TB

A binary viewpoint pitting humoral against cellular immunity is almost certainly an oversimplification
when considering immunity required to vaccinate againsZbB) ( Especially since the COVHI9 era

has overtly demonstrated that although neutralizing antibodies are critical for protection, T cells provide
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protection against severe illne267). Here the role of T cells is contentious, but if important, appears
to be in breakthrough infection where nAbs have failed due to viral antibody escape. This could be an
important lesson for the TB field where different timings and types of immunitybmagquired to

prevent initial infection, prevent reactivation or to prevent dissemination of mycobacteria.

Despite the limited efficacy of BCG in preventing pulmonary TB, the mechanisms whereby BCG
preventgdisseminationn children must still be accounted for. Much work has been done to show that

BCG induces a functional antibody reperto2é9) In an examination of BCG specific CDRcells in

5662 infants vaccinated at birth, neitherdLIFN-y, or TNFU expr essi on correl at e
against developing TB70). In a correlate of risk analysis of South African infants, antibodies against

Ag85A wereassociated with decreased risk of incident ZBL.

Preclinically, administering BCG intravenously (I\¢aninduce sterilizing immunity in NHP272).

IgM responses in IV BCG vaccinated macaques associated with relluitedurden on necropsy.

Protected from susceptible macaques could be discriminated between by the presence of IgM against
HspX in BAL early posthallenge, and antiAM IgG1 and IgM at later timepoin{&72). Interestingly,

a putative mechanism of protection in these ani:

capacity and NK cell degranulation observed.

The decision to focus on protein antigens that are broadly recognized by T cells may not be a desirable
strategy to induce effective antibodies. In two phase 2b trials, the candidate vaccine
Modified vacciniaAnkaraexpressingAg85A (MVAS85A) did not prevenincident cases of TB despite
inducing polyfunctional T cells. Although Ag85A antibodies are a marker of decreased risk of TB,

passive transfer of serum from mice immunized with Ag85A does not protect naiveiidice (

Perhaps the most significant breakthrough towards defining correlates of protection against TB is the
recent M72:AS01 vaccine trialg{5,276). The Mtb32a and Mtb39A antigens were originally identified

from serological studies in healthy TST positive individuals seeking immunodominant antigens in TB
(275). M72:ASO01 elicits both polyfunctional T cells and alifr2 antibodies. This vaccine provided
49.7% protection against developing active TB in IGRA positive adults over aytsaeperiod and
presents thepportunity to determine a vacchmauced correlate of protection against TB8). All
participants who received M72:AS01 had detectable antibody responses even 36 months post

vaccination 276).

Many candidate vaccines for prevention of infection under clinical evaluation also induce antibody
responses. H4:IC31 (Ag85B and TB10.4) indueesigen specificlgGl and IgG3 70 days post
vaccination bufailed to prevent sustained IGRA conversi@if,278). The ID93/GLASE is a fusion
proteirntbased vaccine that aims to prevent progression from LTBI to incider@ 7B (D93/GLA-SE

is comprised of three immunodominant T cell antigens derived from ATB (Rv2608, Rv3619, and
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Rv3620) or latency (Rv1813p80). Despite targeting T cells, ID93/GLBE does induce vaccine
specific antibodie§278).

Two live-attenuated candidate vaccines to replace BCG as primary vaccination against TB, VPM1002
and MTBVAC, are in latestage clinical testing. Although VPM1002 induces higher levels of antibodies
than BCG in mice, in humans aftPD IgG wanes to undetable levels within 180 day2§1). This

could be of concern if indeed antibodies are required for protection algeibsMTBVAC is a whole

cell vaccine of genetically modifiell.tb with deletions in several virulenassociated geneg2).
Mucosal vacaiation with MTBVAC in NHP stimulates a robust IgG, IgA and IgM response in BAL
fluid, and a modest increase in immunoglobulins after intradermal vaccination. Mucosal inoculation,
but not intradermal vaccination, induced the production of opsonizing aigtibadainsi.tb (282).

Levels of IgG and IgM in BAL fluid strongly correlated with an ADCP assay using fluorektémt

and THR1 cells 82). Human immunogenicity studies of MTBVAC have not yet assessed antibody
responses to vaccinatioe8@). These finthgs also raise questions as to the impact of vaccination site
and delivery on antibody production. Thonetsl have shown that aerosolized MVA85A vaccination

raised no safety concernshomans budid not induce artAg85A antibodies in serur283).

Whether it is necessaty induce antiM.tb antibodies for protection is also controversial. A recent
CMV-vectored vaccine (RhCMV/TB) containing 9 TB antigens completely protected 14 of 34 rhesus
macaques from developing TB post intm@nchial challenge284). None of the animals in the study

had vaccinenduced antibodies, but all had potent C24d CD8 T cell response284).

No scientific consensus on the optimal antigens or site of vaccination exists. If antibodies against
secreted protein antigens are players in disease pathogenesis, this could be an Achilles Heel of the
current direction of vaccine design. Whether antib®diay best be deployed in prevention of infection
studies versus progression from LTBI in incident TB is also unclear and is contingent on where a role
for antibodies is best found. Once infection is established or progressing, it may be too late fat mucos
antibodies to curtaiM.tb replication. Another concern is protecting PLWH from TB. The MVA85A
vaccine was tested in PLWH and showed good immunogenicity (55). However, antibody responses are
generally blunted because of HIV infection. The translational gap for an antdasdd vecine against

TB to cross to be harnessed for the next generation of TB vaccine candidates is therefore immense.

1.7 Conclusion

The role of antibodies in TB has been debated ever since the near contemporaneous didebotkery of
and humoral immunity. Once understudied, seminal advances specifically with better
immunophenotyping of people who appear resistant to TB, the cloning of functional human mAbs, and
the antibody repertoire induced by IV BCG in NHP, shows that antibodiexsttertainly have some

function againsM.tb.
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How antibody epitope, isotype, glycosylation, and anatomical location, impacts this function are open
guestions. The nature of antigens that induce protective antibodies whether capsular glycans, lipids or
membraneassociated proteins like PstS1 or AGs yet to be extensively catalogued. ADCP is the best
studied mechanism whereby antibodies can aide killild.tfand prime cellular immunity, but ADCC

or mucosal exclusion by IgA is likely underappreciated by virtue of large knowledge gaps. How these
functions are impacted by HIV, and why only some individuals possess protective antibodies must be

understood to better vaccinate against TB.

Paradoxically, progress in the prediction and diagnosis of ATB show that IgG against secreted proteins,
Cl C, and FcoR are consistent mar kers of di sease.
is merely reflective of loss of immune control,adirect contributor to the pathogenesis of TB. If the

latter, this could avail new pathways for intervention by Hdirgtcted therapy.

The invention of technologies to explore human antibody responses at both scale and depth is now
intersecting with the study of unique patient populations such as resisters and candidate vaccine

recipients. These advances promise to shed new light ooldhisoblem.

1.8 Aims and hypotheses

In this thesis | explore the role of antibodies in TB through an investigation of various clinical cohorts
using a range of experimental methods. | have examined mAb and serological responsels! aigainst
across different clinical states, including ATB, LTBI, HIV-tdection, and BCG vaccination. | have
sought to define the function of human mAbs produced by patients with ATB. Given that PLWH are at
increased risk of developing disseminated forms of TBvestigate whether the magnitude of
antibody agaistM.tb is impaired in this atisk population. In addition, whether a phenotype of TST
and IGRA negative PLWH from high TB burden areas exists is underexplored. | therefore determine

whether such individuals have detectable antibodies specNico

Further, | showdthe development of rapid flow cytometric assays to measure opsonization and ADCP
using BCG vaccination as a model for mycobacterial infection. Finally, work in this thesis shows that
the magnitude of antibody responses in HIV do not correlate with COx%eH Tounts. This generated
interest in testing whether-@ell independent IgM producing memory B cells (Marginal Zone B cells
or MZB) are perturbed by LTBI or ATB. As MZB are activated by carbohydrate and lipid antigens,

these findings @ especially relevant in understanding humoral immunity against disseminadab.of
The specific aims and hypotheses of this thesis are detailed below.
Hypothesis 1:MAbs generated from patients with ATB will differ in antigen specificity and function.

Aim 1.1: Generate a panel of fully human mAbs from patients with ATB.
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Aim 1.2: Identify patient derived mAbs that recognMetb antigens.
Aim 1.3: Identify the antigen of anyl.tb-specific mADbs.
Hypothesis 2:Mabs that bindv.tb will restrict the growth oM.tb in growth inhibition assays.

Aim 2: Test the function of antyl.tb mAbs in terms of opsonization, ADCP, and bacillary killing

in mycobacterial growth assays.

Hypothesis 3:A component of the immunodeficiency observed in PLWH is due to them mounting a

lesser antibody responseNbtb across the spectrum of disease.

Aim 3: Quantify the magnitude of antibody responses across IGRA negative, LTBI, and ATB

participants with and without HIV infection.

Hypothesis 4:PLWH who lack sensitization td.tb from a high TB burden area will possess evidence

of immune sensitization in the form Bf.th-specific antibodies.

Aim 4: Quantify theM.tb-specific antibody response in a range of cohorts with IGRA and/or TST
negative PLWH.

Hypothesis 5:BCG vaccination induces an antiycobacterial ADCP response that can be determined

with flow-cytometric assays.

Aim 5.1 Develop flow cytometric tools for the evaluation of serum opsonization capacity and
ADCP of BCG.

Aim 5.2: Utilize assays developed above to quantify the effect of BCG vaccination on ADCP.

Hypothesis 6 T-cell independent IgM producing memory B cells (marginal Zone B cells or MZB) are
of interest in TB as they are activated upon recognition of lipid and carbohydrate antigens. | hypothesize
that the frequency and activation of these cells is impactéd By resulting in their enrichment at the

site of disease.

Aim 6.1: Test the frequency and phenotype of MZB in individuals with IGRA negative, LTB, and
ATB.

Aim 6.2: Compare the frequency and phenotype of B cells in peripheral blood to site of disease

(pericardial fluid).

Taken together, these data could provide additional insight into how antibodies may factor in both

protection and pathogenesis in TB.
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Chapter 2: Materials and methods

2.1 Instruments & Equipment
BD FACSAria
BD LSR I
Centrifuge
Electrophoresis tank and power pack
BACTEC MGIT 320/960 machine
37°C water bath
360° tube rotator
AxioObserver widefield microscope

37°C incubator with CO2

2.2 Materials & Reagents
Agel-HF
BD BBL MGIT tubes
BsiwI
1.5 ml microcentrifuge tubes
10 xbuffer
12 well plates
15 ml centrifuge tubes
2ml screwtop microtubes
3,3',5,5tetramethylbenzidine (TMB)
30% Acrylamide/Bis Solution, 37.5:1

48-well plates

50ml sterilepolyethylene conical flasks

BD

BD
VWR
Bio RAD

BACTEC

VWR

Zeiss

New England Biolabs
Becton Dickinson
New England Biolabs
Eppendorf or similar
Ampligon

Nunc

Falcon

Sarstedt
ThermoFisher
Bio-Rad

Costar

Sigma Aldrich
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96 well plates

Agel-HF

Ampicillin (Amp)

Anhydrous Dimethyl sulfoxide (DMSO)
Anti-CD19 PE

Anti-CD20 PerCR25ug/ml)

Anti-CD27 FITC

Anti-CD3 PerCR12.5ug/ml)
Anti-CD38 APC

BCG Bacillus Calmett&uerin
Benzonase

Bovine Serum Albumin (BSA)

BV buffer

Carbenicillin

Cell culture grade sterile water (Sigma)
Cell strainer

Cytokine ELISA kits(Quantikine®

D10 Medium

Dithiothreitol (DTT)

DMEM

dNTP

EcoRI

ELISA plates

ESAT-6/CFR10 fusion protein
Ethylenediaminetetraacetic acid (EDTA)
Fetal Calf Serum (FCS)

Fugene 6

Nunc

New England Biolabs
SigmaAldrich
SigmaAldrich
Dako

Becton Dickinson
Becton Dickinson
Becton Dickinson
Becton Dickinson
McShane & Wilkinson Labs
Sigma Aldrich
SigmaAldrich
ThermoFisher
SigmaAldrich
Sigma Aldrich

BD Falcon

RND Systems
Sigma Aldrich
Pierce

Sigma Aldrich
Promega
Promega

Nunc or equivalent
Lionex.de
SigmaAldrich
ThermoFisher

Promega
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Glycerol
HEPES
Horseradish peroxidase (HRP)

| s o p r-D-pthibgaldrtopyranoside
(IPTG)

Kpnl

L-glut/PenStrep

L-Glutamine

L-Glutamine

LB media

LB plates

LIVE/DEAD Fixable NearIR Dead Cell
Middlebrook 7H9 media
Middlebrook OADC

Mycobacteria stock

M.tb whole cell lysate

M.tb antigen fractions

Nitrocellulose membrane

Optimem

PANTA/enrichment supplement
Parafilm

Paraformaldehyde

PBS PhosphatBuffered Saline

PCR enzyme mix

PCR Plate

PCRprimers [see table x for sequence]
PEN/STREP Penicillin/Streptomycin

Phorbol 12myristate 13acetate (PMA)

Sigma Aldrich
Merck

ThermoFisher

SigmaAldrich

Promega
SigmaAldrich
Sigma Aldrich
Merck

Merck

Merck
ThermoFisher
Becton Dickinson

Becton Dickinson

McShane & Wilkinson Labs

BEI Resources
BEI Resources
GE Healthcare
Gibco

Becton Dickinson
Bemis NA
SigmaAldrich
SigmaAldrich
Promega

Bio Rad

ThermoFisher

SigmaAldrich
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Plate seals
Polyethylenimine (PEI)
Qiagen HotStarTaqg PCR kit
Qiagen miniprep kit

Qiagen OneStep RIPCR kit
RPMI

RNAse free microcentrifuge tubes
RNAse free tips

RNAsin (RNAse inhibitor)
RPMI-1610 Medium
SalkHF

Saponin

Skimmedmilk

Sodium Pyruvate

Sulfuric acid

Tris pH 8

Triton -100

TrypLE

Tween 80

Tween200

Xhol

Star Lab

Sigma Aldrich
Qiagen

Qiagen

Qiagen
SigmaAldrich
Eppendorf or similar
Gilson or similar
Promega

Sigma Aldrich

New England Biolabs
SigmaAldrich
SigmaAldrich

Gibco

SigmaAldrich
Applied Biosystem
SigmaAldrich
ThermoFisher
Sigma Aldrich
SigmaAldrich

New Englandiolabs
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2.3 Buffers
PBST
ELISA blocking buffer
FACS buffer

PBS

R10 Medium

PBS, 0.1% Twee0
5% skim milk in PBS
2% FCS in PBS

137 mM NacCl, 2.7 mM KCI, 10 mM N&PQ;, 1.8
mM KH2PQOy

2 mM L-glutamine, 1 mM Sodium Pyruvate, 10%
FCS

RNaseinhibiting RT-PCR catch 5 ml -RNesewater, 50 OI

buffer

RPMI-MGIA

Sodium Carbonate buffer

2.4 Primers

125 NAsin R

RPMI-1640 Medium, 25mM HEPES , 2 mM L

glutamine

0.05 M NaHCQ, pH 9.6

Table 2.1Forward PrimefSequences

Forward Primer

5NBNj sequence

5 NjVH.1 ACAGGTGCCCACTCCCAGGTGCAG

5 NjVH.3 AAGGTGTCCAGTGTGARGTGCAG

5 NjVH.4/6 CCCAGATGGGTCCTGTCCCAGGTGCAG
5 NjVH.5 CAAGGAGTCTGTTCCGAGGTGCAG

5Nj Agel VH1

CTGCAACCGGTGTACATTCCCAGGTGCAGCTGGTGCA
G

5Nj Agel VH1/5

CTGCAACCGGTGTACATTCCGAGGTGCAGCTGGTGCA
G

5Nj Agel VH3

CTGCAACCGGTGTACATTCTGAGGTGCAGCTGGTGGA
G
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Nj

Age2B VHS3

CTGCAACCGGTGTACATTCTGAGGTGCAGCTGTTGGA
G

Nj

Agel VHA4

CTGCAACCGGTGTACATTCCCAGGTGCAGCTGCAGG
AG

Nj

Aged4 VH 4

CTGCAACCGGTGTACATTCCCAGGTGCAGCTACAGCA
GTG

Nj

Agel8 VH 1

CTGCAACCGGTGTACATTCCCAGGTTCAGCTGGTGCA
G

Nj

Age2d VH 1

CTGCAACCGGTGTACATTCCCAGGTCCAGCTGGTACA
G

Nj

Age33 VH3

CTGCAACCGGTGTACATTCTCAGGTGCAGCTGGTGGA
G

Nj

Age9 VH 3

CTGCAACCGGTGTACATTCTGAAGTGCAGCTGGTGGA
G

Nj

Age3d VHA4

CTGCAACCGGTGTACATTCCCAGCTGCAGCTGCAGGA
G

Nj

Agel VH 6

CTGCAACCGGTGTACATTCCCAGGTACAGCTGCAGCA
G

Nj

ATGAGGSTCCCYGCTCAGCTGCTGG

Nj L Va 3 CTCTTCCTCCTGCTACTCTGGCTCCCAG
Nj L Vo 4 ATTTCTCTGTTGCTCTGGATCTCTG
Nj Pan Va ATGACCCAGWCTCCABYCWCCCTG

Nj

Aged Va 1

CTGCAACCGGTGTACATTCTGACATCCAGATGACCCA
GTC

Nj

Aged Va 1

TTGTGCTGCAACCGGTGTACATTCAGACATCCAGTTG
ACCCAGTCT

Nj

Age#d3 Va 1

CTGCAACCGGTGTACATTGTGCCATCCGGATGACCCA
GTC

Nj

Aged Vo 2

CTGCAACCGGTGTACATGGGGATATTGTGATGACCCA
GAC

Nj

Age28 Va 2

CTGCAACCGGTGTACATGGGGATATTGTGATGACTCA
GTC
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Nj

Aged Ve

2

CTGCAACCGGTGTACATGGGGATGTTGTGATGACTCA
GTC

Nj

Agdl Vo 3

TTGTGCTGCAACCGGTGTACATTCAGAAATTGTGTTG
ACACAGTC

Nj

Agd5 Va 3

CTGCAACCGGTGTACATTCAGAAATAGTGATGACGC
AGTC

Nj

Age€0 Va 3

TTGTGCTGCAACCGGTGTACATTCAGAAATTGTGTTG
ACGCAGTCT

Nj

Agd Va 4

CTGCAACCGGTGTACATTCGGACATCGTGATGACCCA
GTC

Nj L Vo 1 GGTCCTGGGCCCAGTCTGTGCTG
Nj L Vo 2 GGTCCTGGGCCCAGTCTGCCCTG
Nj L Vo 3 GCTCTGTGACCTCCTATGAGCTG

Nj

GGTCTCTCTCSCAGCYTGTGCTG

Nj L Vo 6 GTTCTTGGGCCAATTTTATGCTG

Ny L Vo 7 GGTCCAATTCYCAGGCTGTGGTG

Nj L Vo 8 GAGTGGATTCTCAGACTGTGGTG

Nj Agel Ve 1 CTGCTACCGGTTCCTGGGCCCAGTCTGTGCTGACKCA
G

Nj Agel Va 2 CTGCTACCGGTTCCTGGGCCCAGTCTGCCCTGACTCA
G

Nj Agel Va 3 CTGCTACCGGTTCTGTGACCTCCTATGAGCTGACWCA
G

Nj Agel Va 4/ 5| CTGCTACCGGTTCTCTCTCSCAGCYTGTGCTGACTCA

Nj Agel Va 6 CTGCTACCGGTTCTTGGGCCAATTTTATGCTGACTCA
G

Nj Agel Va 7/ 8| CTGCTACCGGTTCCAATTCYCAGRCTGTGGTGACYCA

G

Nj

Ab sense

GCTTCGTTAGAACGCGGCTAC
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Table 2.2Reverse Primer Sequences

Reverse Primer 5NBNj sequence
3Nj Co CH1 GGAAGGTGTGCACGCCGCTGGTC
3Nj Ce CH1 GGGAATTCTCACAGGAGACGA

3Nj 1gG (interngGTTCGGGGAAGTAGTCCTTGAC

3Nj Sall JH 1/ 2/ TGCGAAGTCGACGCTGAGGAGACGGTGACCAG
3Nj Sall JH 3 TGCGAAGTCGACGCTGAAGAGACGGTGACCATTG
3Nj Sall JH 6 TGCGAAGTCGACGCTGAGGAGACGGTGACCGTG
3Nj Ca 543 GTTTCTCGTAGTCTGCTTTGCTCA

3Nj Coa 494 GTGCTGTCCTTGCTGTCCTGCT

3Nj Bsi WI Ja 1/ 4 GCCACCGTACGTTTGATYTCCACCTTGGTC

3Nj Bsi WI Ja 2 GCCACCGTACGTTTGATCTCCAGCTTGGTC

3Nj Bsi WI Ja 3 GCCACCGTACGTTTGATATCCACTTTGGTC

3Nj Bsi WI Ja 5 GCCACCGTACGTTTAATCTCCAGTCGTGTC

3Nj Co CACCAGTGTGGCCTTGTTGGCTTG

3Nj Xhol Ca CTCCTCACTCGAGGGYGGGAACAGAGTG
2.5 Software

Prism9, GraphPad Software GraptPad Software Inc

Image Lab Software Bio-Rad

Geneious Dotmatics

Fiji distribution of ImageJ Schindeliret al, 2012 (285

2.6 Cell Culture methods

2.6.1 BCG culture

Middlebrook 7H9 broth was prepared with 0.22 um filtered gdHaccording to manufacturer

instructions, and supplemented with 10% v/v Middlebrook, 0.2% v/v glycerol and 0.15% v/v Tween 80
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(lab stock). Broth was autoclaved prior to supplementation, and 0.22 pum filtered prior to use.
Mycobacterium boviBCG Pasteuwas cultured in prepared 7H9 broth in 50ml sterile polyethylene

conical flasks, incubated at 3Z with 150200 rpm agitation.

2.6.2 THP-1 cell culture

THP-1 cells were cultured in RPMI640 + L-glut/PenStrep/10% FCS (R10 media). Cells were
maintained at 37 °C and 5% CO2. Cells were dissociated with 5 mM EDTA in PBS for passaging and

seeding foexperiments.

2.6.3 HEK293T Cell Culture

HEK293T cells were cultured in Dulbeccods Modif
10% FCS, 2 mM Gl ut aMAX, 50 U/ ml penicillin and ¢
37 °C and 5% C@ Cells were dissociated with 5 mM EDTA in PBS for passaging and seeding for

experiments.

2.6.4 MDM differentiation and seeding

On the day required for seeding, THIRcell culture suspension was centrifuged at 2000 rpm for 5
minutes at a required volume per assay. Pelleted cells were resuspended in fresh R10 media and cell
density was determined using a haemocytometer. 4gell@ were seeded in to wells in-@@ll plates,

in 200ul R10 media with 20 nM PMA added. Cells were incubated aC3with 5% CQ, then media

was replaced with fresh R10.

2.7 Molecular Biology & Immunology

2.7.1 Flow Cytometry and cell sorting

Cell samples were pelleted by centrifugation at 1500 rpm for 5 minutes. Cells were resuspended in 1ml
FACS buffer and incubated for 10 min at RT before being used for cell sorting. In parallel, aliquots of
0.5 x 106 cells were prepared, to be used as either the unlabelled control or to be singly labelled with
one antibody from the panel per aliquot, to be used as compensation controls. All aliquots were pelleted
by centrifugation at 2000 rpm for 5 minutes. Cells wesispended in 50 pl FACS buffer wihti

CD3 PerCRA4ul); anttCD27 FITC(4ul); anttCD38 APC(4ul); anttCD20 PerCR4ul); anttCD19

PE (1pul), or each one of the antibodies separately, as appropriate for the sorting and compensation
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samples. Samples were incubated for 30 min on ice before being washed with 2 ml FACS buffer and
centrifuged at 2000 rpm for 5 min. Cells were resuspended ifi 300 pl FACS buffer and passed
through a cell strainer to removed clumps of cells.

Prepared cell suspensions were sorted on a BD FACSAria with gating "/CDP®/CD3
/CD27"CD38"" Single cells were sorted into PCR plates, with wells containing 10 pl ePGR
catch buffer. Row H was reserved for negative controls, where onf@R catch buffer was added.
Immediately after sorting each plate was sealed with a plate seal andigedtaf 1000 rpm for 1 min.
Plates were kept on dry ice during the sorting process, following by storeffe @ For bulk PCR,
1000 cells were sorted above intd..5 ml RNasdree microcentrifuge tubes. These were immediately

centrifuged at 1000 rpm f@min andstored at80 C via transfer on dry ice.

2.7.2 Antibody cloning

2.7.2.1 Single cell RTIPCR for Heavy chain gamma and Lambda and Kappa chains

Following cell sorting, monoclonaintibodies were isolated from single plasmablasts as per &tilédr

(2008)and Wilsoret al (2009)described briefly herél29,130). Qiagen OneStep RPCR kit was used

for singlec e | | amplification of Il ndi vi dual l gH and 1| g
equimolar mixture (100 uM) VH1, L-VH3, L-VH4/6, L-VH5, L-VK1/2, L-VK 3, LVK4, L-

Vlambdal, LVlambda2, LVlambda3, LVlambda4/5, LVlambda6, LVlambda7, LVIambda8

(sequences listed in table 2.1). Reverse primers used aemrequimolar mixture (100 pM)
CgammaCH1, CK543, Clambda in dgH(sequences listed in table 2.2)5 OPCRReRction mix

(0.08 puM forward primermix0. 08 OM reverse primer mix, 13.3 ON
enzyme mix and ddi¥D) was added to each well, includingtheel ee finegati ve contr
stock RNA was added to one control well for a positive controlPRR was run witlanamplification

profile of denaturation for 30 minutes at 30 and 15 minutes at 9%, followed by 50 amplification

cycles of 30 seconds at 9@, 30 seconds at 5& and 1 minute at 72C, before a final incubation of

10 minutes at 72C.

2.7.2.2 Nested PCR for Heavy, Lambda or Kappa chains

IgG heavy or light (kappa or lambda) chains were amplified by nested PCR using Qiagen HotStarTaq
PCR ki t. Pri mer sequences specific to amplifica
l ambda (56Agel V& and 36XhoCas A£P4 )mi xlteasi)n (03 e kuaepma
in tables 2.1 and 2.2). 3 ul RACR product was mixed with 40 ul PCR reaction (025 uM forward
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primer mix, 0.25 uM reverse primer mix, 0.0125 uM dNTPs, 1x HotStarTaq enzymeQidPCR
was run with a thermocycler profile 6 minutes at 95C, 50 amplification cycles of 30 seconds at 94

“C, 30 seconds at 5& and 45 seconds at 72, before a final incubation of 10 minutes at T2

PCR products were separated by gel electrophoresis with a 1% agarose gel. The expected heavy and
light chain products were isolated from the gel using the QiAquick Gel extraction kit. PCR product
sequencing was used to determine the appropriate primer ge¢ for PCR cloning (sequences are

listed in tables 2.1 and 2.2), followed by PCR amplification as per the nested PCR reaction described

above. PCR products were gel purified as above.

2.7.2.3 Expression vector cloning

Purified PCR products were restricttenzyme digested (heavy chain gene: Ag€l SaltHF; kappa

light chain: AgetHF, BsiWI; lambda light chain: AgeflF, Xhol) in the manufacturelecommended
buffers,were incubated fof hours at 37C (heavy and lambda chains genes) orGgkappa chain

genes). Digestion products were gel purified and ligated into the appropriate dephosphorylated
linearised expression vectbrnamely eitheh uman | go 1, l ga or 1l ge expres
murine Ilggene signalpet i de sequence, a multiple cloning sit

constant regions, HCMV promotor driving transcription, and an ampicillin resistance gene.

Co mp et e nEsschelidiia ¢bliwas transformed with the ligated expression vectors and screened
for recombinance by ampicilliresistant growth on selection media LB plates. Vepusitive colonies

were picked and expanded by overnight liquid culture growth, followed by plasmid atipificising

a Qiagen miniprep kit reaction. Purified plasmid was checked for the gene insert byaateplasmid
digestion. Heavy chain inserts were digested with EcoRI and Sall; Lambda chain inserts were digested
with Agel-HF and Xhol; Kappa chain inserts were digested with EcoRI and Hindlll. 3 pl plasmid was
mixed with 13 pl digestion mixture with the appropriate restriction enzymes, BSA and the manufacture
recommended buffer preparation. The digestion product sizes whareked by agarose gel

electrophoresis. Confirmed inserts were sequenced prior to transfection in other expression systems.

2.7.2.4 Transfection of 293T cells

293T cells were seeded at 2%t@lls/ cntin complete D10 medium and incubated overnight (until 50

i 80% confluent) in standard culture conditions (87and 5 % Cg). Transfection mix was prepared

by mixing 240 ul ursupplemented DMEM with 2.5 pl each of the purified heavy chain and lambda
chain plasmid constructs, and 10 pl Polyethylenimine (PEI) and incubating the mix for 15 min at RT.
The transfection mix was added to cells, followed by 24 hours incubation under standard culture

conditions. Cell culture media was changed to UltraDORFAfollowed by 45 days culture incubation
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as above. Cell culture medium was collected and centrifuged at 3500 rpm for 15 minutes and stored at

4" C until processed.

2.7.3 EnzymeLinked Immunosorbent Assay

Fresh proteircoating solution was prepared by mixing the relevant antigen in sodium carbonate buffer,
at the appropriate concentrations, as per Table 2.3. 100 pl of peoting buffer was added to each

well in flat-bottomed 96 well microplates. Theap#s were then sealed and incubated overnight@t 4
Plates were equilibrated back to room temperature (RT), proveiting buffer was removed, and each

well was washed 3x with 100 pl BB. Each well was then incubated with 200 pl ELISA blocking
buffer and sealed for 1 hour at RT. Final volume of 500 pl of the appropriate positive and negative
control antibodies were prepared in blocking buffer as per table 2.1, as well as triplicate 1 ml
preparations of samples (1:100 in blocking buffer). Blocking buffes removed from the prepared
ELISA plates and plates patted dry. 100 ul of each sample or control condition were transferred to fresh
wells in the ELISA plates and the plates were sealed and incubated at RT for 2 hours. Samples were
removed from each ale well and wells were washed 5x with PBST and plates were patted dry. 100 pl
antrhuman IgG (1:500 in blocking buffer) was added to each sample and negative control well; 100 pl
antirmouse IgG (1:1000 in blocking buffer) was added to the positive comttlsl. Plates were sealed

and incubated at RT for 1 hour. Antibody solutions were removed from each well and wells were
washed 7x with PBST before the plates were patted dry. 33&B&nhethylbenzidindTMB) was
prepared accor diiong antd 00 |3 wags pdddd ¢oreacld well before the plates were
incubated at RT for 25 minutes in the dark. The colour development reaction was stopped by the
addition of 100 pl per well of 2M sulfuric acid and 67 ul per well of 16% paraformaldehyde. Optica

density (OD) for each well, was measured at 450 nm using a microplate reader.

Table 2.3 Antigen and control preparations used for ELISA assays

Protein/ Concentration | Positive | Concentration | Negative | Concentration
Antigen target | in protein- | control in protein- | control in protein-

coating buffer | antibody | coating buffer | antibody | coating buffer

Recombinant | 1.6 pug/ml Serum 1:100 Non- 1:100
Ag85A responder

serum
M.tb whole cell| 2 ug/ml Serum 1:100 Non- 1:100
lysate responder

serum
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ESAT-66/CFP- | 4 pg/ml Serum 1:100 Non- 1:100

10 recombinant responder

protein serum

M.tb  extracts| 2 pg/ml 78 59 Varying Isotype Per 78 59
(cell wall, cell mAb control concentration
membrane, mADb

cytosol)

For measurement of TNB, -11bL abnNRND systemQuantikine®ELISA kits were used per the

manufacturers guidelines.

2.7.4 ADCP assay

THP-1 cells were differentiated to MDM in a 96 well plate two days prior to planned BCG infection,
as per section 2.6.4. BEGFP was cultured texponential phase as per section 2.6.1. E&RP culture

was pelleted by centrifugation at 3500 rpm for 10 min. The pellet was washed by reconstitution in the
same volume of sterile PBS and centrifuged as above. The pellet was then resuspended intloml infec
media(RPMI-1640 + 10% FCSHglut) in a 15ml centrifuge tube. The tube was sealed with parafilm
and soniated for 15 min. Bacterial clumps were removed by centrifugation at 2000 rpm for 2 min. The
supernatant of bacterial suspension was transferred to a clean tube and OD was measured at 600 nm.
The multiplicity of infection (MOI) of the suspension was caltedgbased on the formula MOI = OD

x 1x1® CFU/ml. Sample serum (1:10) was mixed with BGEP (MOI 1) in infection media to a final
volume of 80 pl per sample, with samples prepared in duplicate, sealed, and incubated at 37-°C for 30
60 min without shakingR10 media was removed from differentiated THRDM, and 5Qul of BCG-

GFP caeincubated with serum in infection media was added to each well. Plates were incubated for 2
hrs at 37 °C. Cells in each well were washed with 200 pl infection media. Cells were dissociated with
50 pl EDTA or TrypsinLEPBS per well and incubated for-30min at RT. The cell suspensions were
transferred to a clean 9@ell V-bottom plate, followingmicroscopic confirmation that cells had fully
detached from the well surface. Cellsrevpelleted at 1500 rpm for 5 min and washed in FACS buffer,
followed by fixation in 50 pl 4% PFA in PBS for 2D min at RT. Fixed cells were washed twice in

200 pl FACS buffer, the suspended in 50 pl FACS buffer for processing via flow cytometry.

2.7.5 Direct PBMC Mycobacterial Growth Inhibition Assay
The impact of PBMC and serufactors on the growth of mycobacteria was assessed as per

Bitencourtet alin the McShane laborato(g31).
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2.7.5.1 Preparation of bacterial growth standard curve

800 pl enriched MGIT PANTA (lyophilised PANTA reconstituted with MGIT growth supplement) was
added to each of two BACTEC MGIT tubes per dilution condition to be tested. A series of seven 10
fold dilutions of freshly thawed mycobacterial stock, in PB&en80, was prepared in sterile 2 ml
tubes. 500 pl of each dilution step was inoculated into two prepared MGIT tubes per condition. Each
tube was tightly closed and mixed by inversion. The inoculated MGIT tubes were places into the
BACTEC MGIT instrument, anthe time to positivity (TTP) was recorded.

20 pl of each dilution was spotted on 7H10 or 7H11 agar plates, in triplicate, which were sealed and
incubated for 10 28 days at 37C. Colonies were counted as soon as they were visible. Standard
curves of TTP against equivalent input CFU were plotted and regression analysis was used to validate
the fit of the data by Realculation.

2.7.5.2 MGIA Assay preparation

Cryopreserved human PBMC were partially thawed in aC3Water bath followed by gentle agitation

by pipetting and the addition of 10 ml warm R10 media without any antibiotic supplementation. Thawed
cells were transferred to a fresh centrifuge tube and pelleted by centrifugation at 1500 rpm for 5 minutes.
Cellswere resuspended at approximately 21 cells/ ml in R10 media without antibiotics, with 50

U/ml of benzonase. Cells were left to recover for 2 hours under standard cell culture incubation
conditions. Cells were counted using a cytometer, pelleted as above, and resuspended®atell8/x10
mlin RPMIMGIA. 300 pl of cell suspension was transferred into wells in-adB plate, followed by

120 ul of nonheat inactivated autologous serum or plasma, matched to the donor aymbititne
Mycobacteria stock was thawed at RT and diluteti®® CFU per 180 pl in RPMMWGIA, based on

the CFU measurement assay in section 2.7.5.1. 100 CFU (180 pl) of the mycobacterial preparation was
added to each sample willthe 48well plate. The plate was incubated at &/with 5% CQ for 96

hours. For controls, three MGIT tubes were supplemented with 800 pl enriched MGIT PANTA (as per
section 2.7.5.1) to make enriched Middlebrook 7H9. 100 CFU mycobacterial preparation was added
directly to two of the of supplemented tubes. The coatehthe third tube were decanted, mixed with

100 CFU mycobacterial preparation to make up a final volume of 500 pl, and returned to the same

MGIT tube. All three tubes were placed on te MGIT machine.

2.7.5.3 MGIA assay processing
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enrichment and label. Cultures were collected from thevdl8 plate into 2ml screveap tubes and

centrifuged at 1900 rpm for 10 minutes. 500 pl of supermataras removed and stored separately for

downstream cytokine quantification. Wells were washed by adding 500 pl endotoxin free water and
incubating at RT for 5 minutes before pipetting to detach remaining monocytes and then transferring
the water to the aoesponding cell and bacterial pellet. Each pellet suspension was pulse vortexed for

1 second immediately prior to transfer of 600 pl to a corresponding MGIT tube. All MGIT tubes were

mixed by inversion and placed in the MGIT machine until positivity vedeaded.

2.7.5.4 MGIA data processing

Time-to-positivity (TTP) was recorded for all conditions and converted to CFU based on the standard

curve prepared in section 2.7.5.1. Results across multiple timepoints or experiments were normalised

to the directto-MGIT controls, by dividing the numbei total CFU per sample by the number of total

CFU in the directo-MGIT control, to give a readut of foldbc hange i n

CFU.

2.7.6 Flow cytometric assessment of B cells in TB

The labelling solution for the full antibody panel was made with each of the antibodies as per table 2.4
in BV buffer, to a total volume of 1200 pl. Fresh 1x FACS buffer was prepared and filtered. The near
infra redlive/dead stain was dilutions 1 in 1000 in PBS, and the Fc blocker was dilution 1:40 in FACS

buffer, to a final volume of 800 pl.

Table 2.4: Antibodies used to characterise B cells in TB

bacteri

Antibody target Fluorochrome Volume (pl): 1 Volume (ul): 20
sample samples

IgM PECy7 0.1 2

IgD BB700 0.15 3

CD69 BV786 1.25 25

CD3 APC-eF780 25 50

CD14 BV605 25 50

CD27 BV711 25 50
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CD21 PECy7 2.5 50
CD23 PE 2.5 50
CD19 FITC 5 100
CD16 APC-eF780 5 100
CDl1c Bv421 5 100
CD86 APC-eF780 5 100
CD45 Alexa700 5 100
Live/Dead Near IR -- -

Cell samples were thawed at 37, diluted in a further 10 ml warm RPMI and pelleted by centrifugation

at 500 xg for 10 minutes. Cells were resuspended in 200 pl and transferred to a 96 well plate. Cells
were pelleted in the plate by centrifugation 1800 rpm for 4 min, washed with PBS, and pelleted as
above. 100 pl of neanfra red live/dead stain was added to eaell and incubated for 20 min at €

in the dark. 100 ul PBS was added to each well, followed by centrifugation as above and washing twice
in PBS as above. Cells were resuspended in 40ul freshly prepared Fc block (stock diluted 1:40 in FACS
buffer) and irtubated for 10 min, followed by addition of 60 pul labelling solution for the full antibody
panel, freshly prepared as per table 2.4 in BV buffer. Samples were incubated for 20 minutes at RT in
the dark. An equal volume of FACS buffer was added, followezkhyrifugation as above and washing
twice in PBS as above. Cells were resuspended in 100 pl of cytofix/cytoperm, incubated for 20 minutes

and washed as above. Data was then acquired on a BD LSR Il flow cytometer.

2.7.7 Screening of mAbs against live BCG

Passage 2 culture of BCG at an OD600 ofDBwas pelleted by centrifugation at 1200 rpm for 5
minutes. 1 cm glass beads were added to the culture and the culture was shaken foanpatity3

minutes. Bacteria were pelleted @sove,and supernatant was collected and aliquoted. The bacterial
pellet was washed with PBS, then resuspended in 10 pg/ml primary antibody in PBS. The labelling
solution was incubated at 3 in a shaking incubator for 1. 5 hours, followed by washing the bacteria

in PBS as aba Bacteria were fixed at in 5 % PFA in PBS for 10 minutes. Samples were washed as
above in incubated with artluman IgG conjugated to FITGurit-rHu IgG-FITC) for 1 hour at 4C

with agitation. Samples were washed as above and resuspended in PBS ahead of detection by flow

cytometry or by fluorescence microscopy.
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2.7.8 Screening of mAbs againg¥l.tb lysates

A panel ofM.tb protein lysates (BEI Resources) was run on an automated BioRAD 129805
electrophoresis gel. Bindingf primary antibody (78 _59) was assessed at a concentration 7.5 pg/ml,

using an iBind Kitas pana n u f a dnstatians. 6 s

2.7.9 Fluorescence microscopy

Antibody-bound GFPRexpressing BCG were prepared as per section 2.10.7, with adwmén 1gG
conjugated to AlexaFluor 594. Bacteria were deposited in a thin layer on a 1eelb\eigarose pad

on a 22 mm x 40 mm #1.5 glass coverslip. The coverslip wastethanto a standard microscope slide.

The BCG were image on a Zeiss AxioObserver inverted widefield microscope with a 100x/1.4NA Ph3
oil immersion objective, Colibri 7 LED illumination and qubdndpass filter set 62 HE. Fluorescence
and phase contrast ig@s were collected on a photometrics P95 camera. Images were process and
analyses in Fiji/image(d85).

2.7.10 Whole bloodassays

Venesection was performed on donors using standard protocols. Whole blood in sodium heparin tubes
was aliquoted into microcentrifuge tubes with a volume of 450 ul and incubated on a rotor at 37 °C for
24 hours with combinations of mAb and antigen as desdrin Chapter 3, After 24 hours samples were
pelleted in a microcentrifuge at 5000 rpm for 10 minutes. The supernatant was stored for downstream
ELISA assays. Fa¥l.tb growth assays in Biosafety Lab 3, tubes were inoculated with a standard CFU
of M.tb H37Rv and incubated at 37 °C for 4 days as per Rical (286). Microcentrifuge tubes were

then pelleted at 3000 rpm for 10 min, and the pellet inoculated into MGIT tubes for measurement of
TTP.

2.8 Statistical methods

Analysis of all data was performed using Griggth Prism (GrapPad Software Ing with the following
exceptionsFor analysis of antibody clonaljteneious (Dotmati¢svas usedFor flow cytometry and

FACS assays, FlowJo (TreeStar) was used, and data exported intdd&ardpism for visualization

and analysis. MankiVhitney test was used for comparing two fparametric and unpaired groups.
KruskatWa | 1 i s test with Dunndés correction for mult.i
two unpaired noiparametric group For two paired neparametric groups, Wilcoxon signeank test

was used. For more than two paired gro&os more than two paired ngrarametric groups, Fiadenan

two-way analysis of variance was used. P values are defined as significant when < 0.05.
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2.9 Clinical cohorts

Samples from multiple clinical studies were used across the chapters of thisalaekisess specific
guestions Study name, locations in the thesis, recruitment details, human research ethics committee

(HREC) approval, and reference publications with full cohort descriptions are given below (table 2.5).

Table 2.5:Clinical cohort and patient recruitment details
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Chapters Reference
Stud R it t Ethics A 1 ..
uey featured cermtmen 1cs Approva publications
Adult participants were recruited at the uBuntu
clinic, Site B, Khayelitsha. This is a peri-urban
settlement of Cape Town, South Africa with a high
incidence of TB cases. ATB was defined by smear |UCT HREC 012/007 Oni et al (287)
EU study 3,4,6 |positivity and/or mycobacterial culture with UCT HREC Berry er al ( 288)
compatible symptoms. LTBI was defined by a 525/2014 w
positive mn-house IGRA assay. Ethics was also
obtained for further exploratory work relating to the
role of antibodies in TB.
Adult participants were recruited from Ubuntu
Clinic, Site B, Khayelitsha. ATB was defined by UCT HREC
ASH Study 3 sputum Xpert MTB/RIF positivity. LTBI was . ) Riou er al (286)
) . .. 050/2015
defined as being asymptomatic with a positive
IGRA.
HIV-1 infected adults mnitiating ART were recruited
at the Ubuntu Chinic, Site B, Khayelitsha. Samples
RECON were collected at baselme and after 1, 3, and 6 UCT HREC
. tu;:l 4 months of ART. LTBI was determined by a positive 245/2009 and Jhilmeet er al (289)
Y IGRA test. Patients with symptoms suggestive of 545/2010
ATB, on INIH prophylaxis, or who were culture
positive for M.¢b, were excluded.
Samples were acquired during a randomized,
double-blind, placebo-controlled, phase ITa vaccine
study of the MYASSA vaccine. Participants were . UCT HREC
MVASBSA enrolled at clinical sites in Cape Town, South Africa 0012010
(TB021) 4 and Dakar, Senegal. All participants were HIV-1 Oxtrec 01-10 Ndiaye et al (52)
study infected with a CD4™ T cell count above 350
cells/mm? or more than 300 cells/mm? if receiving
ART. ATB was defined by the GeneXpert MTB/RIF
test. LTBI was defined by a positive QFT or TST.
Adult PLWH in Cape Town, South Africa aged C of
HIV-1- S Stellenbosch
. between 35 and 60 were enrolled. All participants S
positive . University
. had prolonged periods of a CD4+ cell count less
persistently 3 (N16/03/033 and
than 350 cells/mm?, or one measurement below 200
TB, 4 5 . N16/03/033A) Kroon er al (192)
. cells/mm? . Participants were screened for TB
tuberculin . UCT HREC
symptoms, and QFT and TST were serially
and IGRA . . 755/2016 and
neeative performed to establish the phenotype of persistent 7022017
& TST and IGRA negativity.
Samples were acquired during a randomised
. BCG controlled study Qf healthy BCG naive adult§ from NHS Research
infected near Oxford or Birmingham m the United Kingdom. . . I
. 5 Ethics Service Wilkie er al (290)
participants LTBI was excluded by T.spot or QFT. For the BCG (NRES) 15/SC/0022
(TB 038) armn, participants received a standard dose (2-8 x 103 o
CFU) of intradermal BCG SSI.
Pericardial fluid and PBMC were obtained from
Pericardial patients referred to Groote Schuur Hospital, Cape
samples Town, with suspected tuberculous pericardial UCT HREC REF: Matthews ef al
(IMPI-IjXﬁica 6 effusions as part of the Investigation of the 102/2003, 402/2005 (291) era
study) Management of Pericarditis in Africa (IMPI-Africa) & 289/2007

study.

64




Chapter 3: Generation and characterization of
human monoclonal antibodes generated from

patients with active TB

3.1 Introduction

ATB has long been known to indubgpergammaglobulinemi@41). More recently, upregulation of
FcoR1A/ B and C lshowrhtahe & coasistern feaume @fnPATB. Several possibilities for

the role of these antibodies can be postulated.

It is plausible that antibodies that assist in controlNhtbar ri ve 6t oo | ittle, too
possibility is that antibodies do not reach or engage with intracellular bacilli during disease and are
largely bystanders in the host immune response. A third possibility is that antibodies may directly
contibute to the pathogenesis of disease. Here, the rise in CIC and Fc receptor transcription that
increases from asymptomatic to symptomatic TB could play a direct role in pathogenesis through
induction of inflammatory cascades. Finally, all three carexist during ATB, and the epitope
specificity, subclass, and isotype would distinguish what role an individual clone plays during infection.

It is technically impossible to delineate these antibciiyracteristics in serum, and thus the means to

clone and study mAbs individually in TB is vital.

Since the discovery of hybridoma technology, many murine mAbs have been raised against TB. MAbs
against HBHA, Acr, and LAM, showing protection agaiklitb in mouse models have been described
(226). However, the technology to clone mAbs directly from humans has only emerged over the past
decade. Tilleet al(2008), and Smitlkt al (2009) described a process of applying cell sorting to isolate
antibodyproducingcells andusing nested PCR with degenerate primers to amplify the variable regions
of the heavy (VH) and light (VL) chains of the individual B ¢@92,293). The VH and VL genes can

then be cloned into an IgG1 vector for expression in mammalian cells. Initial applications of this
technique saw the rapid development of broadly neutralizing mAbs against a range of viral pathogens
such as HIV, influenza, Dengaed Ebolg131,133,294,295). Most recently, there has been widespread
adoption of human mAb generation frgmatients with convalescent COVAD® infection that has
resulted in clinical use of therapeutic mAR96). The challenge of applying this method to TB is the
markedly greater number of antigens, the uncertainty as to what functions of antib@iet®re, and

the question of which human population to select fatapth antibody characterization.
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Thus far, 3 publications using these methods in TB have been published, with their findings summarized
in Table 3.1

Table 3.1Summary of studies involving the characterization of paitikmived mAbs in TB.

Author Yea | Patient | Cells of origin | Antigens | Function
r
Zimmerman et al| 201 | LTBI Plasmablasts | HBHA IgA protective
(297) 6 and and memory B IgG drives uptake o
ATB cells M.tb into alveolar
epithelial cells
Watsonet al (233 202 | ATB PstSispecific | PstS1 Restricts growth o
1 B cells M.tb in human
macrophages andn
Vivo.
Ishida et al (158 202 | LTBI AM-specific B| AM Staining of M.tb in
1 cells mouse lung tissue

For the work in this chapter, | hypothesized that mAbs cloned fromatiBntswould differ in antigen
recognition and thus function. Antibodies in ATB could either i) restrict the growtM.tf via
mechanisms discussed in chapter 1 ii) drive inflammation in the absence of killing via CIC and FcR ii)
have no impact on disease models. Here, | describe the generation of fully human mAb$/etipainst

and the indepth characterization of a human mAb for which the antigenic target was discovered.

3.2 Results

3.2.1 Cloning of human mAbs from patients with ATB

Nine patientenrolled in arobservational study (UCT HREC 012/0&7d 525/201¥with the following

clinical phenotypes were selected. i) HIV negative adults, ii) Pulmonary TB with microbiologically
confirmed TB iii) PreATT, iv) Multi-bacillary disease as evidenced byo? 3" acidfast bacilli on

sputum smear microscopy. The rationale behind selecting these patients was to select those with the

greatest frequency dfl.tb-specific plasmablasts, given prior studies showing that multibacillary
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patients possessed higher titres of antibodies. The method to clone mAbs from human plasmablasts was
adapted from Tilleet al (2008) and Smitlet al (2009), as summarized Figure 3.1(3,4).

(C) Nested PCR

to amplify Ig
N heavy and light
| . Il chains
/ { .I \ = - —_— "h'r"
L— U I (B) Single cell v wi v C
] ting (FACS) t -— W
patients with ; . : ! Individual -
microbiologically 2zlt||§0dy producing plasmablasts Mutations
confirmed ATB l

N? \# - | | o
W — - O

transfection of

Fully human mAbs collected HEK293T cells o
in supernatant or purified for (D) Cloning into
downstream assays 1gG1 vector in

E.coliDH5a

Figure 3.1 Schematic detailing methods of cloning human mAbs from patient with ATB (created in
Biorender.comjA) CryopreservedBMC from patients with microbiologically confirmed ATB was selected for
cloning. (B) Fluorescenceactivated cell sorting (FACS) was performed to isolate plasmablasts with the CD3
/CD20/CD19"/CD27/CD38" phenotypgC) RT-PCR and nested PCR was performed on individual plasmablast
samples to amplify VH and VL genes using degenerate prifP@fgH and VL genes were ligated into an IgG1

exprs si on vector and bul ke dE)intactig@l mAbs aversekpresseteirdHEE293Tc o | i
cells by transient transfection using polyethylenimine (PEI).

In brief, Fluorescencactivated cell sorting (FACS) was performed to individually isolate plasmablasts
from patients with ATB. Representative gating for cell sorting is shovigare 3.2 with the results
of frequency of plasmablasts in total PBMC.
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Figure 3.2 Donor representation of gating strategy for the sorting of individual plasmablasts and frequency of
plasmablasts in PBMQA) After doublet exclusion, cells were size gated for the lymphocyte populéBdpn.
CD19/CD3/CD20 cells were selectedC) Next, CD38' /CD27 were selectedD) Frequency of plasmablasts
in total PBMC of patients selected for mAb cloning (n=9). A healthy donor is included as a reference. PIDs =

patient identifiable data.

The median plasmablast frequency amongst this group of patients with ATB (n=9) ranged from 0.016%
to 0.5% (median of 0.05%). A healthy donor included in this panel possessed a plasmablast frequency
of 0.05%. Due to limitations with FACS plate sorting equgnt, cells were sorted into individual
Eppendorf tubes containing RNAse inhibitor buffer. This limited the overall number of cells that could

be sorted, with 873 individual plasmablasts isolated.
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Table 3.2Summary of yield of FACS.

Live cells PBMC acquired for | No. of plasmablasts isolated

PID. | (%) FACS (x1(P

20078 | 88% 12 95
20087 | 82% 17.2 84
20090 | 81% 33 134
20310 | 70% 3.8 96
20831 | 67% 4.5 55
20919 | 27% 0.8 57
20858 | 50% 12.7 146
20922 | 53% 7.4 65
20932 | 75% 9.8 62
21102 | 83% 7.6 79
Totals | 68 45 873

RT-PCR was then performed to synthesize complementary DNA, followed by nested PCR to amplify

VH

and

VL

DNA

(Kappa

and

|l ambda) .

For

Vo,

Kappa light chain were sequenced to identify the family of variaaieon genes. This allowed for

amplification

belowin Figure 3.3
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400bp

VHeavy amplification samples

Negative Positive
controls  control

Figure 3.3 Representative agarose gel loaded with cDNA and 100bp ladder for comparison. VH genes were

amplified and where successful are identified as a band in the ~450 bp region. Controls include a negative inhouse

control of cDNA from norB-cell cell culture and BS. Positive control is of cDNA amplified from a known

sample from which an anbengue mAbs was cloned.

A total of 245 RTPCR followed by nested PCR reactions were performed. The overall yield of intact

sequences in this run of PCR was low, as summaristahile 3.2

Table 33 Summary of nested PCR on isolated plasmablasts.

Number of intact VH + VL | Intact paired MAbs expressed (n)

plasmablast
sequences (%)

20919 | 2 (72) 2.8 1

20932 | 1 (17) 5.9 0

20078 | 35 (120) 30 15

20310 | 3 (12) 25 0

20858 | 7 (24) 29 1

Totals | 48 (245) 19.5% 17

Individual sorted plasmablasts underwentIROR followed by separate nested PCR to amplify VH,
Va. Where
percentage of intact cells. The total number of mAbs clonetiequate concentrations from these
VH/VL PCR products is given. Out of a total of 245 samples wher®®R and nested PCR reactions

Va and

for

bot h

VH

and VL

nested

PCR

were performed, successful amplification of both was only found in 19.5% of samples run. From the

48 intact VH/VL sequencecloned, multiple transient transfections in HEK293T cells were performed.

The concentration of mAbs produced (not shown) was ascertained by ELISA using a standard
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concentration of human 1gG. MAbs were taken as expressing at adequate concentrations if present in
>10 pg/ml in supernatant. Thus, 17 mAbs generated f8gmtients with ATB were progressed to

characterization of binding.

3.2.2 Screening of human mAbs againdfl.tb antigens

Next, the binding of 17 mAbs was tested agaiidb antigen preparations by ELISA. Stockshditb
were either hedtilled or sonicated, as denaturing of proteins could result in loss of 3D conformational
binding sites. Binding to culture filtrate proteins was also determined, as these proteins have previously

been shown to be common humaratigens (Figure 3).
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Figure 3.4Mab (n=17) binding tav..tb antigens by ELISA(A) Heatkilled M.tb H37Rv lysate(B) Non-heat

killed M.tb H37Rv sonicate(C) Culture filtrate proteins (CFP) dfl.tb H37Rv. (D) Summary heatmap of 3
antigens combined (A, B, C). MAbs were diluted to a standard concentration of 10pg/ml, with antigen
preparations coated at 10ug/ml. Data shown is the mean of technical duplicates. Pooled ATB serum is shown as
a positive control (1:400anddonor serum from a neBCG vaccinated person from a ldwarden country is

shown as a negative control (1:400).
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The results of these bindings assays showed that 6 of these mAbs 78_3, 78_10, 78_59, 78_73,
78_114and 858_10 showed binding Mtb antigens. Thus, ~35% of generated mAbs from patients

with ATB wereM.tb-specific. MAbs generated from PID 20078 showkhality (Figure 3.5).

A
MADb VH Gene CDR-H Vi gene CDR3-x
78 3 IGHV5-10-1%02 Unsuccessful IGKV4-1*03 F QQYYSTPFTF
78 59 IGHV3-7*01 ASISSEYFRPAVGSRHWVFDL | IGKV3-20*01 QQYDGSPWT
78_73 IGHV3-7¥01 ARVLNLGYCNGTSCHWGLDP | IGKV3-20*01 QQYSGSPWT
78_114 IGHV3-11*05 ARETSWYFDY IGKV3-20%01 QQYGTLPRT
B
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Figure 3.5Sequencing data fovl.tb-specific mAbs(A) Table showing VH and VL families with CDR3 amino
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Al Mtbspeci fic mAbs from PI D 20078 were of the Vo
20*01 family. Dendrogram di stance analysis for
78_73 are closely related. Next, whether any of the generated mAbsirechiipe surface of live BCG

was determine@Figure 3.6) All mAbs were tested as surfabénding mAbs may not have bound via

ELISA due to loss of 3D conformational epitopes or potentially lipid binding antibodies. To do so,
bacterial flow cytometry withive BCG incubated with mAbs was performed. Binding was determined

with addition of an antigG fluorescent antibody.
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Figure 3.6 Flow cytometric assessment of BCG opsonization by mAbs. Bar graphs show the mean of replicates
in which a minimum of 50,000 bacilli were acquiréd) Gating strategy for BCG gated via i) time b) SSC vs
FSC c) Fluorescence minus one conf®)IPanel of mAbs (n=17) with an isotype IgG1 anfluenza mAb, BCG

only and ATB pooled serunfC) Repeat experiment with protocol adjusted for greater mAb/bacteria ratio.

In this experiment, low levels of binding were seen by all mAbs. MAb 78 _59 demonstrated greater
binding than an isotype IgG1 control mAb. Given the low levels of binding, a negative mAb, the isotype
control and 78 59 was performed again in an experiméng as higher ratio of bacilli to mAb to
enhance binding. Here, it is more clearly visualized that 78 59 likely possesses ability to opsonize BCG.
Taken together, only clone 78_59 recognized all antigen fractioktbland live BCG. This clone

was therafre selected for further characterization.
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3.2.3 Binding characteristics of human mAb 78_59

Next, the binding of 78_59 to differing antigen fractions was performed to better characterize the nature
of its antigen(Figure 3.7).
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Figure 3.7 Binding curves oAb 78.59 by ELISA(A) Whole cell BCG. (B) Non-heatkilled M.tb H37Rv
lysate.(C) Purified protein derivative (PPD(D) Culture filtrate proteins (CFPJE) Cell membrane antigen@:)

Cytosolic antigenqgG) Cell wall antigens. Isotype control shown is an-amélaria human IgG1 mAb.

These experiments show that 78_59 bound to both BC®/abgreparations, and thus this antibody
recognizes a conserved antigenic target. The antigen is also present in the cytosol, cell membrane, cell
wall, and culture filtrate. Next, western blot was performed to determine the molecular mass of the
antigen.(Figure 3.8).

A Non-reducing conditions Reducing conditions B Primary antibody 1:1000 (1ug/ml
. CFP o ™M
B S % BN T PROP T PR 3
o o e QQO K ‘\Q«*' & = AVPIP 3% o &Q\ﬂr— APPOP 4 0% A0
135008 —
135 135 100 o N
100 80
80 y 100 - -
80
— 58 W -
58 58
46
46 " _ -
32 ad o ¢ 32 .. -
2
25 e
2 5, -
22 - -
17 22 17
17 Rl
11 11 1
kDa kDa kDa =

74



Figure 3.8Western blot of 78_59 (1 pg/ml) agaimitb antigen preparation§A) Non-reducing conditions using
PPD, CFP, CM, CW and HK lysatéB)(Reducing conditions using these same antigen preparaf@ns8_59
against a concentration series of CFP and Ckbimreducing conditions.

The molecular mass of the antigen recognized by 78 59 was thus ~58 kDRspédific binding was

also observed at the ~32 kDa mass, predominantly in reducing conditions. This could have been from
excess protein, antibody, or secondary antibody. @emssvity could have been created by reducing
conditions, or the antigen potentially consists of conserved dimers. Western blotting against a
concentration gradient of CM and CFP in sreducing conditions was therefore repeated. Here, a
concentration dependamand was seen at ~58 kDa. The 58 kDa and 32 kDa bands of Coomassie stained

gel of these antigen preparations was also excised and sent for identification via mass spectrometry
(Figure 3.8).

A Non-reduced Reduced B Non-reduced Reduced
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Figure 3.8 Proteins identified in the ~58 kDa mass frrtb antigenpreparations(A) Coomasie gel matching
above western blots showing bands excised for mass spectro(B¢t8ummary data of proteins identified in
each band via mass spectrometry.

From this experiment, only the mycobacterial protein GInAl was present in each excised band. It was
therefore tested whether 78_59 bound recombinant GInAl by ELISA and westdiFidiiot 3.9).
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Figure 3.9 Binding of 78_59 (2 pug/ml) and isotype control (2 pg/ml) ¥# ELISA and(B) Western blot in

comparison to isotype control. GInAl was loaded at 5 pg/ml, 2.5 pg/ml and 1.25 pg/ml in order of decreasing

concentration.

78_59 showed a concentration dependent binding effect in both ELISA and western blot.-No non
specific binding by the isotype control was seen. The antigen for this mAb was therefore identified as
GInAl (Rv2220). Next, the ability of 78_59 to restrict thewth of mycobacteria iin vitro assays

was investigated.

3.2.4 Function of human mAbs

After cloning the initial panel of anil.tb mAbs, the ability for these mAbs to directly restrict the

growth of M.tb was tested. No prior mAbs had been shown to restrict the growthtiofoy direct
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inhibition, but this was examined as to not bias against a previously undescribed mechanism of function
(Figure 3.10).
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Figure 3.10Growth curves of BCG ctcubated with human mAbs (10 pg/ml). OD of cultures in duplicates

were read by spectrophotometry at each timepoint. Samples were compared at each timepoint by the Kruskall

wallis test. No effect on growth is seen. MAbs in red ditirecognizeM.tb antigens via ELISA but were included
as negative controls.

From this data, none of the mAbs (including 78_59) influenced the growth of BCG-freeetlulture.

ADCP capacity against BCG in human monoeaygéeived macrophages (MDM) of the THFRcell line
was tested for 7&9 (Figure 3.11).
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Figure 3.11 Percentage of THR MDM infected by BCGGFP as measured by flow cytometf) Gating
strategy for infected cells is as follows. Monocyte size gating (FSC vs SSCHRSGESCA for single cells,

and SSC vs Alexd88 (FITC/GFP). FMO control is shown in the bottom left panel, and-BEB8 infected cells
shown bottom right pang|B) BCG-GFP was incubated with mAbs at (100 ug/ml) with BCG alone as a control

(n=6). Data shown is from two separate experiments. Data analysed by Kelkal with corrections fo
multiple comparisons.
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A high concentration of mAb (100 pg/ml) was selected with intention of performing a concentration
series if an effect of ADCP was seen. However, even at this concentration, 78_59 did not enhance the
uptake of BCGGP in MDM after 2 hours of incubation. AP is only one hypothesized mechanism

of antibody action in TB, the ability for 78_59 to restrict the growth of MTB in the human MDM was
testednext (Figure 3.12).
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Figure 3.12 Growth of BCG in THPL MDM at day 1, 4, and 7 as measured by ttopositivity (TTP) in
mycobacterial growth indicator tubes (MGIT). MAbs at a concentration of 100 pg/ml or BCG alone were pre
incubated with BCG prior to infection of THPMDM in triplicates for each time point. MDM were then lysed

with sterile water and inoculated to MGIT tubes at D1, D4, and D7 post infection.

78 _59 did not impact the growth BEG-GFPin THP-1 MDM at any timepoint. It was reasoned that
mAbs might require assistance from T cells to limit growth of mycobaciEhnias,a mycobacterial
growth inhibition assay (MGIA) previously used to measure the impact of BCG vaccination-on anti
BCG serum antibody responses was adapted for use with feihge 3.13. Serum, or as in this
experiment, purified mAbs, are -Gocubated with BCG in the presence of donor PBMC, with

enumeration of CFU after 96 hours.
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Figure 3.13CFU of BCG in a PBMC MGIA at 100 pug/ml and 500 pug/ml of mAb (Donor n=2). Isotype antibody
control compared to 78_59 with MatWihitney test. P values > 0.05 not shown.

The number of donor PBMC used was at this time limited by challenges in producing large amounts of
mADb for use at high volume and concentration. Again, high concentrations were selected to detect small
effects on growth. However, again even at this doddrathe presence of PBMC, 78_59 had no effect

on the growth of BCG. Nevertheless, it was therefore hypothesized that 78_59 might still alter cytokine

responses upon binding of GInAl in this MGlRigure 3.14).
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Figure 3.14Production oftytokines measured by ELISA in BCG PBMC MGIA supernatant at dé§)4TNF-
U (B) IL-6, (C) IL-1Ra,(D) IFN-2 (E) IL-1 b(F) IL-10. Isotype control, 78_59 at two concentrations (100 pg/ml
and 500 ug/ml). For each cytokine and dose, isotype was compared to 78_59 b\Wiiamey test.

In a BCG growth assay using donor PBMC, high dose 78 _59 (500 pg/ml) induced gre@itgr 3L
0.0286), Il-1 b =(0.0286) and TNFJ £ 0286) production relative to an isotype antibody. At a
lower dose (100 pg/ml), a significant effect was detected f& (b= 0.0286). No effect on H1Ra,

IFN-o 0410 pfodtuction was seen. Although for-10, the control and isotype at higher dose had
technical errors which precluded statistical comparison of these groups. These findings led to
postulation thatantepra nt i body compl exes could account for
in the absence of effect on ADCP and BCG growth. These findings were therefore extended to whole
blood assays (WBA) where the contribution of complement and neutrophils couityanpal if CIC
formation is important.

3.2.5 Whole blood assays with 78 59 and GInAl

Inhouse whole blood assays (WBA) were adapted for use with niixsty, stimulated donor whole
blood samples were incubated with GInA1 to measure induced productio®pflil b, -O.NFThi s
was done to identify a) whether GInAl provoked this response in and of itself b) what dose of GInAl

to progress forward to inbation with mAbgFigure 3.15).
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Figure 3.15Cytokine responses in donor whole blood as measured by EiS3) (A) TNF-U (B) IL-1 b(C)
IL-6. Data shown is the median of donor replicates. Controls include phosphate buffered saline (PBS) as a negative
control, and lipopolysaccharide (LPS). Statistical significance is tested by Krigihils with correction for

multiple comparisons.

None of the concentrations of GInAl induced a significant increase in multiple comparison with PBS,
likely due to high intedonor variability and small numbers. At the highest concentration pg4bl,

there was a trend towards greaterlllb e x p r e6sas I5agiml exdedded the upper limit of
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detection of 1ng/ml per standard curve in #perimentWe selected the highest concentration of 15

pg/ml for downstream assays in combination with mfkgure 3.19.
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Figure 3.16Cytokine responses in donor whole blood induced by mAbs in combination with GInA1 as measured
by ELISA (n=3)(A) TNF-U(B) IL-1 KC) IL-6 (shown in optical density). Data shown is the median of donor
replicates. GInAl is added at a concentration of 15 pug/ml. Isotype control antibody is always used at the highest
concentration (40 pg/ml). PBS and LPS are included as controls. Stasggicificance was tested by Kruskall

Wallis with correction for multiple comparisons.

The greatest responses for TNF wer e seen in the GlnAl+ 78 59 gr
above 10 pg/ml. Large variability in donor response hindered statistical significance. Result§ for IL

were again uninterpretable as they exceeded the stacutae] and raw optical density (OD) values

are shown to visualize trend. For all cytokines tested, the presence of 78 59 increased the median

response. These experiments were extendedom@s (Figure 3.17).
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Figure 3.17 Cytokine responses in donor whole blood inoculated with GInAl in the presence of mAbs, as
measured by ELISA (n=§A) TNF-U ( @BPIL-6 (OD)(C))IL-1 b (MOD)1 b (cal cul ated val
shown is the median of donor replicates with interquartile range. GInAl is added at a concentration of 15 pg/ml.
Isotype control antibody is always used at the highest concentration (40 pg/ml). PBS and LPS are included as

controls. Statistical significance is tested by Krusk@Hllis with correction for multiple comparisons. P values

> 0.05 are not shown.

Absolute calculated values for several measurements exceeded the upper limit of detection for the
ELISA assay standard curve of 1ng/mlfor TNF, 2 50 p g-1bm!| 2300pm/ml fdr IL-6. When

combined with GInAl, 78_59 induced a greater amountdfb. t han i sotype anti boc
in raw optical density data, 78_59 with GInA1 resulted in greaterUNFe x pr essi on t han G
or GInAl in combination with ansotype control antibody. A greater-B.response was also seen

between GInAl alone ar@inAl combined with 78 59. Next, donor whole blood was inoculated with
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M.tb H37Rv to test whether additional immune factors of the WBA would impact mycobacterial growth
when combined with mAb&-igure 3.18).

In brief, a known stock d¥l.tb H37Rv was inoculated into 6Q0 of donor blood in duplicates. 20ug/ml

of 78_59, isotype control, or equivalent volume of phosphate buffered saline (PBS) was added to donor
blood prior to incubation. Samples were incubated at 37 degrees in constant rotation prior to cell
pelleting, lysisand seeding of the pellet into MGIT tubes for titogositivity assessment in a BD

MGIT machine.

Growth of M.tb H37Rv in the WBA with mAbs
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Figure 3.18Effect of mAbs on growth ofl.tb in whole blood in donors (n=8). 78 59 was compared to isotype
and PBS controls. Each datapoint represents a single donor. PBS, phosphate buffered saline. Statistical

significance is determined by MaiWihitney test between isotype control and 78_59.

78_59 again showed no impact on mycobacterial growth relative, to isotype control, after 96hrs of
incubation. The next step would be to test the production-6fIL-1 b, ardd i WMNR he superr
of this experiment. It would also be required to repgaar cytokine quantification assays with a

dilution series for samples where concentration exceeded the standard curve.

3.26 Recognition of BCG by 78 59 is impacted by bacteriahetabolism

In addition to ELISA, fluorescent microscopy was performed to further validate the binding of 78_59
to live mycobacteria. GInAl expression is controlled by nitrogen availability, and it could also be
reasoned that bacterial metaboligmitro impacts binding of 78_59 in the previously described assays.

It was therefore tested whether culture media containing high or low nitrogen concentrations altered the
binding patterns of 78_59 to live BQGigure 3.19).
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Figure 3.19 Impact of bacterial metabolism on mAb surface binding determined by-figidefluorescence
microscopy. Live bacteria are detected by phase contrast imaging and NADA staining (green), while surface
binding of mAb is detected with Alexafluor 6€bnjugatedantrhuman 1gG. Representative images are shown

in; (A) BCG grown in standard Middlebrook 7H9 mediaicoubated with 78_59 (100 pg/m{B) BCG grown

in low nitrogen media cincubated with 78_59 (100 pg/m(C) BCG grown in high nitrogen naéa ceincubated

with 78_59 (100 pg/ml)(D) Quantification of surfacdound fluorescence signal (Mean Fluorescent Intensity
[MFI] in AU) of 78_59 on BCG grown in different media. Data represented is acquired from at least 100 individual
bacilli, with median MFI and interquartile range shown. Scals s 5 um.

In standard media, 78 59 binds to live BCG in discrete punctate clusters as seen with widefield
microscopy. These results confirm prior ELISA and flow cytometric assays. The MFI of IgG staining
is also significantly lower in standard Middlebrook 7H9 meti@n in low nitrogen conditions. The
availability of GInA1 at the cell surface is thus likely increased by nitratpgreted culture conditions,

presenting more surfa@xposed antigen for antibody binding.



3.2.7 Serum recognition of GInAl across the clinical spectrum of TB

Although antibodies targeting GInAl did not restrict the growtkl dlf, it was of interest to understand

how frequently such antibodies arise in humans. Thus, the prevalence of antibody responses to GInAl
across the clinical spectrum of TB was determinedvas hypothesized that if antibodies targeting
GInAl are generated by bacillary replication, then a greater percentage of individuals with ATB would
possess such antibodies than those with LTBI. HIV infection might also impact bacterial load, and thus

themagnitude or prevalence of anti@nAl antibodis (Figure 3.20).
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Figure 3.20Seroreactivity to GInAl in humans across the clinical spectrum of TB. IGRA negative(i8),

HIV+ (n=20), LTBI HIV- (n=20), LTBI (n=20) and ATB HI\ (n=20), HIV+ (n=20). Negative control + 3xSD
was used to define a eaff of positivity. Red dot in the HIVATB = PID 20078 (Donor from whom mAb 78_59
was derived). Pie charts represent proportion of responders versuespomiers. Different in percentage of
responders to neresponders was measured by -Shuare test. Magnitude of antibodiess compared by

KruskallkWallis test, with correction for multiple comparisons.

Antibody responses against GInA1 were detectable in betwed&%f all populations. In the IGRA

negative population, these antibodies cdwddearisen either from cleared.tb infection or from BCG
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vaccination. It is also interesting to note that PID 20078 did not possess a high magnitude of antibody
response against GInAl. The proportion of &A1l serological responders in each group were as
follows: IGRA-/HIV - 25%, IGRA/HIV+ 30%, LTBI/HIV- 10%, LTBI/HIV+ 30% , ATB/HIV- 50%,

and ATB/HIV+ 45%. However, the magnitude of responses did not differ across clinical groups or
across HIV infection status when compared by-§thiare test.

3.3 Discussion

In this chapter | sought to characterize mAbs generated from patients with ATB. Patients with ATB
were selected for unbiased plasmablast IgG cloning, as the likelihood of obtaining patpedén

mADbs is greatest in individuals with an active infect{2@3).

Given that the initial yield of mAbs was lower than anticipated, several aspects of the patient selection
and cloning could have been improved. Firstly, as was performed in the CAPRISA study to generate
mAbs against HIV, donors could have beengekectedby prior serological studies identifying the
participants with the most poteit vitro antibody function (13). MAbs derived fromrasisteras

defined in chapter 1, or individuals with LTBI would have the strongest biological credibility of
contributingto the clinical phenotype if an vitro functionwas detected. A future study could select
persons for mAb cloning by first discovering persons with LTBI or a resister phenotype with unusually

potent antibodies.

Secondly, methods to enrich for cloning of antigpecific antibodies have been developed since this
work. Ishidaet al(2021),and Watsoret al (2021) have shown B cell baiting by fluorescently labelling
M.tb antigens for cell sortin¢Ll58, 233) An antigenagnostic approach for the purpose of novel target
discovery was specifically selected fthis study, which would reduce the proportion of mAbs
generated that are antigen specific. However, strategies to boost the yield of-agtigetic mAbs

could include sorting of pools of memory B cells prior to stimulation with antigens and a B cell
stimulation cocktail (CD40L, 1.21 and BAFF (14). Pools containing ahtitb IgG by ELISA would

then be selected for sequencing and cloning of all possibkegiad/H and VL. Another novel tool is
magnetic B cell sorting, which can also be combined with antigen stimulation and identification of
antigenspecific B cells by a fluorescent labelling (15). These methods could improve the ratio of mAbs

cloned to angen-specific mAbs in the future.

Several aspects of the cloning protocol could have been better optimized to increase the yield of mAbs
produced. We generated 17 mAbs over multiple transfection experiments that generated concentrations
greater than 10 pg/ml in HEK293T cells. The initigisted PCR yield showed that most single cell
tubes (~80%) did not contain intact VH and VL ge(iEsble 3.2) Here, a panel of tubes could have
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been selected for amplification of a housekeeping gene to determine if cell sorting had failed to sort
cells at all, or if cells sorted were not of the B cell lineage. If cell sorting had failed, this step could have
been repeated prior to running more P@RBctions. Next, out of the 48 mAbs cloned, less than half
expressed well. At this point, transfection in parallel with alternative transfection agents such as
lipofectamine could have been tested to increase mAb expression. MAbs could also have been
conentrated using filter columns or protein A/G bead purification and then binding tested by ELISA

as described above.

| described the cloning of 5 mAbs from ATB patients that bolhith antigen preparations. From
International ImMunoGeneTics (IMGT) and Geneious Prime analysis, 3 of the mAbs from PID 20078
appear to be clonallselated.In order to better understand the emergence of clonal resporideb,in

bulk sequencing of VH/VL would be necessary.

As the strength of evidence for antibody functionality in TB focussed on opsonizing capacity, |

specifically advanced 78 59 for characterization. Initially overlooked, clone 78 114 also displayed a
low level of surface binding and could have been testedrnjunction with 78_59. Interestingly, this

mAb boundM.tb lysate but not culture filtrate protein. To expand upon the hypothesis that antibodies

against secreted antigens are-jmftammatory but do not enhance cellular killing Mftb, all such

mAbs must be characterized and especiallyowsonic antibodies.

The number of human mAbs where antigens have been identifigikbiremains small. The only
characterized human mAb antigens are against LAM, HBHA, and PBIB12). | used western blot

with extraction and digestion of the 58 kDa band from a range of subfractidvgbatfo identify a

putative pool of antigens for 78_59. The success of this process relied upon there being a limited number
of antigens at this molecular mass, and binding being unhindered by the linearization process of western
blotting. Int hi s way, |l show that this mAbo6és antigenic
be useful to define the antigens of further mAbs, and where unsuccessful, protein or glycan arrays as

well as ceimmunoprecipitation can be explored.

It is interesting to note that despite showing binding to the surface of BCG by ELISA and flow
cytometry, 78_59 did not exhibit ADCP or have effect on the growth of Ba&/We consider
multiple potential explanations for why this is the case. GInAl is a dodecameric enzyme produced in
the cytosol of virulentnycobacteria ands involved in the production of the mycobacterial pbly
glutamine layer (16). GInAl is present in culture filtrate and the mycobacterial cell wall. GInA1 could
therefore dissociatedm the cell wall during infection, either by being shed or actively secreted by
bacilli. Thus, mAbs may only bind temporarily teurface expose&InAl before the antigen is

dissociated, limiting the opportunity to traffi¢.tb towards FCR expressing cells.

The expression of GInAl is also strongly regulated by nitrogen availability (17). As seen by microscopy,

in standard culture medium, binding of 78 59 appeared to be limited to distinct foci. GInA1 may
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therefore be too sparsely present at the mycobacterial surface to triggdinéingsand activation of
Fc receptors by antibody. A future experiment could test the effect of 78_59 on ADCP or WBA with
M.tb cultured in low versus high nitrogen availability conditions.

GInAl is also essential for intracellular survivalMfto,and so binding with 78_
inhibit its enzymatic function to an extent that results in mycobacterial growth inhibition. This is similar

to findings that antPstS1 mAbs require FCR (CD16/CD32) to restrict growtMdb, suggesting an

antibody effector functions as the mechanism of action. If mAbs impacted metabolic function, this could

be determined by comparing transcription profiles of opsonized vepsonized mycobacteria.

Another avenue of exploratiaas towhy 78 59 possessed imovitro bacterial killing potential is the
IgG1 backbone Zimmermanet al (2016) showed that the isotype of antibody contributes to function,
and here cloning 78_59 into an IgA or IgM backbone could alter the outcomes afsayq297).
Recently, an IgM mAb against LAM has been shown to restrict the growttilofelative to an isotype
control in a WBA (18).

Lastly, the binding strength of 78 59 to GInAl could simply be too weak to create a stable antibody
antigen bond. Surface plasmon resonance could determine if this is the case. The overall avidity of
serum against the mycobacterial surface declines déig) for unknown reasons (19). Affinity of

mADbs againsiM.tb antigens is largely undetermined, and how affinity maturation evolves in ATB is
difficult to study relative to viral infections given how patients present to healthcare with insidious onset
of synptoms. One model could be to test whether-Ehtb mAbs against the same antigens possess
greater affinity after ATT. In summary, we used three assays to test the impact of 78 59 on
mycobacterial growth. This mAb did not affect the growth of BC®Adb in THP-1 macrophages,
PBMC, nor in WBA.

When interpreting the WBA data, further characterization of donor i) HIV status, ii) LTBI status by
QFT, and iii) preexisting antibodies against GInA1 will be needed. Additional technical controls of the
same experiments repeated only with 78_59, andtexidocontamination must also be performed.
Experiments in the PBMC MGIA and the WBA were from different batches of mAb cloning and
purification, yet results were consistent across both experiments. Purified preparations for 78_59 should
also be tested fanicrobial contamination by culture and plating. These controls would confirm that
the elevated levels consistently seen in the 78_59 condition was not due to technical factors such as

LPS or microbial contaminatiomor that clone 78_59 drove this cytokine response in and of itself.

It is also possible that the PBMC and WGA were tested at timepoints too short to determine an effect

on growth by mAbs. Initially optimized for T cell stimulation, longer incubation periods up to 168 hours
need be tested t o c o nchangewverttimen Hosver thed6-loourtintepomte d o e st
is adequate for effects of pesiccination serum on BCG growth to be seen in the PBMC MGIA (18).

The initial PBMC and WBA are also statistically limited by nhumbers of biological replicates. Further
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validation of these results must therefore test the effect of mAbs in whole blood derived frem well
characterized donors at adequately powered sample sizes. However, the WBA remains a viable means
whereby to test the function of human mAbs agdihgb in a mechanistically unbiased manner.

One of our consistent findings was the stimulation of JWF -11bL, -6 prdduction by 78 59

incubated with BCG a¥l.tbin PBMC or whole blood respectively. This pattern of cytokine production
relates to bacterial antigens being taken up Vi e
shown to augment the production of TIUF a n&lin MDM upon stimulation with PP[21). Further,

GInA alone stimulates mousterived DC cells to produce 1L b , -10J dnd 1:12p70 (22) It is

plausible then that 78 S®inctions similarly to these studies, by driving uptake of GInAl via CIC
formation and FCcR engagement to stimulate aipitammatory cascade. Here, | also provide additional

context that this process does not assist in host immune conifiaibof

This finding is also biologically plausible, given emerging data to show that GInAl peptide is the most
abundantly detected peptide in serum extracellular vesicles (82%) in LTBI (23). Thus, soluble
mycobacterial GInA1 is present in the circulatory systéhumans. Although TNE) i s necessary
the control of TB, a doubledged sword exists where elevated levels of TNFal so associ at
severity of disease (24,25). As the FcoR/Clqg sig
to ATB, antbodies against secreted antigens could therefore directly contribute to inflammation and

symptom onset.

To extend this work, mAbs from ATB must be characterized at scale. Here, it is plausible that mAbs
against secreted antigens in ATB all share the same function as a group. This hypothesis is relevant
given that TB vaccine design is focussed on immunodamhinaell proteins of this class. Ag85A, as

in the MVA85A vaccine, falls into this category, and does not elicit protective antibodies in mice (26).
GInAl has also been evaluated in-pli@ical vaccine models with impact on CFU pbktb challenge

(27). Whether synergy between the antibody and cellular response is necessary to prevent TB by

vaccination is unknown.

If CIC and antibodies play an active role progression of TB disease, this pathway could be targeted by
inhibition of caspase 1 or Fc receptor signalling. Hbetcted therapy aims to shorten the duration of
chemotherapeutic agents and/or mitigate tissuadje that may result in lotgrm clinical sequelae.

One potential agent is ¥X65, which attenuates iLb pr oducti on in a range
inflammationme di at ed di seases (28). Decoy anti bodies t
mediated atoimmune disease have also been developed (29). Next generatialrécistd therapies

could explore blocking these pathways in ATB and potentially TB IRIS.

Taken together, this chapter describes the adaptation of human mAb generation to patients with ATB.
| demonstrate the indepth characterization of a single clone which bound to a range of mycobacterial

antigen preparations by flow cytometry, ELISA, and fegzent imaging. | also describe the process
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whereby the antigenic target of this mAb was discovered as GInAl (Rv2220), a putative TB vaccine
candidate. No prior mAbs against GInAl have been generated or studied. This mAb did not enhance
ADCP or mycobacterial killing in a range of assays. Howevéative to an isotype antibody control,

the antiGInA1 mAb increased H1 b ,-6 dnd TNFU pr oducti on in both PBMC
These findings support a potential link between antibody responses in the form of CIC formation with

FcR uptake and diseasatpophysiology in ATB. As GInAl is homologous across BCGMTrtd, it is

notable that such antibodies occur in approximately 1 in 5 persons across the spectrum of human TB
infection. Antibodies against GInAl were also readily identified in PLWH. In chapter 4, | expand upon

this work by investigating the human antibodgponse againd.tb in PLWH.
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Chapter 4: Antibodies in HIV-associated TB

4.1 Introduction

In 2020, approximately a third of total deaths in persons living with HIV (PLWH) were due(®18B
Multiple factors contribute to the increased severity of TB in PLWH. Advanced HIV disease
predisposes patients to disseminated forms of disease TB such as miliak.th®Jood stream
infection (BSI) and TB meningitiB14). The diagnosis of TB is also more challenging in PLWH owing
to a lesser likelihood of detectimd.tb in sputum in patients with TEL15). Further, treatment of HV
associated TB carries the risk of additional morbidity from immune reconstitution inflammatory

syndrome (IRIS), and drugteractions with antietroviral therapy (ART)314,316).

The predominant immunological mechanism whereby PLWH are more susceptible to TB is thought to
be via the loss of CD4I cells(317). HIV infection results in declining numbers of CDHcells through

a number of host and viratediated mechanisn{818). The risk of developing TB, dissemination of
disease, and mortality all strongly associate with declining*dDzell countg314).

However, immune defects agaimdttb other than the loss of CD4 cells in PLWH exist. Even on
ART, or with CD4 T cells counts above 700 cells/fynPLWH still carry an additional 4.4 times
increased risk of TB (7). Further, susceptibility to TB in PLWH begins during the first year of diagnosis
with HIV infection (8). HIV infection also broadly impairs B célinction andblunts the antibody
responses to multiple vaccinatiof® 11).

The role of antibodies in protection against opportunistic infections (Ol) in PLWH is understudied
relative to studies focussing on cellular immunity. Recently, an inverse relationship between antibodies
targeting a cryptococcal capsular polysaccharidevaortality in PLWH with cryptococcal antigenemia

has been shown (12). A role for antibodies in protection ag&nstimocystis jiroveciithe first

described HIVassociated opportunistic infection, has also been proposed (13)

HIV infection alters both epitope recognition and subclass antibody production dgainsMost

PLWH without ATB (95%) possess antimycobacterial antibodies, however this rate of declined to 1
out of 20 (5%) in advanced HIV in one early st{@3). IgG2 responses against LAM were absent in
PLWH diagnosed with extrapulmonary TB (15). Certain antigens, such as MPT51, may be more
frequently recognized by PLWH with ATB than HIV uninfected persons (16).

More recently, van Woudenbergh al (2020) showed that HIV infectiorbroadly altered antibody
profiles againstM.tb (17). 1gG levels against LAM, Ag85, ESAT/CH® and purified protein
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derivative (PPD) were decreased in PLWH with ATB (17). In LTBI, PLWH had lower IgM responses
to M.tb than HIV uninfected persons independent of CD4ell counts (17).

Little is known about how the impact of HIV on antimycobacterial antibody production relates to risk
of developing TB. In this chapter, we sought to test the hypothesis that PLWH fail to mount as
significant an antibody response Nbtb as HIV negativepersons across the spectrum of human TB
diseaseThe aim of characterizing multiple cohorts was to glean context from comparison to HIV

uninfected persons, as wellias®?LWH whereoutcomegelating to acquiring TBvere known

We firstly tested whether differences existed in the magnitude of antibody respavisisatdhe point
of ATB diagnosis when compared to PLWH with LTBI or Hiégativepersons. Next, we measured
IgG response againbt.tb in cohorts with longitudinal datdNext, we testethow antibody responses
are altered by initiation of ART in PLWH with LTBWethencharacterizéd the phenotype of antibody
responses in 3 cohorts of IGRA negative PLWH.

Similar IGRA negative cohortsf resistershave been studiedith the goalof finding genetic or
adaptive immune responses that protect againstIB3 The mechanisms whereby highly exposed but
persistently IGRA negative individuals do not appear to acquire infection have predominantly been
studied in HIV negative people, who are at less risk of TB than PLMW .negative resisterbave

been shown tpossess IgM specific d.tb, classswitched antibodies against a range of mycobacterial
antigens, and neoanonical T cell respons€49).We therefore determined how IgG responses against
M.tb specific antigens relates to TST induration. Nextassessed the 1gG response in two cohorts of
PLWH with longitudinal data. We investigatethethedGRA negativePLWH from a high burden area
whohaddevelopedrB despite profound immunocompromise veell asPLWH who underwent IGRA
conversion or developed ATBossessed IgG responses specifid .

4.2 Results

4.2.1 The impact of HIV infection on antiM.tb 1gG levels

IgG responses tdl.tb H37Rv whole cell lysate (BEI resources) were measured by enzyme linked
immunosorbent assay (ELISA), described in detail in the methods seadittmwhole cell lysate

(WCL) was selected as an antigen pool containing the broadest raMyb @ntigens. Firstly, 1gG

levels were measured in cryopreserved serum samples of HIV infected and uninfected individuals with
ATB or LTBI (Table 4.1) Two cohorts were characterizddCT HREC 012/007 and 050/201%yith

the major difference being hol Bl was determinediescribed below.
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Table 4.1Definitions of LTBI, ATB, and median CD4T cell counts (cells/mA) in cohort 1 and 2 below.

Definition of LTBI | Definition of ATB | LTBI N=| LTBI Median | ATB N= | ATB Median
(IQR)CD4* T (IQR)CD4* T
cell counts cell counts
Cohort 1 Inhouse IGRA. Sputum culture 35 323 35 211
Intracellular staining (250-463) (105-484)
of CD4+ T cells post
stimulation with
WCL
Cohort 2 | QuantiFERON-TB | Sputum culture or 27 551 34 161
Gold-In-Tube GeneXpert (362-663) (72-312)

Median antibody responses were compared across LTBI and ATB for HIV+ anrdyHidps(Figure
4.1).Further, the association between IgG levels agMitstWCL and CD4 T cell counts was tested.
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Figure 4.11gG levels againsiM.tb WCL in HIV infected and uninfected persons with LTBI or ATB. Results
shown are in optical density (OD) and represent the mean value of technical triplicates normalized to a control
serum per plate(A) Cohort 1. HM/LTBI n=34. HIV-/ATB n=32. HIV+/LTBI n=36. HIV+/ATB n=36.(B)
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Cohort 2. HIV/LTBI n=25. HIV-/ATB n=25. HIV+/LTBI n=25 HIV+/ATB n=23. Violin plots with median
responses and interquartile range are shown. Significance was determined byvhltarey test(C) Scatterplot
demonstrating the relationship between-atib whole cell lysate IgG responses (OD 415mm) and CDdell
counts (cells/m/) for PLWH with both LTBI and ATB in Cohort 1(D) Scatterplot demonstrating the
relationship between aniil.tb whole cell lysate 1gG responses (OD 415mm) and ‘CDdell countgcells/mn¥)
for PLWH with both LTBI and ATB in Cohort 2. Significance was determined by Spearman rasfkicient

test.

In both cohorts, the magnitude of ahtitbo WCL IgG responses were significantly greater in HIV
uninfectedpatients with ATBwhencompared to thoseith LTBI (HIV-/LTBI 0.66 [0.50-1] vs HIV -

/ATB 1.4[0.84-1.96, p = 0.0002and(HIV-/LTBI 0.7[IQR 0.5-1.09 vsHIV-/ATB 1.41[0.86-2.55], p

= 0.0002 respectively However, PLWHfailed to mounta similar significantincrease in IgG levels
between ATB and LTB(HIV+/LTBI 051 [0.38-0.8 vs HIV+/ATB 0.61[043-1.1], p = 015) and
(HIV+/LTBI 0.53[0.32-0.97 vs HIV+/ATB 0.75[0.48-1.1], p = 011) respectivelyIn the first cohort
where IGRAstatuswas defined by inhouse flow cytometry, PLWH with both LTBI and ATB had lower
anti-M.tb WCL IgG than HIV uninfected persons. In the second cohort, defined by QFT positivity, there
was no difference across HIV status in LTBI, but PLWH with ATB had lower antibody responses when

compared to HIV uninfected persons.

There was no correlation between CO4cell count and the magnitude of aktitb IgG response in

the HIVHLTBI or HIV+/ATB groups. Given the blunted total IgG responsdd.th in PLWH, it was

next determined whether particular IgG subclasses were differentially impacted by HIV infection
(Figure 4.2).

Both HIV- (HIV-/LTBI 0.039[0-12] vs HIV-/ATB 0.21[0.060.79, p = 0.00) and HIV+ groups
(HIV+/LTBI 0.02[0-0.0§ vs HIV+/ATB 0.12[0.030.2, p = 0.03 with ATB had greater magnitudes
of IgG1 than those with LTBIOnly the HIV- group showed a significant IgG2 response during ATB
(HIV-/LTBI 0.3[0.147 0.4 vs HIV-/ATB 0.67[0.180.59, p = 0.035. There were no differences
seen between LTBI and ATB for either group when testing IgG3 and IgG4 responses Mghinst
WCL. Neither were any differences between H&ahd HIV+ LTBI or ATB groups for any of the I1gG
subclassed.evels of antiM.tb IgG4 were notvell detecedin this assayjikely due to a combination of

low abundance and assay technical parameters such adilatien of serum.
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Figure 4.2: 1gG subclass class detection agaibisto WCL in cohort 2. HIVM/LTBI n=25. HIV-/ATB n=25.
HIV+/LTBI n=25 HIV+/ATB n=23(A) 1gG1,(B) 1gG2,(C) 1gG3, (D) IgG4. Violin plots with median responses

and interquartile range are shown. Significance was determined by-Whitney test.

4.2.2 Anti-M.tb IgG responses post initiation of antiretroviral therapy (ART).

Next, the effect of ART on IgG levels agaiittb in PLWH with LTBI was determine@JCT HREC
245/2009 and 545/2010%iven that ART reduces risk of developing ATB, it was postulated that ART
could alter levels of IgG againbt.tb during immune reconstitution. In this cohort, LTBI was again
defined as IGRA positive per an inhouse IGRA assay, and HIV viral suppression was noted in all

participants at the Week 48 timepofrigure 4.3) The median CD4+ counts at Week 0 (baseline) was
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95 cellss/mm3 (IQR 3321), and all participants had documented virological suppression during the

course of followup.

WCL
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Figure 4.3: 1gG levels againsM.tb WCL in PLWH with LTBI after initiation with ART (n=10). Each dot
represents the mean OD from triplicate wells for an individual participant at that timepoint. Groups were compared

using Friedmands test with Dunnds correction for mul't

Initiation of ART in PLWH with LTBI did not significantly influence IgG levels agailkbktb WCL in
a48weekperiod. Next, levels of antimycobacterial antibodies in IGRA and/or TST negative PLWH

were determined.

4.2.3 Antibody responses td.tb in IGRA negative PLWH

IgG responses to a commerciEEBAT-6/CFR10 (E6/C10) fusion protein were measured by ELISA.
This antigen, containing two RD proteins, was used to determieb specific antibody responses,
whereas antibodies against WCL were taken to more broadly represent antimycobacterial antibody

responses.

The relationship between IgG responses and the extent of TST skin induration as a continuous
measurement in millimetres was also tested. It was hypothesized thatigineg antibodies against
M.tb may be lower in PLWH than in HIV uninfected persdfRgure 4.4)
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Figure 4.4:1gG responses againsttb antigens HIV/IGRA- (n = 34) and HIV+/IGRA (n = 40) persongA)

WCL (B) E6/C10(C) Scatterplot of TST induration (mm) vs Al.tb WCL 1gG levels (OD 415mm)(D)
Scatterplot of TST induration (mm) vs AfEISAT-6/CFR10 IgG levels (OD 415mmYE) Groups stratified
according to WHO standardized enffs for TST positivity. H\M/TST- n=8, HIV-/TST+ n=26, HIV+/TSTn=33,
HIV+/TST+ n=7.(F) Groups stratified by TST anergic (Omm) or any induration (>0mm).-A¥T=0mm n=7,
HIV-/TST>0mm n=27, HIV+/TST=0mm n=25, HIV+/TST>0mm n=15 Violin plots with median responses and
interquartile range are shown. significance was determined by-M#éritmey tes. For scatterplots, signdance

was determined using Spearman ranleffient test.
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IgG responses thl.tb WCL were greater in IGRA negative HIV negative individuals than in PLWH

(p < 0.0001). However, this difference was not seen for IgG against E6/C10. There was no association
between IgG levels against E6/C10 and TST induration. Stratifying patients into categories of TST
result according to World Health Organization acceptdebffs, or according to TST neresponse

versus responsiveness, did not reveal any difference HESAT-6/CFR10 IgG levels. PLWH who

tested negative via IGRAnd TST thus possessed antibodies generated by expoblitb.tiNext, the
relationship between IgG againgktb and risk of developing TB was determined in longitudinal

cohorts.

4.2.4 Antibody responses td/.tb in longitudinal studies ofIGRA negative PLWH

We assessed Igfésponses againkt.tb WCL and E6/C10 irseraobtainedby the MVAB85A vaccine

trial (UCT HREC001/2010 and OxTREC e10) where PLWH were followetbr two yeasto monitor

the development of LTBI or ATB(316) This enabled us to compare the baseline immune
characteristics of PLWH who later developed LTBI or ATB with those who didinmdhis cohort,
patients included were HIV infected with CD# cell counts above 350 cells/mnor above 300
cells/mn¥if on ART. All patients had QuantiFERGINB Gold (QFT) values below the threshold for
positivity on enrolment. The antibody respons®ittb was determined on enrolment to the study, prior
to interventionand thus i not reflective of a vaccine responSeither did MVA85A prevent incident
TB in this trial (315 IgG levels were compared iIQFT negative PLWHwho underwentQFT
conversion (converters) during longitudinal follay to thosewho remained QFT negative (non

converterk (Figure 4.5).
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Figure 4.5:1gG responses thl.th lysate in QFT nortonverters (NC) (n=162) compared to QFT converters (C)
(n=54) (A) M.tb WCL (B) ESAT-6/CFR10. (C) Violin plots with median responses and interquartile range are

shown. Significance was determined by Mafthitney test.
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IgG levels againsi.tb WCL did not differ between QFT convertgiG) and norconvertergNC).
However, QFT converters possessed greater levels of IgG against E6/C10 at baseline -than non
converterdNC 0.33[0.06- 059 vs C0.44[0.0671 1], p = 0.B7). Next, independent of QFT resalt
baselinelgG responses in PLWH who developed microbiologically confirmed ATB were compared to
those who did nofFigure 4.6) Cases were matched to controls (M Lesosiagedon age, gender,

study sitetime on studyand availability of samplefyG levels against the vaccine antigen Ag85A, an
immunodominant prtein, were also testdzhsed on previous data from infants where IgG levels against

Ag85A were associated with reduced risk of developing Z65).
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Figure 4.6:1gG responses td.tb lysate in cases (n=13) compared to controls (n=43)M.tb WCL (B) E6/C10.
(C) Ag85A. Violin plots with median responses and interquartile range are shown. Significance was determined

by MannWhitney test.

No differences between PLWH who developed ATB vs controls were seen for WCL or E6/C10.
However, IgG responses against Ag85A were greater in PLWH who went on to develop ATB than
those who did nofp = 0.0499. Given that here antibodies agaiMtb associated with risk of QFT

conversion and ATB, the antibody profiles of PLWH in a high burden area who did not develop TB

despite low CDAT cell counts were tested.

4.2.5 Antibody responses td1.tb in IGRA negative PLWH vaccine trial or resister

Antibodies againdl.tb WCL and E6/C10 were determined in a cohort of persistently IGRA negative
PLWH from a high TB burden area with no history of having (HREC Stellenbosch University
N16/03/033A, UCT HREC 755/2016, 702/2012)). Here, participants had either a single CD4

cell count < 200 cells/mnor two CD4 T cell counts < 350 cells/miat least 6 months apart prior to

ART initiation. Immune reconstitution was defined as a last‘CDéell count > 200 cells/m#iThese
patients then underwentrsd IGRA testing, and were defined as HIV negative, IGRA and TST non
reactive if having 3 negative IGRA tests and a TST of 0 mm induration. This phenotype was denoted
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as HITTIN - HIV-1-positive persistently TB, TST and IGRA negative (HITTIN). IgG responses

specific toM.tbin this population were determiné@igure 4.7).
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Figure 4.7:1gG responses tl.tb in HITTIN (n=67) compared to PLWH with LTBI (n=62)(A) WCL (B)
E6/C10.(C) Scatterplot demonstrating the relationship betweenMnti WCL IgG responses (OD 415mm) and

CD4" T cell counts (cells/m@ for HITTIN and LTBI groups(D) Scatterplot demonstrating the relationship
between antM.tb E6/C10 IgG responses (OD 415mm) and CD4ell counts (cells/m)for HITTIN and LTBI

groups. Violin plots with median responses and interquartile range are shown. Significance was determined by

MannWhitney test. For scatterplots, significance was determined using Spearman-edfigieat test

HITTIN possessed lower levels of IgG against E6/C10 than IGRA+ conpats0(00§. However,
levels of antimycobacterial antibodies (WCL) did not differ. Again, 1gG levels against WCL and
E6/C10 had no correlation with CD# cell counts.

Taken together, IGRA negative PLWH from multiple cohorts show 1gG responses to E6/C10. Given
the implications of E6/C10 specific antibodies in HITTIN, titration of serum with uncoated well

background was performed to eliminate +specific plate binding aa cause for these responses.
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Levels of nomspecific binding could otherwise be interpreted as a signal of positive serological
recognition of E6/CL10A subset of 15 HITTIN serum samples were used selected fromrhidtile,

and low responders in the above d&igure 4.8)
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Figure 4.8: Titration curves of serum antibody responses against E6/C10 in HITTIN (n=19). Optical density (OD
415mm) values from antigen uncoated wells at each dilution were subtracted from serum OD values at each
dilution. Serum dilutions range from 1:25 to 1:800.s&bt binding curves are shown in red. Controls include 6
individuals with previous TB (PrTB) (n=6) and PLWTH with ATB (n=12). Here, violin plots with median and
interquartile ranges are shown. Groups are compared using Khsitiéd test withDunn's postest correction

for multiple comparisons. * = P O 0.05. ** = P O 0.
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IgG titres with background subtraction reveals that the majority of HITTIN included in this assay (>2/3)
did possess antibodies specifiaviab (E6/C10).Control groups of PLWH with previous TB or ATB
were includedfor comparison to groups with definite history of TB. There was no statistically
significant difference between IgG levels at a 1:25 dilution against E6/C10 in HITTIN compared to the
previous TB or ATB groupddowever,PLWH with previous TB had lower IgG levels than those with
ATB (p = 0.005).

4.3 Discussion

In this chapter we show that IgG responses agiiribtare impacted by HIV infection. In two cohorts,

we validated that ATB is characterizable by an increase in antimycobacteri@2y®& PLWH with

ATB however, the IgG responseltbtb WCL was blunted. PLWH also had impaired 1gG2 responses,
whereas ATB was associated with greater antigen specific 1IgG2 levels in HIV uninfected people. A
lack of IgG2 response to LAM has previously been shown to associate with extrapulmon(@s). 7B

A potential explanatin for this is the dysregulation of IFN p r o dlwe ¢otHIV,avith IFN- 2 being

a key inducer of IlgGPesponse£328).

The clinical context for these findings is that TB patients with-HiIsoinfection are less likely toave

cavitatory lung disease, and more likely to present with disseminat€d)TRBs discussed in chapter

1, a 6too little, too |l ated model for the emerge
against HBHA limited the disseminationMftb in mouse models, and an aR$tS1 mAb cloned from

a patient with ATB modestly restricted the growth Mftb (23,24) Therefore, PLWH could be
predisposed towards disseminated disease, in part, by an insufficient antibody response to restrict

hematogeaus spread d¥.tb.

In this work, the initiation of ART in PLWH with LTBI did not impact IgG levels agaMsb WCL.
Hypothetically, IgG responses could have been altered in response to antigen availability if immune
reconstitution led to the killing oM.tb over the time period. Unmasking IRIS responses could
potentially associate with increased IgG levels (25). However, no change-M.tonWCL IgG levels

were seen over the course of 48 weeks in these participants.

However, | GRA positivity ddbardention, givenetatensost EIGRA | y i m
positive persons do not develop TB, and chemotherapeutic treatment of LTBI only alters the host
transcriptomic response in approximately one third of pe@ae Thus, these patients may no longer

be infected with viabl&l.tb, and thus initiation of ART would not result in killing of mycobacteria with
stimulation of a humoral immune response. It is also possible that the timepoint of 48 weeks was too

short a tinepoint to see restoration of circulating 1gG levels, given that B cells are still dysfunctional a
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year after initiation of ART (11}t is also possible that isotype switching, or avidity changes occur post
ART initiation due to restored T cell help.

Next, we investigated antibody responses across three cohorts of IGRA negative PLWH. Although
interest in this phenotype has grown, studies have not yet included PLWH. In our data, IGRA negative
PLWH had lower levels of IgG against WCL than HIV uninfegbedsons. However, this was not the

case for IgG against the secreted antigens E6/C10, where no difference was seen. One explanation is
that antibodies against E6/C10 and other protein antigens are relatively preserved, however HIV may

impair responses tadgens such as glycolipids and carbohydrates found in WCL.

ESAT-6 and CFPL0 are secreted antigens encoded in thelRiegment of thi.tb genomethatare

not expressed bBCG; thus,these antibodies are thought to arise from prior infection Mith (27).
Antibodies against ESA® could potentially arise from NTM such &6 kansasii but the burden of

such infections is substantially lower than thatlofb (28). Here, IgG to E6/C10 did not relate to TST

or IGRA status. Different mechanisms could account for the presence of IgG against E6/C10 in the
absence of IGRA or TST positivity. Firstly, antigepecific T cell responses could wane due to HIV
mediated losef CD4" T cells. Secndly, clearance oM.tb infection could also result in declining T

cell responses with IgG levels sustained by {ved plasma cells. Thirdly, neliFN-gT cell responses,

such as CD40L/CD154 expression seen in Ugandan resisters, could predominate in thesglpatients
Lastly, antigen specific T cells could compartmentalize to the lung over time and no longer be

peripherally detectable.

Next, we showed that 1gG levels against E6/C10 are higher in individuals who undergo IGRA
conversion relative to those who do not. This data accords with the notion that IgG levels against
secreted antigens relates to bacterial load. It is unlikely thiatEE8/C10 antibodies emerge prior to
cognate T cell response, thus the limit of detection for QFT (EGATFR10, TB7.7) could

underestimate true sensitizatiorMab antigens.

When examining 1gG levels in PLWH who went on to develop ATB, E6/C10 levels were not different
between PLWH who developed ATB during follayp and controls. However, IgG responses against
Ag85A levels were significantly greater in those who developed ABBthe analysis of cases of ATB,

both controls and cases were grouped independent of IGRA result at baseline, owing to limited numbers
of patients who developed ATB during the/@ar followup period. This work was predicated on the
finding that antibodyesponses against Ag85A in BCG vaccinated infants were greater in those that did
not go on to acquire ATB (29). However, this trend was not seen in HIV infected adults. As to why
Ag85A was significantly increased, but E6/C10 was not, could be accounteg A85A being the

most frequently identified antigen in circulating immune complexes during(8URB1) These results

lend further weight to the argument discussed that activation of humoral immunity (FcR, Cl1q, IgG) is

upregulated during the progressifvom subclinical and ATB (32).
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In the third IGRA negative cohort, extensive clinical characterization was performed to ensure that
IGRA negative PLWH had undergone periods of advanced immunosuppression rendering them
susceptible to TB. The key question was whether such individualsnednEbRA negative despite
exposure tdM.tb, or simplybecause they had never been exposed.tbin the first place Here we

show that it is likely thathe majority of these PLWH who were persistently IGRA and TST negative
wereindeedinfected withM.tb at some point itime yetdid not develop diseasklthembuet al have
recently described the existence of &f#/C10 antibodies in PLWH, with increasing discordance at
lower CD4 T cell counts(334).

There were also several technical aspects to these experiments that could be improved upon. Firstly, the
6hookd or prozone Ihapresdneeofmverydhigls amounts ef dntibvdgerume
sterically hindersthe binding of antigenspecific immunoglobulin tdhe coatecprotein resulting in

falsely low orevennegativesignal from the ELISA experimefi33).

Although these assays were performed with serum at a 1:100 dilution, idealyiMIAETB groups

should undergo titration of serum to determine whether a hook effect did occur. Next, subtraction of
chemiluminescent signal (OD) from nopated background wells was not always performed owing to
clinical sample availability and the numbair samples required to run in large clinical studies (34).

Here, background of secondary was subtracted, and samples were normalized to control serum on every
plate. To determine whether responses reflectapartific binding of serum to the ELISA plate taue

antigen responses, background subtraction is requinedsashowrin Figure 4.8.

In Figures 4.6 and 4,dbwing to performing this assay in a different laboratory, a different secondary
antibody was used. Here it is seen that the WCL ELISA background responses are high above
background. To correct this, titration of the secondary antibody should have bbEgmeeé and the

time to stopping the substrate reaction could be shortened.

IgG4 was also poorly detected in this study. IgG4 is the least abundant subclass, representing 4% of
total IgG in normal serur(). This could account for why the assay was unable to detect differences in
IgG4 production. To optimize the signal from this ELISA, greater concentrations of serum should be

used with a positive control or purified IgG4 to determine the optimal dilution of serum.

This work could also be expanded in several directions. Recently, IgM responses have emerged as a
correlate of protection in nelmuman primates with sterilizing immunity againdttb induced by
intravenous BCG vaccinatio272). Further, a population of resisters studied in Uganda were
characterized as having IgM responses against a broad ravig® ahtigens, including ESA®/CFR

10 (19). Thus, whether HIV impacts IgM levels agaistb, especially in the HITTIN cohort, is of

interest.

Early work on extrapulmonary TB in HIV suggested that individuals with TB lymphadenitis lacked
IgG2 against LAM(15). CD4" expressing T follicular helper cells, lost in HIV infection, are necessary
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for B cell classswitching and maturatiof87). Thus, assays could be extended to determine the impact
of HIV on 1gG subclass recognition of other glycolipids.

Beyond quantitative antibody responses, antibody function agdrst in PLWH is largely
understudied. Neutrophihediated opsonophagocytosis of mycobacteria via CD16 and CD35 is
impaired in PLWH, but the effect of HIV on other functions of antibody is unkn(888). One
approach here could be to compare the effect of purified serum immunoglobulins from both PLWH and
HIV uninfected persons ill.tb whole blood growth assays, controlling for concentration oflritb
antibodies. The hypothesis being thatWal produce poorer affinity antibodies, have a restricted
breadth of target recognition, or impairadtibody effector functionlt is plausible that IFMN is
required to mediate the effect of mAbs, and thasee mAbs should also be testedMBA samples
derived from otherwise healthy PLWhhere this signalling pathway may be deficidrdid not test
whether a differential effect for 78 59 exists between HIV infected and uninfected WBA, but this could

form the substrate of future investigation.

Defects in the antibody compartment in PLWH could also be studied directly from patients with
advanced HIV and mycobacteren(g®0). Recentlyex vivofluorescent imaging and flow cytometry

of M.tb BSI have visualized mycobacteria isolated directly from patient blood sa(BgBs Tagging

IgG on M.tb in whole blood with a fluorescent secondary antibody against human immunoglobulin
could be an approach to rapidly quantify opsonizing antibody directly from clinical samples. It could
also address a fundamdmgaestion as to whether antibodies bMdb during hematogenous spread.

As a whole, PLWH have blunted IgG responskltt across IGRA negativ& TBI, and ATB. We also
show that detection of antibodies arising from prior exposukéttvare detectable in different cohorts

of IGRA negative PLWH. In cohorts with longitudinal follemp, greater antibody responses against
E6/C10 or Ag85A assaociate with disease progression, either to LTBI or ATB. This finding fits in with
transcriptomic sigrtares showing the upregulation of Fc receptor and C1lqg expression during sub
clinical TB (167,342).

Yet, the majority of PLWH with low CD4T cells who did not develop ATB despite living in a high
transmission area, possessed antibodies specMdioThe presence dheseantibodiesvas valuable

to confirm that tesePLWH had an adaptive immune response specifid.tb and therefore must have
hadbeenexpo®dat some point in timéVhy they had no history or developing H8spite profound
immunosuppression is an area of ongoing study. Whether these antibodies are part of the apparent
protection against diseasehelp prevent dissemination diseasén PLWH couldbe exploredn future

studies
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Chapter 5: Towards serum antibody functional

assays in BCG vaccination

5.1 Introduction

BCG is a liveattenuated vaccine to prevent TB that was developed by serial pasbagmbéacterium

bovis(342). BCG has aexcellent safety profile and is recommended by the World Health Organization

in countries with a high burden of TB and/or leprd844). BCG vaccinationds ef
preventing against adult pulmonary TB is inconsistent, ranging from 0 to 73%, and the principal
rationale behind its continued use is to reduce the incidence of extrapulmonary TB in children
(345,346).

The mechanisms whereby BCG protects against TB in these circumstances are incompletely
understood. The frequency and cytokine profiles of BXpécific CD4 T cells were previously shown

to not associate with protection against IGRA conversion in children, as was ratmmitipated

(346). However, more recently BG&pecific T cells that secrete IFN di d associ ate with
of TB in infants(270). In the same study, infants who did not go on to develop ATB had greater levels

of antrAg85A 1gG atbaseling270). Tanneret al have reviewed the consistency of findings that BCG
vaccination leads to an antibody respof®) Beyond measuring the magnitude of responses induced

by BCG vaccination, the function and role of such antibodies are yet to be comprehensively
characterized. This has implications for improving upon the immune response induced by BCG, as

many candidate w&ines are designed as a pribwost strategy post BCG vaccination.

Even though BCG vaccination has partial clinical efficacy, its use in humans provides a model to
investigate the human antibody response against mycobacteria. BCG retains close genetic homology to
M.tb, does not require containment level 3 biosafety protocols, and is safe to administer across species
(329).

The ongoing use of BCG vaccination as a fruitful discovery tool is highlighted by studies using
intravenous (IV) BCG vaccine to elicit sterilizing immunity in Amman primates, and proposed phase

1 trials to evaluate mucosal immunity induced by aerasoIBCG(272,348).

Antibody-dependant cellular phagocytosis (ADCP) is postulated to be an important mechanism
whereby antibodies may control the growth Mftb (226). Recognition of the surface of live
mycobacteria is a contingent condition for antibodies to perform ADCP. Although ELISA ol live

bovisBCG have been demonstrated, these methods arectinseiming and have high background
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signal(302). Opsonization assays are therefore necessary. In this chapter, | sought to develop proof
concept for assays that could be used to evaluate antibody functionality in clinical samples.

The aims of this study therefore were therefore to first develop a flow cytebeted assay to test
serum ADCP capacity stimulated by BCG vaccination. Secondly, | aimed to determine the feasibility
of a method to rapidly assess bacterial opsonizatiaehym antibodies using flow cytometry.

5.2Results

5.2.1 Towards measuring ADCP in BCG vaccination

A flow cytometry assay was developed to determine ADCP for serum, with gating strategy identical to
that described in chapter 3 for mAbs (Figure 5.1A). In brief, -TIH#Rere cultured in 98vell plates and

then infected with BC&sFP in the presence of seruftiter a washing step, GFPnacrophages were
enumerated by flow cytometry. We sought to determine conditions for testing the effect of BCG
vaccination on serum ADCP capacity. The variables to optimize this assay included mukyblicity
infection (MOI), time post infection, concentration of serum incubated with #KP (Figure 5.1B

D).

From this data, an MOI of 10, a timepoint of two hours as a midpoint between 1h30m and 2h30m, and
a serum concentration of 1:10 were selected for downstream experiments. This serum concentration
condition was selected as the higher serum concentrationotligroduce markedly greater ADCP
responses, and a concentration of 1:10s better conserved serum stocks for future experiments.
Discrimination between Donors and BCG control was observed at an MOI of 1 (Donor 2 vs BCG alone,
p = 0.013 and 10 (Donor 2 vs BG alone,p =0 .03). From this data it appears that the increase in
ADCP is mostly driven by vaccinated donor 3 and would require testing with a bigger sample size to
discriminate between donors. For the time course assay, no timepoints were different statistically. There
is also interassay variability between the MOI and time course experiments, which could be explained

by variable expression of GFP.

Thus, ADCP was next tested in a clinical cohort of United Kingdom citizens receiving BCG vaccination
as adult§NHS Research Ethics Service (NRES) Committee South Cénireford B (REC reference
15/SC/0022)as described in publication by Wilkiet al (2022 (349). Healthy BCGnaive adults

residing in the United Kingdom were enrolled. LTBI was excluded by IGRA testing. Volunteers
received a standard clinical dose 682 1°CFUBCG SSI intradermally. For the below (Figure 5.2),

pilot assays 6 randomly selected samples from the group receiving BCG were selected, and samples
were tested at DO, D14, D28, and D84 pgastcination.
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Figure 5.1 Development of flow cytometric assay to measure ADCP in-TH®DM (A) Schematic outlining

assay protocolB) Testing of serum concentrations 1:10 vs 1:5 for a range of serum samples. Mean of duplicate
samples is shown for each sample, apart from BCG alone without serum control samples which are single values

and hence no error bars are sho{@). MOI curve of three donors included in the BCG vaccinated pool. Data

shown is mean with erro(D) Time course of ADCP using an MOI of 1. Data showthis mean of technical

duplicates. FoC) and (D), Samples were compared using Krusktd | | i s t est with Dunnods

multiple comparisons. * = p<0.05.
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Figure 5.2 Effect of BCG vaccination in adults on IgG responses to PPD, and on ADCP (A¥X&)G levels

against PPD at DO, D14, D28, and D84 pastcination. Data points shown are paired samples with each point
representing the median of technical triplicai@. ADCP in THR1 cells as ascertained by flow cytometry.

Values shown are the mean of duplicates for each sample. Significance was deterrnamagdyng the median

at each timepoint usingr i edmands Tegtarfaomet pacredataomwith Dunnos
correction.(C) Scatterplot othe fold change betweeanti-PPD IgGat DO and 28/s the fold change between

ADCP (%GFP+ THPL)at DO and D28. Sampl es wer eeffcientiigsar ed using

BCG vaccination induces an antibody response to mycobacterial proteins (PPD) which trended towards
significance at D14 = 0.0839 and was statistically significant at 28 days post vaccinapon (
0.0105). In Figure 5.2B BCGvaccination is shown to induce a significant ADCP response at both D14

(p = 0.0437 and D28 = 0.0105 postvaccination. The increase in ADCP in the absence of a
significant increase in IgG at D14 could be due to statistical powering, or perhaps the unmeasured effect
of IgM complement recruitment in this assBespite the lack of correlation between the fold change
increase of altiPPD IgG and ADCP levels from DO to D28, samples from thiesepointswere

selected per conventional timepoints in the eatidm of vaccine induced antibody responses.

Next, to the contribution of complement and FcR in ADCP were determined. The role of Fc receptor
medi ated wuptake via FcoRIITI A (CD16) -linemgdoy Fc o RI |
commercial antiCD16 and CB32 mAbs at concentrations recommended bynianufacturer for flow

cytometry (1:100) (Figure 5.3). The effect of hawctivation of serum at 56 degrees Celsius was also

tested to assess the influence of complement in this assay. Complement is degraded at this temperature

whereas serum immunogldins remain intact.
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Figure 5.3 Effect of heat inactivation, FcR blockade and MOI on ADCP in BCG vaccination (n=6). Each
datapoint represents the mean of technical duplicates. Samples at DO and D28 are compared with or without mAbs
crosslinking CD16/CD32. Two heatactivation conditios are shown, firstly with an MOI of 1, and next with an

MOI of 10. Samples were compared by multiple Wilcoxeetchedpairssignedrank tests.

In northeat inactiveeonditions without FcR blockade, BCG vaccination again enhanced serum ADCP
at D28 post vaccinatiop & 0.03). This enhancement is reduced by the presence of mAbslitikiag

Fc receptors and preventing activation via serum immunoglobulins:itdaivation of serum results

in a large drop in ADCP capacity, with less uptake of mycobacadano differences between DO and
D28, as well as no effect of FCR blocka@emplement and immune complex uptake therefore appears
to contribute towards phagocytosismycobacteria. As the uptake of BE&&-P was lowered by heat
inactivation, the MOI was then increasedtoMOI of 10better test if an effect for Feceptor blockade

was still present. At an MOI of 10, there was a significant difference at DO compared to D28 serum.
This effect was again reduced in the presence of Fc receptor bldgkad203) BCG vaccination

therefore induces an ADCP response, with the contributors thereto including IgG, complement and FcR.

5.2.2 Towards a bacterial floncytometry assay to opsonization of BCG

Next, the feasibility of a samgay flow cytometry assay to measure opsonization oMivbovisBCG
was tested. Stocks of BGGFP were cultured as per for ADCP assays above. To measure opsonization,
live BCG-GFP was cancubated with serum for two hours, and then washed and fixed with

paraformaldehyde (Figure 5.4A). A secondary fluorescently cotgdgantibody binding the constant
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region of 1IgG was used at commercially recommended concentration (1:100) to determine antibody
remaining bound to BC&FP. Data was acquired by flow cytometry as bgléilgure 5.4BE).
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Figure 5.4 Exploratory studies to rapidly measuring BCG opsonization via bacterial flow cytonfajry.
Schematic of assay desigiB) SSGA vs FSCGA, (C) SSCA vs Alexa488 (GFP), (D) FMO gating on BCG
with secondary arligG V450 (Pacific Bluegonjugated antibodyE) Demonstration of positive sample on gating
derived from FMO control.

This was then used in a pilot experiment to test whether bacterial flow cytometry could discriminate

serum opsonizing capacity between BCG vaccinated and BCGp&aens (Figure 5.5).
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Figure 5.5 Opsonization of control pool serum in BCG vaccination with concentration series of serum. Pooled
donor serum of BCG vaccinated individuals (n=3) were compared to BCG naive individuals (n=3) and BCG with

secondary antibody only. Data points pictured re@néthe mean of triplicates with error shown. Data points were

compared using KruskWa |l | i s with Dunnés correction for multiple

Bacterial flow cytometry discriminated between BCG vaccinated pool serum and control at dilutions of
1:500 f = 0.0219, 1:250 p = 0.0417, and 1:10Qp = 0.0219. However, no significant differences

were seen when compared for BCG naive serum. A concentbatgmd effect for serum dilution is

also noted. Low background signal in the control suggestspecific binding of antibody to BCG is

not a major factor inhis assay. This assay may therefore be a viable means to measure opsonization

capacity. in serum samples.

5.3 Discussion

In this chapter, | undertook the development and application of assays to measure the function of
antibodies induced by BCG vaccination. Understanding the antibody response to BCG vaccination is
likely similar to that of the response induced Mytb infection, these results would still need to be
validated using virulent strains bf.tb with primary human MDM. Future studies could use live/dead

reporter strains oM.tb that are now available to develop similar flow cytomdiaged antibody

112



functional assays. @maging experimenté350). A necessary next step would also be to determine the
fate of phagocytosed mycobacteria by measuring CFUipiesttion in the same assays.

A key limitation to the experiments in this chapter was that the number of samples run was not powered
optimally for statistical analysis. The strength of findings in preliminary assay design could have been
bolstered by technical replicates and repeatixyeriments. When applied torgkial samples, power

calculations should be included in experimental design to better predict required san(3e0kize

Although differences in immunogenicity across different strains of BCG have been shown, studies have
not extended specifically to humoral immunogenicity, and particularly, antibody fun@i).
Although it is possible that differing strains of BCG vary in ability to evade or suppress the function of

antibodies, this was beyond the ability to test in this thesis

The data that is described above shows pod@ioncept for antibody functional assays that later were
refined by the McShane laboratory and used describe the induction ckp&i@ic opsonizing and
ADCP performing antibody respons@31). In this study by Bitencoust al, BCG vaccination was
shown via B cell enzymknked immunosorbent spot asségLISpot) to induce a BC@&pecific
population of plasmablasts. Purified IgG showed best opsonization capacity at D84 post vaccination,
with opsonization capacity correlating to ADCP performaf@3). Chenet al have also described a
relationship between ADCP and antibodies raised against s@fposed arabinnomannan by BCG
vaccination(352).

The role for Fc receptors in TB is now well descrilfgeb). Blockade of CD16 and CD32 in a whole
blood assay abrogated reductionhvdtb CFU mediated by purified immunoglobulins isolated from
healthcare worker@30). Bitencourtet aldeveloped CD16/CD32 blockade on ADCP assays further to
show that Fc receptor mediated ADCP is boosted by BCG vaccirfa8dn In Figure5.3, an isotype
mAb control to ensure nespecific binding of mAb did natonspecificallyblock engagement of FCcR

should have been inclad

The bacterial flow challenge requires further optimization regarding a ratio of bacilli to serum, given

the low number of bacilli captured in each run. Such an assay has advantages over ELISA in terms of
testing binding to live bacilli, sameay sample praration and rapid acquisition. Bitencoattal in

the same laboratory refined this method using purified 1gG from BCG vaccinated adults to show that
opsonization was greatest at D84 post vaccination, and that opsonization correlated strongly with ADCP
(231). For exploratory purposes, it would also be interesting to know if serum contains IgA or IgM that
opsonizes mycobacteria. However, secondary antibodies targeting these subclasses was not used in this
experiment. In futurehis technique could be adapted to an enatied plate acquisition flow cytometer

for high-throughput screening of serum opsonizing capacity.

It is thought that protective antibodies agaMsib would opsonize bacilli and facilitate FaRediated

phagocytosis and killing. However, whether antibodies also recognize the surface of infected cells to
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facilitate ADCC is unknown. Future functional assays in TB should also address ADCC as a potential
mechanism of antibodgnediated protection. ADCC has previously been tested in TB by measuring
NK cell activation after contact with the Fc portion of @PBD antibodis, which may not recapitulate
natural cellular infection events with live mycobactg229). Using similar methods to the above,
MDM infected with BCGGFP could be stained by serum antibodies and bound cells could be labelled

by secondary antdaly for enumeration via flow cytometry.

As complement has long been understood to play a role in phagocytivstb,df will be of interest to

better understand the role of IgM in TB, as IgM is a far more potent activator of complement immune
complex formation than 1g@4,353) Future experiments could investigate the contribution of IgM to
ADCP in TB via blockade of FR or depletion of IgM from serum. In the next chapter, we tested the

hypothesighat IgM-producing B cells are activated in TB infection and disease.
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Chapter 6: Marginal Zone B cells in TB

6.1 Introduction

Prior work in this thesis has predominantly focussed on IgG responses, but several lines of inquiry
generated interest in T cell independent antibody responses and IgM. Firstly, in chapter 4 we identified
that levels of IgG again$d.tb did not relate to CD4T cell counts in PLWH. This was unexpected, as
serological memory against pathogens such pneumococcus and measles declines with the I6ss of CD4
T cells(354). One explanation was that B cell activation was uncoupled from cogitabe ifiteraction.

In the pevious chapter, ADCP induced by BCG vaccination was found to be impacted by heat
inactivation of complement in serum. Enhanced ADCP also occurred at Day i¥apaosiation, a
timepoint where vaccinaduced IgG levels had not yet peaked. IgM is knowretouit complement
~1000x more effectively than IgG and may therefore have played an unmeasured role in recruiting
complement and opsonophagocytdSis5).

Lastly, collaborators in the Gengenbacher laboratory showed that a subsete{dogdsing memory
B cells known as marginal zone B cells (MZB) were enriched in the lungs of mice infectdd.thith
(Unpublished data). The role of these cells in TB remains pobdyacterized anid of interest given
that MZB are able toespond to circulating lipid antigens, which are targets in TB disease, independent

of germinal centre reactiorn356).

One of the key roles of MZB in infection is to produce IgM against bloodborne pathogens encapsulated
by lipid and/or carbohydrat€857). There may be opportunity for these cells to be activated in TB, as
haematogenous spreadhitb and likely TB antigen does occur, especially as a serious complication
of TB in advanced HIV. Infection witM.tb induces a specific IgM response, as serum IgM against
ESAT-6/CFR10 is detectable in both resisters and individuals with L{R). Such IgM responses

may also py a functional role in TB, as IgM titres against PPD, LAM, PstS1 and Apa are the immune
markers that best associate with reduced bacillary load in the IV BCG model in(NAP A
humanized IgM mAb against LAM restricted the growthvbtb in a whole blood assay, whereas its

classswitched IgG clone failed to do likewi$272).

B cell differentiation is canonically determined by CD27 and IgD expression into naive (@D2,/
unswitched memory (CD2/igD"), switched memory (CD27+/Iglh and doublenegative (CD27IgD

) B cells(359). IgM is produced by A like B cells, follicular B cells, and unswitched memory B cells
(8). Although contentious, there is growing evidence that transitional B cells that undergo somatic

hypermutation but remain Igidxpressing irhumans align phenotypically with MZB that are readily
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identified in the spleens of mi¢856). Evidence for the existence of these cells comes from examining
cells extracted postplenectomy in humans and biopsy of mucosal lymphoid associated(868lue

362). Here, additional markers such as CD1c and CD21 further argue that these cells are not just found
in the marginakone butorrelate functionally to circulating MZB in huma(862). Follicular B cells

make up the majority of circulating B cells and generate antibodies by germinal centre li¢8568ing

In comparison, MZB contribute around 15% of circulating B cellsimans angiroduce somatically
mutated IgM against lipids and polysaccharides independent of T cell stimulation as part of the early

resporse to circulating pathogds6).

Epidemiological data may support the hypothesis that MZB are important in human TB. Splenectomy
reduces circulating memory IgMB cells without impacting prexisting antigerspecific IgG levels

(363). Splenectomised patients without other comorbidities are 1.9x more likely to be diagnosed with
pulmonary TB than matched contr¢B864). Although anecdotal, case studies of TB lymphadenitis and
TB meningitis possplenectomy have also been repo(t&ibh,366).

In humansDu Plessiset al identified that MZB frequencies, defined by the markers (CDg®!1*/
CD23/CD27"), are reduced in frequency at time of TB diagnosis relative to a control group diagnosed
with lung disease other than TB, and that their frequency in PBMC increased after 6 months of
antitubercular therap{l7). In multidrug resistant TB, patients had lower frequencies of unswitched
memory B cells (CD27IgD*) than healthy controls (18).

We therefore sought to validate whether thveswitched B cell compartment and thus MZB are
perturbed across the spectrum of TB, using markers that are likely to align closer with robust definitions
of MZB (362). We further postulated that the MZB would be increasingly activated across the spectrum
of human TB disease, as defined by expression of CD69 and CD86. These markers were identified in
the Gengenbacher lab as expressed in activated MZB (unpublishedrategee also well described as
activation (CD69) and estimulatory molecules (CD86) uprelated upon B cell exposure to antigen
(367). We also sought to define whether MZB migrate to the site of disease in a cohort of PLWH with

TB pericardial effusions.

6.2 Results

6.2.1 Optimization of B cell flow cytometry panel

In collaboration with the Gengenbacher laboratory, a panel for the identification of B cell subsets and
MZB was adapted for use in humans. To do so, PBMC samples from 2 healthy donors were used to
adapt the panel to the host laboratory. First, fluoresceniwes one (FMO) controls were performed.

Adequate separation on the other markers was determined (Figure 6.1).
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Figure 6.1FMO gating of markers for characterization of B cells in TB.

Next, given that IgM and IgD markers in pilot runs were initially partially offstede of detection, the
concentration of the IgD and IgM antibodies were titrated to determine an optimal concentration (Figure
6.2).
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Figure 6.2Concentration series of IgD and IgM antibody titration. (A) Gating of IgD @j)dgM with calculated

staining index. (C) IgD staining index curve, (D) IgM staining index curve.

Based on this data, optimal staining index for IgD was selected at a titre of 1, and for IgM a titre of 0.5
for downstream experiments. Representative gating strategy was thus performed and taken forward for

initial experiments on donor samples (Figure 6.3

B cells were defined as single CD4&nd CD19 lymphocytes. IgD was then gated against CD27 to
determine differentiation phenotype. Boolean gating was then used to define CD21, CD1c. CD23 and
IgM expression. Further gating for CD69 and CD86 was performed in the MZB population
(CD45/CD1971gD*/CD27/IgM*/CD21/CD1c/CD23) to ascertain activation status. This panel was
tested on donor samples under stimulation conditions to determine whether MZB as well as activation
markers could successfully be detectechuman samples (Figure 6.4). Here, MZB were stimulated
usingM.tb WCL (10pg/ml), PPD (10ug/ml), and gamnAraadiated whole celM.tb H37Rv (10pg/ml)

and assessed by flow cytometry at 2 hours, 8 hours, and 16 houssimosgation.
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Figure 6.3Representative gating strategy to define markers.
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