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Summary

Tuberculosis (TB), a disease killing over a million people per annum, shows a strong male
preponderance in disease development. Although increased male affliction for TB has long been
known from an epidemiological perspective, the mechanistic understanding of those
differences is relatively recent. The only approved vaccine for TB, Bacillus Calmette Guérin
(BCG), shows high variability in its protective efficacy — necessitating the development of
effective vaccine candidates. However, whether the male-biased susceptibility to TB also
applies to the efficacy of the BCG vaccine, has been scarcely explored. In the current study, a
male specific failure of BCG is demonstrated in the C57BL/6 mouse model. However, two
recombinant derivatives of BCG (rBCGs) - VPM1002 and BCGABCG1419c - were found to
ameliorate this male specific vulnerability of BCG by significantly improving survival rates in
males upon Mycobacterium tuberculosis (Mtb) challenge. The disparities in survival between
rBCGs and BCG vaccinated males were not attributable to their ability to reduce lung colony
forming units (CFUs). Further analysis revealed that BCGABCG1419c, used as a representative
of VPM1002 and BCGABCG1419c, significantly enhances CD8 T cell responses 90 days post-
vaccination compared to BCG, specifically in males. This enhancement shows a strong positive
correlation with improved survival following Mtb challenge. In addition, significant positive
correlations were identified between the CD4 T cell response on day 28 post-vaccination and
the CD8 T cell response on day 90 post-vaccination, as well as between the CD4 T and B cell
responses on day 28 post-vaccination. The CD4 T cell response at day 28 post-vaccination also
showed a significant direct correlation with survival following Mtb challenge. Lastly, 28 days
post-vaccination, CD8 T cell populations in the spleen showed distinct global differences
between sexes, with specific clusters varying between males and females, independent of
vaccine type. In summary, the current study identified a male specific failure of BCG in the
C57BL/6 mouse model of TB and the ability of rBCGs to significantly improve the protective
efficacy specifically in males. The underlying differences in post-vaccine immune responses
that correlate with vaccine efficacy, as well as, those differences between sexes were
identified. Elucidating how sex-specific differences in CD8 T cell responses influence vaccine
efficacy, as well as the potential role of CD4 T cells and B cells in the sex-specific development

of different CD8 T cell populations open new avenues for future studies.
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Zusammenfasung

Tuberkulose (TB), an der jahrlich tber eine Million Menschen sterben, betrifft in besonders
hohem MaRe Manner. Obwohl das haufigere Auftreten von TB bei Mannern aus
epidemiologischer Sicht seit langem bekannt ist, ist das mechanistische Verstandnis dieser
Unterschiede relativ neu. Der einzige zugelassene TB-Impfstoff, Bacillus Calmette Guérin
(BCG), weist eine unzureichende Wirksamkeit auf, was die Entwicklung effektiverer Impfstoffe
erforderlich macht. Uber Geschlechterunterschiede in der Wirksamkeit von BCG ist jedoch nur
wenig bekannt. In der vorliegenden Arbeit wurde erstmals die fehlende Wirksamkeit von BCG
speziell bei mannlichen Tieren im C57BL/6-Mausmodell gezeigt. Zwei rekombinante BCG-
Derivate (rBCG) - VPM1002 and BCGABCG1419c - konnten hingegen das Uberleben nach einer
Mycobacterium tuberculosis (Mtb)-Infektion speziell bei mannlichen Mausen gegeniiber der
BCG-Impfung signifikant verlangern und zeigten somit eine deutlich verbesserte Wirksamkeit.
Die Unterschiede in der Uberlebensrate zwischen rBCG- und BCG-geimpften Mannchen waren
dabei nicht auf ihre Fahigkeit zurlickzufiihren, die Anzahl der koloniebildenden Einheiten (KBE)
in der Lunge zu reduzieren. Dariber hinaus wurde gezeigt, dass BCGABCG1419c, das als
Vertreter der beiden rBCGs verwendet wurde, 90 Tage nach der Impfung die CD8-T-Zell-
Antworten im Vergleich zu BCG speziell bei mannlichen Mausen signifikant erhéht - eine
Eigenschaft, die eine signifikante positive Korrelation mit dem Uberleben nach Mtb-Belastung
aufwies. Desweiteren wurden signifikante positive Korrelationen zwischen der CDA4-T-
Zellreaktion am Tag 28 nach der Impfung und der CD8-T-Zellreaktion am Tag 90 nach der
Impfung sowie zwischen der CD4-T- und der B-Zellreaktion am Tag 28 nach der Impfung
festgestellt. Die CD4-T-Zell-Antwort am Tag 28 nach der Impfung zeigte ebenfalls eine
signifikante Korrelation mit dem Uberleben nach einer Mtb-Infektion. SchlieRlich zeigten sich
zwischen den Geschlechtern globale Unterschiede in den CD8-T-Zell Populationen in der Milz
28 Tage nach Impfung, wobei sich unabhangig vom Impfstoff spezifische Cluster zwischen
Weibchen und Mannchen unterschieden. Zusammenfassend zeigt diese Studie eine
geschlechtsspezifisch fehlende Wirksamkeit von BCG bei mannlichen C57BL/6-Mausen, und
dass neuere rBCG-Derivate die Wirksamkeit bei Mannchen signifikant verbessern. Die
zugrundeliegenden Unterschiede in der Immunantwort nach der Impfung, die mit der
Wirksamkeit des Impfstoffs korrelieren, sowie die Unterschiede in der Immunantwort nach der
Impfung zwischen den Geschlechtern wurden ermittelt. Die Aufklarung, wie

geschlechtsspezifische Unterschiede in den CD8-T-Zell-Antworten die Impfstoffwirksamkeit
Vil



beeinflussen, sowie die mogliche Rolle von CD4-T-Zellen und B-Zellen fir die
geschlechtsspezifische Entwicklung von verschiedenen CD8-T-Zell-Populationen, erdffnet

neue Wege fiir weiterfiihrende Studien.



1. Introduction

1.1. Tuberculosis: a background to the disease, its history, and why sex of the individual
matters

Tuberculosis (TB) is a disease that has been estimated to have been with us for about 3 million
years!, having been responsible for hundreds of millions of deaths in the course of human
history — which, although abated, continues to this day in its role as the number one infectious
disease killer on the planet, except for a brief interruption during the pandemic years by the
Severe Acute Respiratory Syndrome Corona Virus — 2 (SARS-CoV-2)?>™*. Indeed, SARS-CoV-2
pandemic has set back years of progress in TB control, with TB deaths rising for the first time
in more than a decade®®. Currently, TB often affects populations in countries of Asian and
African continents, showing an inverse relationship with their socio-demographic index’,
which is a composite index of development status taking into account the education, income
and fertility rate of a population®. Over the past 200 years, TB has been estimated to be

responsible for over a billion deaths®.

TB deaths overwhelmingly affect the male population??, with TB being a disease that shows a
male predilection in disease development — having a male-female ratio of 1.9 in Germany?,
but going up to a male-female ratio as high as 4.5 in Vietnam?2. Previously such differences in
TB disease development have been attributed to factors such as alcoholism, smoking, drug
abuse, among other debilitating habits. Habits that were common in males, particularly, in
high burden regions of the world which also showed a strong gender inequality in their social
construct. Nevertheless, this alone would not be able to account for such differences as
nations with more gender equal social constructs such as Germany also shows a male-female
ratio of 1.9 in TB incidence''*3, Meanwhile, in the past years the underlying biology of sex
differences inimmune responses has begun to unravel. An increasing detail of such sex specific
determinants of immunity — such as the contribution of immune-related genes encoded in sex
chromosomes, sex specific differences in epigenetic marks, the effects of sex hormones on
immune cells — have started to uncover the mechanistic basis of infectious diseases generally
resulting in increased mortality and severity in males relative to females*~*°. Such sex specific
differences inimmune responses have also been extended to vaccinations, especially for those
diseases where specific high affinity antibody titers demonstrate a strong positive correlation

with protection, unlike TB2%21, Nevertheless, the role of individual sex in Bacillus Calmette-



Guérin (BCG) vaccination — the only vaccine currently approved for TB in clinical use — has
largely remained unexplored despite being in use for over 100 years. Therefore, delineating
the contribution of sex in the protective efficacy of BCG as well as newer recombinant
variations of BCG currently in various stages of development as well as that of other vaccine
candidates would be essential if the most medically vulnerable adult population group, the

male sex, is to be protected by a (prospective) vaccine.

In the following chapters, | will explore in brief, the background of TB disease development
including some of the peculiarities of its causative agent, the vaccines in development focusing
on the vaccine candidates that were tested in this project, the current knowledge of sex
differences particularly in TB and vaccination — providing a background on the research

guestions that were investigated in the current project.

1.2. Influence of biological sex on immunity, disease and vaccination

Incidence of diseases such as TB, atherosclerotic heart disease, autoimmune diseases
including systemic lupus erythematosus and primary biliary cirrhosis, as well as, development
of life-threatening complications from infections including sepsis and COVID-19 morbidities,
all show differences between females and males???>. However, whether it was
overwhelmingly due to gender associated factors (referring to socially constructed roles,
behaviors and activities associated with femininity and masculinity in communities?®)
contributing to differing risks and outcomes in disease remained unsolved for most of human
history. In recent years, the work of several research groups have begun to uncover the
mechanistic details that contribute to sex differences in immunity®2>27.28,. Among them, the
role of sex hormones, sex chromosomes, gene dosage, the differing epigenetic landscape
associated with age and sex — all working to confer a sex specific identity to the immune system
has been increasingly detailed?>?7-33, such as the escape of toll-like receptor 7 (TLR7) gene
from X chromosomal inactivation contributing to systemic lupus erythematosus in females
while conferring them with enhanced resistance to severe COVID-19 disease course3*, the
engagement of androgen receptor by androgens suppressing Transcription factor 7 (TCF-7)
gene expression leading to decreased self-renewal capacity and increased T-cell exhaustion>.
Indeed, female individuals have a higher number of circulating B cells, plasma cells, naive
cluster of differentiation (CD)8 T cells — while males have higher numbers of circulatory

monocytes and myeloid cells36-%°,



To illustrate sex specific influences on the molecular phenotypes of immune cells with an
example in TB, mutations in X-linked cytochrome b-245, beta chain (CYBB) gene affecting the
nicotinamide adenine dinucleotide phosphate oxidase (NADPH) activity - and thus the
oxidative burst in macrophages encountering mycobacteria — provide a permissive
environment that is associated with predisposition to tuberculous mycobacterial disease with
a male bias*'. Together with other examples, such as mutations in inhibitor of nuclear factor
kappa-B kinase subunit gamma (IKKG) regulating the activation of NF-kappaB affecting
inflammation, immune cell function and survival or mutations in ubiquitously transcribed
tetratricopeptide repeat, X chromosome (UTX) encoding a histone demethylase and DEAD Box
Helicase 3 X-Linked (Ddx3x) sensing viral ribonucleic acid (RNA) in immune cells affecting the
immune response to intracellular pathogens in a sex specific manner?>42=%7 — the example of
CYBB highlights the potential of complex interplay at multiple levels. This include gene dosage
(associated with (incomplete) X-chromosomal inactivation in females), metabolism, cytokine
production and inflammatory profile (also profoundly dictated by cellular metabolism) as well
as cellular identity, being particularly identified with macrophages in the context of CYBB -
together contributing to sex specific immune responses in diseases such as TB. Sex specific
differences in TB has also been associated with differences in B cell follicles, with male mice
showing smaller as well as poorly organized tertiary lymphoid structures identified to contain
B cell follicles in immunohistochemical staining®®. Thus, although individual factors influencing
the outcome might differ contextually, females in general have a more protective immune

response, including against chronic infections such as TB?7:28,

Similar differences on account biological sex have been described for vaccinations — especially
for viral illnesses such as SARS-CoV-2 and influenza — where higher antibody titers, as described
in females, correlate with protective efficacy of the vaccine?®4%°°, However, whether these
observed sex specific differences would translate to enhanced male vulnerability in case of
BCG vaccination for TB — where antibody titers themselves are a poor correlate of protection®?

—remains scarcely explored.

1.3. TB disease and its causative agent Mycobacterium tuberculosis
Known from ancient times and referred to in documents dating back 3300 and 2300 years ago
from India and China, it is estimated that the Mycobacterium genus first appeared about 150

million years ago2. Mycobacterium tuberculosis (Mtb) itself has survived for about 70,000



years, currently affecting 25% of the world’s population or 2 billion people>*—™>. The vast
majority of these people are latently infected, with the potential for future reactivations. There
are about 10.6 million new cases reported every year, with about 1.3 million recorded deaths
per annum??. 5.8 million of the recorded TB cases in 2022 were in men and 3.5 million were in

women>®, while 1.3 million were in children.

The causative agent of TB, Mtb, identified by Robert Koch in 1882, is an acid-fast, slow
growing, lipid-rich aerobic bacillus with humans as their only known reservoir®’. It is armed
with an array of protein and non-protein virulence factors, able to interact with the host in a
variety of ways including phagosomal maturation arrest and escape, subversion of autophagy,
modulation of cell-death pathways, affecting the activity of pattern recognition receptors such
as TLR 2 and regulating cytokine production, among others>%-%¢, Yet another effect of virulence
factors is to modify the behavior of Mtb, such as Trehalose Dimycolate, which promotes
formation of long filaments (chords) with biofilm-like properties. Chording confers Mtb with
the ability to penetrate between cells and infect new tissue niches, impair the host immune
response by compressing the host cell nucleus, and provides protection from antibiotic
clearance®’. Pulmonary TB, the most common manifestation of TB, is also the most relevant
disease manifestation that allows for its spread in the natural environment — causing medical
and economic hardships in resource constrained parts of the world where TB is endemic®®°,
Nevertheless, Mtb can infect almost all tissues and organs from human brain to deep within
the spine (Pott’s disease), resulting in a crippling and lethal disease course which is often
difficult to treat, requiring prolonged treatment with an appreciable and sometimes high
failure rate (up to 67% for TB meningitis)’%’2. Therefore, the ability of preventive measures,
such as vaccination, to especially prevent pulmonary form of TB is essential to arrest its spread
in the population, as well as, to reduce the socio-economic burden and health impact of the
disease at a population level’>74, Arresting TB spread would in-turn reduce the incidence of
extra-pulmonary manifestations of Mtb, reduce the burden on a strained healthcare system
and lay a permissive ground for socio-economic development in resource-constrained

endemic regions of the world — all in addition to its direct impact on reducing pulmonary TB.

In order for any preventive intervention to be effective, it is imperative that the chosen
intervention protects the vulnerable population in endemic regions. Because sex of the

individual is strongly associated with disease susceptibility, with males exhibiting at least about



2-fold more susceptibility than females, any new vaccine candidate or vaccine strategy should
offer considerable efficacy to the most vulnerable among its target population in order to

successfully control TB in endemic settings.

1.4. Tuberculous granuloma and its immune landscape

One of the most striking features of Mtb infection in humans is the formation of (necrotizing)
granulomas. ldentified as a classical histological feature in TB over a 100 years ago, its role in
Mtb infection remained unsolved for decades’>. Granulomas are 3-dimensional structures
with a central macrophage core that can be cellular, necrotizing (caseating or cheese-like),
mineralized or suppurative (with profound neutrophilic infiltration)’>’¢, Mtb, acquired as a
droplet infection, infects the alveolar macrophages (AMs). These infected AMs migrate to the
interstitium, allowing Mtb access to lung parenchyma. Here, the progressive infection leads to
recruitment of immune cell populations such as macrophages. These motile macrophages
undergo epitheloid differentiation, characterized by tight interdigitations and aggregation,
associated with the characteristic morphology of a granuloma’>’’. Macrophages are also
present in the inner layers of the granuloma, forming a scaffold for other recruited cell
populations. They are joined by cell types such as dendritic cells (DCs), neutrophils, mast cells,
lipid laden and foamy macrophages, multi-nucleated giant cells, T cells, B cells, innate
lymphoid cells, natural-killer cells, fibroblasts and epithelial cells — with T and B cell populations
forming a rim around epitheloid cells in later stages of granuloma formation, once adaptive
immune response has developed following the priming of B and T cells’>7’~7°, It is also
characterized by new blood vessel formation and a collagen cuff’>%%. Originally described
purely as a host protective structure, in part due to its purported ability to “wall-off” the
bacteria, studies in the zebrafish model and the hyper conserved virulence factors in Mtb
aiding granuloma formation point to the potential role of granulomas in Mtb dissemination?®.
Although several open questions remain, the diverse roles a granuloma plays in Mtb infection,
both from the host and pathogen perspective is being increasingly appreciated — in part,

reflecting the diversity of granulomas that can be found in the same infected lung®.2,

These granulomas are sites for immune exhaustion — a condition characterized by
dysfunctional immune cells occurring in response to chronic antigen stimulation, that are
unable to clear the infected or cancerous cells®3®%’. Generally, these dysfunctional immune

cells are enriched for immune checkpoint markers —which are regulators of immune response,



serving to prevent an exaggerated response against innocuous antigens and regulate the
immune response to remain within physiological limits during encounter with pathogens®. In
diseases such as cancer and chronic infections, the dysfunctional immune cells enriched in
immune checkpoints provide a context of pathological tolerance allowing the infection or
cancer to flourish in the background of an immune response inadequate for their clearance®®-
93, The co-expression of immune checkpoint markers in various immune cell types and
deficiency of antigen presentation in granuloma associated DCs correlate with dysfunctional T
cells in the granuloma microenvironment®. Deficient antigen presentation, enrichment of
regulatory T cells and myeloid derived suppressor cells, enrichment of immune checkpoint
markers, competition for metabolic substrates - such L-arginine being required for both
inducible nitric oxide synthase driving microbicidal nitric oxide production or arginase-1 driving
ornithine synthesis, associated with resolution of inflammation, angiogenesis and treatment
failure in tumors in cells such as macrophages®*°> — together drive exhaustion in the immune
landscape of TB granuloma’®°6°8, Granulomas exhibiting features of exhaustion are present
across several Mycobacterium species, including Mycobacterium marinum in zebra fish
infection model and Mycobacterium bovis. Granuloma formation with BCG in presence of co-
morbidities enhancing immune dysfunction, such as cancer, have also been reported®. The
ability of BCG to cause disease features generally associated with immune dysfunction makes
its inefficiency as vaccine in adult populations unsurprising, due to its potential ability to
generate dysfunctional immune cells upon vaccination, especially if part of the population is

predisposed to have a less robust adaptive immune response such as the male sex.

Further, it has been noted that the establishment of organized lymphoid aggregates containing
DCs, B and T cells — tertiary lymphoid structures (TLS) or granuloma associated lymphoid tissue
(GrALT) in Mtb-infected lungs — correlate positively with disease control of chronic conditions
such as TB and cancer!®-19  poor organization of lymphoid aggregates has also been
associated with TB susceptibility in male mice*®104-19 — and has also been associated with the
efficacy of at least one TB vaccine candidate administered via aerosol route of immunization92,
Whether such organized lymphoid aggregates are associated with vaccine efficacy for the

vulnerable male sex in TB remains unknown.



1.5. BCG and newer vaccine candidates - VPM1002 and BCGABCG1419c

BCG, derived by the attenuation of Mycobacterium bovis through successive passages in-vitro,
has been the only approved vaccine against TB'%’. The vaccine, approved over a 100 years ago,
is largely insufficient to protect against pulmonary TB in regions of the world where TB is
endemicl®® A wide variety of peculiarities in immune response, shared among many
mycobacterial species with some being unique to virulent strains, are thought to contribute to
this deficiency in preventing TB 3109110 Ag such, several newer vaccine candidates are in
various stages of development. New vaccine(s) administered alone or in combination, tending
to the peculiarities of a population — such as co-morbidities, age, individual sex, previous
exposure to Mtb strains or BCG — will become necessary to fully address the deficiencies of
BCG. Among those vaccine candidates in development, VPM1002 and BCGABCG1419c are two
live recombinant derivatives of BCG, that have independently demonstrated significant

advantage over BCG in animal models!™115, VPM1002 is currently in clinical trialst'®17,

VPM1002 has an exchange of the gene encoding Urease C with that for listeriolysin O. Urease
C is an enzyme that diminishes the acidic pH of the phago-lysosomal compartment upon
phagocytosis of live BCG following vaccination. Because acidic pH is essential in phago-
lysosomal compartments for efficient processing of antigens by cathepsins and other enzymes,
absence of Urease C gene allows for enhanced antigen processing via the major
histocompatibility complex (MHC) Il pathway. Lysteriolysin O, replacing Urease C, is a pore
forming toxin from Listeria monocytogenes, that functions in the acidic pH of the phago-
lysosomal compartment. Thus, VPM1002 mediates formation of pores in the phago-lysosomal
membrane, allowing for the leakage of antigens into the cytosol. This potentially enhances
cross-presentation via MHC | pathway, with the aim to prime CD8 T cells more efficiently as
compared to BCG — a feature that has been experimentally demonstrated!1116:118-121 |ndeed,
Mtb too has been shown to establish itself in lysosome poor macrophages with deficient

cathepsin activity in a recent study*?2.

The second vaccine candidate, BCGABCG1419c, has a gene deletion for 1419c, encoding for a
phosphodiesterase that metabolizes cyclic adenosine-monophosphate (cAMP) in BCG. In the
absence of 1419c gene, the enhanced cAMP allows for increased pellicle formation in BCG akin

to biofilm. Pellicle in BCG has shared similarities to Mtb, and BCGABCG1419c has been



demonstrated to enhance CD8 T cell memory and reduce lung pathology in a murine model of

TB, as compared to BCG114115123,

However, the sex specific effects of VPM1002 and BCGABCG1419c, as well as how each of

those candidates fare in comparison to one another remains to be investigated.

1.6. Immune response to Mtb with a perspective on individual sex and vaccine candidates
VPM1002 and BCGABCG1419c

Mtb, having habituated and adapted itself to the human immune system for thousands of
years, its only natural reservoir, has co-evolved with its host during this time and exerts a
diverse range of effects on various components of the host immune response. The earliest
encounter of Mtb occurs with the alveolar lining fluid — a mixture of various protein and lipids
secreted by alveolar epithelial cells?41%>. Various components of the alveolar lining fluid such
as surfactant and hydrolases interact with mycobacterial glycolipids and deficiency in
surfactant production due to smoking or inflammageing has been shown to aid TB disease
development!?>-128 On passing this barrier, Mtb encounters AMs and alveolar epithelial cells.
Mtb can infect alveolar epithelial cells, spreading its glycolipids on the host cell membrane,
affecting the interaction of the infected epithelial cell with other host cells?®131,
Subpopulations of AMs provide a largely permissive niche for Mtb, especially in the first 2
weeks of infection. During this time, Mtb traverses the interstitium via infected AMs in an
interleukin (IL)-1 beta and early secreted antigenic target 6 (ESAT-6) dependent manner - and
diversify their niche to neutrophils, DCs and other macrophages'3?7'3°, Indeed, selective
deletion of AMs in mice has been shown to reduce Mtb burden in lungs*®®. Generally, (alveolar)
macrophages that are restrictive to Mtb growth display pronounced glycolysis while those that
are permissive to Mtb are largely skewed towards oxidative phosphorylation3’. Therefore, the
metabolic dependencies of immune cells could diversely affect the outcome of Mtb infection
in an infection-stage (and consequently cell type) dependent manner — with a skewing towards
glycolysis benefiting the restriction of Mtb in innate immune cells such as macrophages®?’. At
this point, it is worthwhile to note that sex hormones such as testosterone and estradiol have

138-140 Indeed, males have been

profound metabolic effects in a dose dependent manner
shown to have a higher background level of circulating inflammatory markers, especially as
they age compared to females!*. In females, the risk of several diseases with underlying

chronic inflammatory background, such as atherosclerotic heart disease where the role of



innate immune cells such as macrophages and mechanistic pathways such as inflammasome
activation are recognized as contributory factors, increases after menopause — which is
associated with a fall in the circulating level of female sex hormones!*?144, |n agreement,
supplementation with estrogen after menopause has been shown to reduce the risk of
atherosclerotic heart disease in post-menopausal women compared to control group without

hormone replacement!®,

After the transfer of Mtb to various immune cells including macrophages, DCs and neutrophils
following the crossing over of AMs to lung interstitium, Mtb employs a wide variety of effectors
and techniques to stall the ongoing immune response from being effective in its complete
eradication®33146, When successful, this results in the arrest of phagosome maturation and
phago-lysosomal fusion, inhibition of the function of antimicrobial effectors such as reactive
oxygen species (ROS), disruption of the integrity of phagolysosmal membrane as well as the
ability of macrophages to repair the defect caused in the endolysosomal system, modulating
the activity of absent-in-melanoma-2 (AIM-2) and Nucleotide-binding domain leucine-rich—
containing family pyrin domain—containing-3 (NLRP3) inflammasomes in the cytosol!33147-152,
It also results in down regulating and/or cleaving the immunodominant antigens of Mtb, as
well as in inhibiting the efficient loading of antigens for robust antigen presentation (for
example by disrupting the endosomal sorting complex required for transport (ESCRT)
machinery) and exporting Mtb antigens by kinase-2 dependent vesicular transport to divert
them from MHC Il mediated antigen presentation!33147.153-155 Thege strategies are employed
to various degrees in disease stage dependent and immune cell subpopulation dependent
ways'33 - particularly in macrophages, DCs and neutrophils - in a manner that is just beginning
to be understood. The infected DCs, therefore, exhibit deficiency in migration and T cell
priming and depend in-part on bystander DCs in draining lymph nodes (LNs) to capture the
exported Mtb antigens and prime T cells — further delaying the initiation of a robust T cell
response!4”156157 BCG, derived from Mycobacterium bovis which causes comparable disease
in cattle, shares many functional outcomes of Mtb in generating inadequate immune response,
including deficiencies in antigen processing in DCs as well as insufficient T cell responses!®&1>°,
The efficacy of BCG as a vaccine shows a large variability, ranging from 0-80% across
populations!®®161 Newer live vaccine candidates derived from BCG, such as VPM1002, have

made specific genetic modifications to overcome deficiencies in particular steps of antigen



processing and presentation of BCG'?° — allowing for better antigen processing and enhanced

MHC I and Il antigen presentation in VPM1002 vaccine strain.

Upon priming of CD4 and CD8 T cells with varying degrees of success during infection, the
engagement of these antigen experienced CD4 and CD8 T cells with Mtb infected cell
populations such as permissive macrophages are further hindered by the downregulation or
modification of immunodominant antigens with which the T cells were primed — rendering
those antigen experienced T cells largely unable to engage the infected cells for want of
cognate peptide recognition163, The most immunodominant antigens of Mtb have also been
shown to drive T cells, in yet ununderstood ways, to a terminal fate'®® — rendering them quickly
ineffective for long term control. In contrast, priming of T cells with cryptic or non-
immunodominant antigens which are still capable of eliciting an immune response have been
shown to result in polyclonal populations of T cells that correlate with better protection against
Mtb162:164165 = This knowledge has also informed the development of various vaccine
candidates, including live vaccine candidates on the background of BCG such as
BCGABCG1419c. BCGABCG1419c¢ shows an enhanced production of pellicle or biofilm - a
virulence factor with shared similarities between Mtb and BCG!!>166167 — in the hope of
providing a sustained pool of memory T cells capable of responding rapidly to actual encounter

with Mtb114,

Moreover, persistent expressions of antigens have been demonstrated to lead T cells to an
exhausted phenotype, as is prevalent in the immune landscape of TB granulomas63168169,
Indeed, inefficacy of BCG vaccination has been associated with attrition of T cell functions,
including loss of cytotoxicity, proliferative potential and upregulation of inhibitory markers'°.
Other BCG responsive diseases such as bladder cancer, having many commonalities with the
immune landscape of TBY71172, s also associated with elevated T cell exhaustion in those
patient populations unresponsive to BCG treatment - in contrast to about of 40-50% of those
non-muscle invasive bladder cancer patients being responsive to BCG33173, The exact nature
of factors predicting response to BCG and how it allows the development of a phenotype of
elevated T cell exhaustion in the unresponsive patient population remain open areas of
investigation in the field’3. This points to an independent ability of BCG to at least allow the

development of elevated T cell exhaustion in other permissive environments such as in vaccine

draining LNs, independent of Mtb infection. It further impresses on us the urgency to test
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newer vaccine candidates that have a broader and greater protective profile against potential
deficiencies in BCG induced immune responses, affecting at least a part of the target
population. Whether that target population of BCG vaccinated individuals, in the context of
providing protection against TB, will be at least in-part be dictated by the sex of the individual
is a question that has been scantly explored considering the deficiencies of the male immune
system to mount efficient immune responses to chronic infections such as TB and
cancer?’?8174 The male immune landscape also exhibits an increase in exhausted CD8 T cells
and T exhausted progenitors in chronic conditions such as TB and cancer3093133175 B cells in
germinal centers of females exhibit higher expression of the enzyme activation induced
deaminase (AID) and increased rates of somatic hypermutation, demonstrating enhanced
development of high affinity antibodies3*'76-178, These and other effects described in the
following chapter point to a potential deficiency of male sex in long term vaccine induced
immunity against TB — a deficiency that maybe partially ameliorated by newer recombinant

derivatives of BCG made specifically to enhance the immunogenicity of BCG vaccine.

1.7. Influence of individual sex and BCG/Mtb in T cell priming and CD8 T cell memory
The work from Dibbern, J and colleagues has shown, for the first time, that males exhibit
accelerated disease progression upon infection with Mtb compared to their female
counterparts in a resistant murine model of TB27/19, Although the underlying immunology of
these differences could extend from the first innate immune cells that Mtb encounters in the
lung to the time-lapsed establishment of adaptive immune response, this section will focus
primarily on the priming process and generation of T cell responses — considering the
established role of T cells in TB protection®7164173-181 gnd the scope of the current project to
investigate potential sex specific functional differences in protection upon vaccination against
TB. The two newer vaccine candidates that were tested in this study have been implicated to
enhance CD8 T cell responses!!114120 However, their sex specific effects and efficacy remains

unelucidated to the best of my knowledge.

In vaccination, directed at generation of memory T (and B) cell responses, professional antigen
presenting cells such as DCs presenting the vaccine antigens direct the fate of T cells to an
activated effector phenotype or a tolerogenic phenotype by directing them to undergo anergy
or apoptosis - or the expansion of regulatory T cells’>'827187 |n addition, they inform naive

CDA4 T cells to differentiate into various helper T cell subsets having diverse functions*®. DCs
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execute this function by employing a diverse array of co-stimulatory molecules (CD80/CD86)
engaging stimulatory (CD28) or inhibitory (CTLA4; cytotoxic T-lymphocyte-associated Protein
4) receptors in T cells, as well as, through cytokines. Described respectively as signals 2 and 3,
with signal 1 being the peptide loaded MHC presenting cognate antigen to the naive T cell,
they supply contextual information to the engaging naive T cell'881%2 Such contextual
information determines the difference between autoreactive T cells recognizing innocuous
endogenous and exogenous antigens such as apoptotic bodies, food and commensal
microbiota being eliminated in the periphery or being directed to a regulatory T cell fate versus
directing the development of a clonally expanding effector - and subsequently memory -
population of T cells directed against microbial invaders or cancer cells'®371°7, Activated T cells
on the other hand, interact with CD40 on DCs via CD40L providing a positive feedback loop,
“licensing” DCs to provide cytokines such as IL-12 aiding T cell differentiation and enhancing

expression of CD80/CD86 by DCs'%,

In TB disease protection, the ability of DCs to activate appropriate T cells is paramount to stall
disease progression. As such, the ability of any vaccine against TB to engage appropriate DC
populations to direct T cell fates, generating long-lasting memory responses are necessary. In
TB, the prominent role of CD8 T cell mediated immunity109114,180,181,195-203 gnd the necessary
role of CD4 T cells are established, among others, by work demonstrating that DCs pulsed with
both CD8 T cell and CD4 T cell peptides provide protection against TB while those pulsed with
either alone do not significantly improve protection against TB2%42%_ This is in line with the
established functions of CD8 T cells to engage and neutralize infected cells and the ability of
CDA T cells to aid CD8 T cell functions, especially in the context of chronic inflammation such
as Mtb infection resulting in CD8 T cell exhaustion??® - a phenomenon that is generally more

prominent in males relative to females?®17>:207,

BCG and Mtb subvert antigen processing by DCs with their ability to arrest phagocyte
maturation, phago-lysosomal fusion and inhibition of cathepsins®®29820% Engagement of
scavenger receptors such as dendritic cell-specific intercellular adhesion molecule-3-grabbing
non-integrin (DC-SIGN) also directs the phagocytotic vacuole away from lysosomes?1%211, Thus,
BCG, while being a vaccine, suppresses efficient antigen presentation — possibly precluding its
own function as a vaccine. The nature of newer derivatives of BCG such as VPM1002 and

111

BCGABCG1419c, providing respectively for more efficient antigen cross presentation!!! and
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increased production of immunogenic biofilm on a BCG background!!®1%5 aim to provide an

enhanced pool of memory CD8 T cell population!1#180,212,213,

These effects have generally been associated with the sex of the individual, with females
demonstrating a more robust antigen presentation?!42%¢ and subsequent adaptive immune
responses. Genes involved in the process such as CD40 ligand (CD40LG) are located on X
chromosome?!’. Estradiol has been known to positively influence DC differentiation?'# and
production of type 1 interferons!38218219 |ndeed, females were shown to have lower
frequency of forkhead box O3 (FOXO3)+ tolerogenic DCs in the immune landscape of chronic
diseases??%2?! — in line with findings of an increased exhausted landscape in males in chronic
conditions such as cancer???, in many ways mimicking the exhausted landscape of chronic
infections such as TB%498172 Monocyte derived DCs, a DC subset that have been shown to have
a significant role in the generation of memory CD8 T cell population — via upregulation of T-
cell Factor 1 (TCF-1) and Eomesodermin (Eomes) in T cells through low level IL-2 signaling??? —
is increased in females. Estradiol directs the generation of monocyte derived DCs during
inflammation?'6223-22> — potentially encouraging robust generation of CD8 T cell memory
responses that could exaggerate sex differences when an inadequately protective vaccine such
as BCG is wused. Separately, Androgen receptor (AR) receptor-ligand engagement
downregulates TCF-1 in CD8 T cells — and has been mechanistically linked to reduced CD8 T
cell stemness and memory in males3%3>, Further, a new study has demonstrated the role of
Prostaglandin E2 (PGE;) to inhibit the expansion of antigen experienced CD8 T cells in tumors
by disrupting IL-2 signaling and mitochondrial function??62?7 - a finding of potential
prominence in the context of sex differences in immunity with the as yet inadequately
characterized dose dependent regulation of PGE; by sex steroids??® and the known role of IL-

2 to improve T cell dysfunction in TB68,

In agreement, sex specific differences across diverse immune cells including inflammatory
monocytes, neutrophils, T cells and in structures such as lymphoid follicles are also increasingly
being described in TB*810>174.229  However, whether the post-vaccination immune landscape
of BCG mirrors such a male specific deficiency in (CD8) T cell recall response —an enhancement
of which was pursued by the two newer BCG derivatives that was tested remains unknown to
the best of my knowledge. Also, whether such newer recombinant derivatives of BCG are at

least partially able to overcome a potential male specific deficiency in BCG remain open to
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investigation. Investigation of potential male specific CD8 T cell deficiency in the context of
BCG vaccination — as well as its correlation with vaccine efficacy — would especially contribute
to the pre-clinical and early assessment of newer vaccine candidates against TB, particularly

those derived from BCG, for its efficacy in the vulnerable male sex.

In short, there is increasing appreciation of sex in chronic diseases such as TB and cancer, in
many ways sharing similar immune landscapes?®172230-232 a5 well as for vaccines where high
affinity antibody titers correlate with protection - with females showing an increased ability to
affinity mature antibodies3*177:178233 However, the role of individual sex in vaccines aimed at
generating a sustained T cell response requiring to overcome a landscape of exhaustion as in
TB remains poorly elucidated. To my knowledge, only one study has so far explored the biology
of BCG vaccine efficacy in TB protection separately in female and male sex in a disease
model??°. Because that study was in a susceptible model of TB, there exists a paucity of
information on how a resistant model of TB would respond in a sex specific way to BCG, in line
with most humans being able to resist the development of active disease or control it for a
long time?34 — and whether it would mirror the male vulnerability observed in TB disease?’.
Further, it is unexplored whether the newer derivatives of BCG — currently in clinical trials and
in pre-clinical studies are able to ameliorate the potential male vulnerability in BCG vaccine

efficacy. My PhD work aims to clarify these questions.
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2. Objectives

1.

Identify whether BCG differs in its protective efficacy between females and males —
particularly whether BCG offers reduced efficacy for males in a resistant mouse model
of Tuberculosis (C57BL/6 mice).

If there exists a male specific deficiency in BCG mediated protection, examine whether
newer recombinant derivatives of BCG — VPM1002 and BCGABCG1419c — can
ameliorate the male specific inefficacy of BCG vaccination.

Begin to identify the specific features of post-vaccination immune responses in the best
performing male vaccine — pointing to peculiarities in post-vaccination male immune
response that the chosen recombinant vaccine candidate addresses — paving way for
future work on the mechanistic details of potential male specific vulnerability in TB

vaccination.
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3. Materials

Table 1 — Consumables and manufacturer list

Consumables

Manufacturer

7H11 BD Biosciences
7H9 BD Biosciences
Activated charcoal Sigma-Aldrich
Albumin Fraction V (Bovine Serum Albumin) | Serva

Alkaline phosphate conjugated anti-mouse
IgA

Southern Biotech

Alkaline phosphate conjugated anti-mouse
1gG

Southern Biotech

Alkaline phosphate conjugated anti-mouse
IgG2a

Southern Biotech

Alkaline phosphate conjugated anti-mouse
IgM

Southern Biotech

Bovine serum

Biowest

CD16/32

Clone 93, Biolegend

CellTrace™ Violet

Thermo Fisher Scientific

Ceramic beads (for mechanical organ | Bertin Technologies
disintegration)

Chloralhydrate Sigma-Aldrich
Citric acid-Monohydrate Roth

Concanavalin A (ConA)

Pharmacia (kindly provided by Dr. Zane
Orinska, Research center Borstel)

distilled H,0 (dH20)

Water purification system for dH,0, Research
Center Borstel (in-house)

DNAase | Roche
Dulbecco’s phosphate buffered saline (PBS) | PAN Biotech
Ethylenediamine tetraacetic acid (EDTA) Roth

Enzyme Linked Immunosorbent Assay

(ELISA) plates

Nunc-Immuno™, Sigma-Aldrich

Eosin Merck
Ethanol Merck
Fetal calf serum Biochrom AG
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Glycerol Roth
Haematoxylin Merck
Hamster serum Abcam
HEPES PAN Biotech
Kaliumaluminiumsulfate- Roth
Dodecahydrate/Alaun

KHCO3 Roth
L-Glutamine PAN Biotech
Liberase™ TL Sigma-Aldrich

Minilys ® tubes

VWR (Cell viability Incorporated)

Mouse serum

PAN Biotech

Mtb whole-cell lysate

BE| Resources

NaN3 Roth
Natriumiodide Merck

NH4Cl Roth

OADC (Oleic acid, Albumin, Dextrose, | BD Biosciences
Catalase)

Paraformaldehyde (PFA) Roth
pNitrophenylphosphate Merck
Proteinase inhibitor cocktail Roche

Rat serum PAN Biotech
Roswell Park Memorial Institute (RPMI) | PAN Biotech

medium without: L-Glutamine, with: 2,0 g/I
NaHCO3

Sealing Tape, optical clear (for 96-well plates)

Sarstedt AG & Co. KG

Sodium pyruvate PAN Biotech
Syringes and canula B. Braun SE
R-Mercaptoethanol (50mM) PAN Biotech
Tris(hydroxymethyl)aminomethane Roth

Tween 20 Sigma-Aldrich
Tween 80 Sigma-Aldrich
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Vi-cell counter kit

VWR (Cell viability Incorporated)

Xylol

WALTER CMP GmbH & Co. KG

Consumable plasticwares were bought from Corning Life Sciences, unless specified.

Table 2 — Buffers and composition

Buffer

Composition

4% PFA

4% (w/v) PFA in PBS

7H11 agar medium for use

1.9% (w/v) 7H11 agar, 0.5% (v/v) glycerol,
10% (v/v) bovine serum in dH20

7H9 medium for use

4.7g 7H9 base per 1L broth, 0.2% glycerol
v/v, and 0.05% Tween 80 v/v, 10% v/v OADC
in Hy0.

complete Roswell Park Memorial Institute

medium (cRPMI)

10 % (v/v) Fetal calf serum (heat-inactivated
and charcoal filtered), 1% (v/v) L-glutamine,
1% (v/v) HEPES, 1% (v/v) sodium pyruvate,
0.1% (v/v) B-mercaptoethanol in RPMI 1640
w/o glutamine

Fluorescence assisted cell sorting (FACS)

blocking buffer

1% (v/v) rat serum, 1% (v/v) mouse serum,
1% (v/v) hamster serum, 1% (v/v) anti-
CD16/32 in FACS-buffer

FACS buffer

3% (v/v) Fetal calf serum (charcoal filtered,
heat-inactivated), 0.1% (w/v) NaN3, 2 mM
EDTA in 1x PBS

Haematoxylin solution (Mayer)
(provided by Histopathology department, in-

house at Research Center Borstel)

1g Crystalline Haematoxylin, 50g
Chloralhydrate, 1g Citric acid-monohydrate
0.2g Natriumiodide, 50g
Kaliumaluminiumsulfate-
Dodecahydrate/Alaun, 1000 mL distilled
H,0.

Lung Digestion buffer (DNAase-Librase-RPMI
digestion buffer)

50 pg/ml Liberase TL (Stock 2,5 mg/ml), 100
ug/ml DNase | (Stock 10 mg/ml) in RPMI

Organ lysis buffer (for mechanical

disintegration of organs)

0.05% v/v Tween 20 in PBS containing a
proteinase inhibitor cocktail

Red blood cell (RBC) lysis buffer

155 mM NH4Cl, 10 mM KHCOs, 0.1 mM EDTA
in dH,0

WTA buffer

1 % Bovine Serum Albumin (w/v), 1 % Tween

80 (v/v) in H,0

18




Table 3 - Laboratory equipment

-20 °C Comfort freezer

Liebherr-Hausgeraete GmbH

-80 °C Hera freezer HFU 400 BV

Thermo Fisher Scientific Inc.

-80 °C Revco value plus freezer

Thermo Fisher Scientific Inc.

Autoclave Systec DX-150

Systec GmbH, Germany

BD FACS LSR™I|

Becton Dickinson GmbH

Cooling centrifuge Heraeus X1R

Thermo Fisher Scientific Inc.

FastPrep™-24 Classic Bead-Beating device

MP Biomedicals, USA

Fridge

Liebherr-Hausgerdte GmbH

Fridge

Robert Bosch GmbH

Grant bio PMA microplate shaker

Keison Products

HeraeusFresco™ 21 benchtop centrifuge

Thermo Scientific, USA

Herasafe safety cabinet

Heraeus Instruments, Germany

Incubator BD 53

Binder GmbH

Incubator Heratherm

Thermo Fisher Scientific Inc.

Inhalation system Model 099C A4224

Glas-Col®, Terre-Haute

Microtome Leica SM 2000 R

Leica Biosystems

Multi-channel finnpipette (300 pL)

Thermo Fisher Scientific Inc.

Nikon eclipse microscope

Nikon Corporation

Pipettes (10 uL, 100 pL, 200 uL, 1000 pL)

Sarstedt AG & Co. KG

Preparation instruments

Hammer

Rotilabo Glass rods

Carl Roth GmbH & Co. KG

Sterile working bench safe 2020

Thermo Fisher Scientific Inc.

Sunrise™ microplate reader

Tecan Life Sciences

Tissue stainer (H&E)

Tissue Stainer TST 44 C, Medite

Vi-CELL™ XR Counter

Beckman Coulter

Vortexer MS 3 basic

IKA-Werke GmbH & CO. KG

Water Bath Aqualine A5

Lauda Dr. R. Wobserr GmbH & Co. KG
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4. Methods

4.1. Microbiological methods

4.1.1. BCG, VPM1002 and BCGABCG1419c culture

Culture was started using 1 mL of vial for BCG and VPM1002 (kindly provided by Prof. Dr. Stefan
Kaufmann, Berlin) and a colony of BCGABCG1419c (kindly provided by Dr. Mario Alberto
Flores-Valdez, Mexico). They were grown in 7H9 bacterial culture media supplemented with
0.02% v/v glycerol, 0.05% v/v Tween 80 and 10% v/v OADC until it reached an ODgoo of 0.8 for
BCG and an ODsgo of 1 for VPM1002 and BCGABCG1419c. Stocks were frozen in 0.5 mL or 1 mL
screw cap vials. 3 weeks after frozen stocks were made, they were plated on 7H11 plates

supplemented with bovine serum to record the stock concentration.

4.1.2. Mtb culture

Mtb H37Rv and Mtb HN878 were grown in Middlebrook 7H9 broth supplemented with 10%
v/v OADC to logarithmic growth phase (ODeoo 0.2-0.4), aliquots were frozen at -80°C and their
stock concentration was determined (grown in-house by Ms. Silvia Maal3, kindly provided by

the Molecular and Experimental Mycobacteriology group, Research Center Borstel).

4.1.3. Organ colony forming units (CFUs)

To perform CFU experiments of both vaccine strain proliferation post-vaccination as well as to
assess the organ Mtb bacterial loads post-infection challenge, LNs, lungs and spleen were
harvested as required after mice were sacrificed in CO;, transferred to Minilysis tubes with
beads with 1 mL ice-cold lysis buffer and placed on ice. Lungs were cut to smaller pieces before
transfer into lysis tubes. The organs were shredded in FastPrep, 2x45 second in maximum
speed setting. The organ lysates are diluted in WTA buffer in deep well plates — and plated
further onto 7H11 agar plates. The agar plates were incubated for 3-4 weeks until they were

ready for counting.
Lungs were diluted from: 102 till 10>, Spleen: 107 till 10", LN: 10! till 10

All procedures were conducted in BSL-2 or BSL-3 labs as required for vaccine strains and Mtb

infection, respectively, following sterility guidelines.

4.2. Animal experiments
All animal experiments were approved by the Ethics Committee for Animal Experiments of the
Ministry of Energy, Agriculture, Environment, and Rural Areas of the State of Schleswig
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Holstein, Germany (approval number 78-9/20). 10-16-week-old female and male C57BL/6j
mice, bred in-house in the animal facility of Research Center Borstel under specific pathogen
free conditions and maintained under BSL-2 or BSL-3 barrier conditions as required, were used

for this study.

4.2.1 Vaccination

Vaccine strains BCG, VPM1002 (both kindly provided by Prof. Dr. Stefan H.E. Kaufmann, Max
Planck Institute for Infection Biology, Berlin and Max Planck Institute for Multidisciplinary
Sciences, Gottingen, Germany) and BCGABCG1419c (kindly provided by Dr. Mario Alberto
Flores-Valdez, CIATEJ, Mexico) vials were thawed in 37 °C water bath and resuspended 10
times each with a 27G needle in 1 mL syringe and then with a 1 mL pipette. It was diluted in
PBS at room temperature such that 100 uL would have 108 CFUs of the vaccine strain. C57BL/6j
mice were vaccinated subcutaneously (s.c.) with 100 pL/108 CFU of vaccine strain in the scruff
of the neck. The final dilution was continuously resuspended and used for mouse vaccinations.

All vaccinations were performed in the morning.

4.2.3. Aerosol Mtb infection

Mice were challenged with either Mtb HN878 strain — a virulent strain of clinical relevance or
H37Rv — a lab adapted strain of Mtb, via the aerosol route of infection as described before?®.
Mtb was applied via the respiratory route by employment of an aerosol chamber (Glas-Col,
Terre-Haute). This system allows for lung infections by droplet-borne infectious agents,
mimicking the natural route of Mtb infection. Mice were infected with an uptake of circa 100
viable bacilli per lung for low-dose infection (H37Rv) or circa 500 bacilli for high-dose infection
(HN878), respectively. For aerosol infection, aliquots were thawed and bacteria were
separated by resuspension with a 1 mL syringe and 26G cannula. The aliquot was diluted in
Braun water to a total volume of 6 mL, from which 5.5 mL were used for aerosol infection.
From the residual 0.5 mL, dilutions (102 up to 10°) were plated on 7H11 agar plates to assess
the bacteria count in the inoculum (as input control). Mice were put in special mesh steel
baskets within the aerosol chamber. After completion of the aerosol infection program (900s
pre-warming, 2400s nebulizing, 2400s declouding, 900s decontamination), mice were

transferred back into their cages.

On day 1 post-challenge, Mtb CFUs were assessed in whole lungs from groups of female and

male mice, in order to confirm that the infection dose is within expected range. Following
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infection all mice were clinically scored until the experiment end-point or at score of 3.5 (using
the criteria (Table 4) which takes into account activity, body weight, general condition and

behavior), whichever was earlier — when they were euthanized.

4.2.4. Observational study/survival post Mtb challenge

For the observational study vaccinated Mtb-challenged female and male mice, with
unvaccinated controls were observed until they reached a clinical score of 3.5 (Table 4) and
humanely sacrificed. Lungs of mice intended for evaluation were perfused and harvested in
4% PFA, fixed for at least 24 hours and moved out of BSL-3 following sterility protocols for

Hematoxylin and Eosin staining.

Table 4 - Clinical scoring of Mtb infected mice

Score Activity Reduction in Condition of Behavior

body weight mouse

1 Very active No reduction Shiny and Normal
groomed fur;
clear eyes; clean
body orifices

2 Active Less than 10% Fur defects (less | Mild deviations
or excessive
grooming)

3 Less active 10-20% Dull/greasy and | Unusual;
ruffled fur, impaired motor
decreased functions or
grooming, body | hyperkinetic
orifices not well
cleaned,
increased
muscle tone

4 Barely active 20-30% Dirty fur; sticky | Isolation from
or damp body peers; lethargy;
orifices; hyperkinetic;
hunched; high stereotypies;
muscle tone; coordinative
dull eyes dysfunctions

5 Lethargic Greater than Cramps; Vocalization of

30% paralysis (trunk | pain when
musculature, grabbing; self-
limbs); amputation
respiratory (auto-aggressive
sounds; cold behavior)
body

Clinical score per mouse is calculated by taking the mean of the scores of all 4 parameters.
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4.3 Organ harvest and preparation of single-cell suspensions

4.3.1. Lymph Node (LN)

Mice were sacrificed in CO2/0; and LNs were harvested into ice-cold 2 mL cRPMI. The contents
were transferred through a 100 uM cell-sieve into a 50 mL falcon. The LN was squashed using
the plunger of a 5 mL syringe maintaining sterile protocols. The remaining cells were washed
through the sieve with 10 mL ice-cold PBS into the 50 mL falcon, centrifuged at 1500 rpm for
5 min and the supernatant was discarded. The LN pellet was resuspended in 1 mL RBC lysis
buffer and incubated for 1 minute 45 second in room temperature. After the incubation time,
10 mL of cRPMI was added and centrifuged at 1500 rpm for 5 min at 4 °C. The supernatant
was discarded and the LN cell pellet was resuspended in 1 mL cRPMI and placed at 4 °C for
processing. An aligot was taken at this time for cell counting where required. Live cells were
counted using Vi-cell counter (Beckman Coulter). All procedures were performed in BSL-2 or

BSL-3 laboratory as required (respectively for vaccine strain or Mtb infected mice).

4.3.2. Spleen

Mice were sacrificed in CO2/0, and spleens were harvested into ice-cold 3 mL cRPMI. The
contents were transferred through a 100 uM cell-sieve into a 50 mL falcon. The spleen was
squashed using the plunger of a 5 mL syringe maintaining sterile protocols. The remaining cells
were washed through the sieve with 10 mL ice-cold PBS into a 50 mL falcon and centrifuged at
1500 rpm for 5 min and the supernatant was discarded. The spleen pellet was resuspended in
2 mL RBC lysis buffer and incubated for 1 minute 45 second in room temperature. After the
incubation time, 10 mL of cRPMI was added and centrifuged at 1500 rpm for 5 min at 4 °C. The
supernatant was discarded and the spleen cell pellet was resuspended in 1 mL cRPMI,
transferred once more through a 100 L cell-sieve into a 50 mL falcon and placed at 4 °C for
processing. An aligot was taken at this time for cell counting where required. Live cells were
counted either using Vi-cell counter (Beckman Coulter). All procedures were performed in BSL-

2 or BSL-3 conditions as required (respectively for vaccine strains or Mtb infected mice).

4.4. Immunological methods

4.4.1. Ex-vivo restimulation of lymph nodes (LNs) and spleen using Mtb whole-cell lysate
Cell pellets of either LN, lungs or spleen (obtained by centrifugation of single-cell suspensions
at 1500 rpm for 5 min at 4 °C) were resuspended in PBS at room temperature such that 1 mL

of resuspension would contain 2x10° cells. Cell proliferation dye (CellTrace™ Violet, Thermo
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Fisher Scientific) was reconstituted in 20 uL DMSO (provided with the proliferation kit) to give
a final concentration of 2.5 mM. The reconstituted proliferation dye was then added to the
resuspended cells in PBS, calculating 0.5 mL of the proliferation dye for every 1 mL of cell pellet
resuspension, in a 50 mL falcon. It was incubated at 37 °C for 20 minutes. An unstained control
was kept to correct for background fluorescence for the initialization of fluorescence
cytometry measurements. After incubation, 10 mL PBS with 5% Fetal calf serum was added
and it was centrifuged at 1500 rpm for 5 min at 4 °C and the supernatant was discarded. The
washing step was repeated once more. The cell proliferation dye tagged cell pellet was
resuspended in cRMPI such that 150 uL would have 10° cells. The cells were plated in 96 well
round-bottom plates, 150 uL per well. The wells are prepared with 50uL of cRMPI (control),
ConA (2.5pg/mL) or Mtb lysate (50ug/mL), as necessary. The cells are then incubated for 96

hours at 37 °C in an incubator with 5% CO..

4.4.2. Fluorescence cytometry-based cell proliferation study

Following 96 hours of incubation, the wells are checked in light microscope and harvested in
cRPMI for fluorescence cytometry staining. Briefly, the media in 96 well plates are resuspended
to dislodge the cells. It was then centrifuged at 1500 rpm at 4 °C for 5 mins. The supernatant
was discarded. The pellet was resuspended in block buffer 50uL/well, incubated for 30 minutes
at 4 °Cin dark and centrifuged as previously. The supernatant was discarded and the 50uL of
antibody-mix (Table 5) were added to the wells, resuspended and incubated for 30 minutes in
dark at 4 °C. Then, 180 pL of FACS buffer was added to each well, resuspended, and centrifuged
as above. The supernatant was discarded and the cells were fixed in 100 uL of 4% PFA for 1
hour at 4 °C. The cells were again resuspended, centrifuged as previously, and the supernatant
is discarded. The cell pellets were washed twice with 200 uL FACS buffer before finally
resuspending them in 200 pL FACS buffer, until fluorescence cytometry measurement. All steps
were performed in sterile conditions following BSL-2 guidelines (necessary for BCG and
BCGABCG1419c vaccine strains) and in dark as necessary for proliferation dye and antibody

staining. Measurements were performed in BD® LSR Il Flow Cytometer (BD Biosciences, USA).
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Table 5 - Fluorescent cytometry antibodies and dilutions

Antibody Clone Company Dilution
CD4 PE RM4-5 BioLegend 1:400
CD8a FITC 53-6.7 BioLegend 1:400
B220 PE Cy7 RA3-6B2 BD Biosciences 1:160
CD90.2 APC 53-2.1 eBioscience 1:2500

4.4.3. Mtb specific ELISA

To determine Mtb-specific Immunoglobulin (Ig), ELISA plates were coated with Mtb whole-cell
lysate (20 pug/mL; BEI Resources) at 37°C for 1 hour. The coated plates were blocked with 3%
BSA in Tris-buffered saline (TBS) at 4°C overnight. After washing with TBS + 0.1% Tween 20,
lung homogenates were added (1:25 dilution in PBS), and the plates were incubated at 37°C
for 1 hour. Alkaline Phosphatase-conjugated anti-mouse IgG, IgA, 1gM, IgG2a (1:1000 in
TBS/1% Bovine Serum Albumin) were added, and the plates were incubated at 37°C for 1 hour.
Wells were developed in pNitrophenylphosphate for 20 min at room temperature and stopped

by the addition of 1 N NaOH. Absorbance was measured at 405 nm.

4.5. Histology - Hematoxylin and Eosin (H&E) staining

Tissue processing and staining was performed in collaboration with the division of
histopathology headed by Prof. Dr. Torsten Goldmann, Research Center Borstel. H&E stain was
performed in automatic stainer operated by the division of histopathology. In brief, lungs were
fixed in 4% PFA for 24 hours and embedded in paraffin. They were sectioned at 4um thickness

and continued for H&E staining (Table 6).
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Table 6 — steps of H&E staining in automatic stainer

Solution Incubation time

Step 1 Xylol 1 minute
Step 2 Xylol 1 minute
Step 3 100% Alcohol 1 minute
Step 4 96% Alcohol 1 minute
Step 5 70% Alcohol 1 minute
Step 6 Distilled water 1 minute
Step 7 Haematoxylin (Mayer) 3 minutes
Step 8 Haematoxylin (Mayer) 3 minutes
Step 9 Wash in tap water 1 minute
Step 10 1% Calcium acetate solution 1 minute
Step 11 Wash in tap water 1 minute
Step 12 0.2% Eosin 2 minutes
Step 13 80% Alcohol 15 seconds
Step 14 96% Alcohol 30 seconds
Step 15 100% Alcohol 1 minute
Step 16 100% Alcohol 1 minute
Step 17 Xylol 1 minute
Step 18 Xylol 1 minute

Slides were imaged with BX41 light microscope and cell*B software. The quantitative analysis

of lymphoid aggregates was conducted using the software QuPath (open-source platform)?23e,

4.6. Data analysis and software

Statistical analysis was performed in GraphPad Prism version 10. Data was checked for normal
distribution where necessary. Principal component analysis (PCA) and high-variance feature
extraction was performed in BioVinci (version 3.0.9, BioTuring). Histology image quantification
was performed in QuPath (open-source)?3®. Fluorescence cytometry data was acquired using
FACSDiva™ version 6.0 and was analyzed, including unified manifold approximation and
projection (UMAP), in FCS Express version 7 (DeNovo Software). Biorender (Science Suite Inc)
was used to create Figure 6 (from data figures obtained from respective analytical tools).

Microsoft Word 2016 (Microsoft corporation) was used to write thesis. Digital image
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subtraction and superimposition, as well as digital subtraction of superimposed female and
male proliferations (to identify proliferating populations unique to each sex) was carried out

in Python — code is provided in the supplement (Suppl. Code S3 and Suppl. Code 54,

respectively).
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5. Results

TB is a disease that disproportionately affects males, with males at least about twice as likely
as females to develop active TB!Y?’. The only approved vaccine for TB, BCG, remains variable
in its efficacy — leading to the development of several vaccine candidates, including those
derived from BCG, which are currently in various stages of development!!3120,160,213,237
Although sex differences in TB itself have been increasingly described?”48105174 the influence
of biological sex on BCG efficacy has been scarcely explored. Here, in my PhD project, the
influence of biological sex on the protective efficacy of BCG against TB — as well as the ability
of newer recombinant derivatives of BCG to ameliorate any potential male specific

vulnerability in BCG efficacy is investigated.

5.1. Sex of the individual determine the protective efficacy of vaccination against TB in
C57BL/6 mice

In order to establish the role of biologic sex in vaccine mediated immune responses against TB
and in the protective effect of different vaccine (candidates), groups of female and male
C57BL/6 mice were vaccinated with BCG and two recombinant derivatives of BCG — VPM1002
and BCGABCG1419c. VPM1002 and BCGABCG1419c are also referred to as recombinant
Bacillus Calmette-Guérin (rBCG). 90 days post-vaccination, they were challenged with Mtb
strain HN878, a virulent strain of Mtb, and their disease progression was observed (Figure 1A).
Mice reaching the pre-defined humane end-point were sacrificed and the time-point was

recorded as the end point of survival for that individual mouse.
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Figure 1: Survival of vaccinated female and male mice after Mtb HN878 aerosol challenge. A) Experimental
outline: Male and female C57BL/6 mice were vaccinated s.c. with 10° CFUs of BCG, VPM1002, BCGABCG1419c,
or PBS only (unvaccinated control), respectively, and challenged with HN878 via the aerosol route 90 days later.
Survival of females B) or males C) post HN878 challenge. D) The median extension of survival in weeks offered by
each vaccine after Mtb challenge relative to unvaccinated controls (sex matched PBS group). n = 5 mice per group
of 1 experiment; Log-Rank test was performed sex-wise to compare each vaccine group against each other, with
Bonferroni correction for error inflation due to multiple testing. Corrected p value threshold for significance is
0.0083 (data A, B, C from preprint Harikumar Parvathy et.al., 2024%38),
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Male mice vaccinated with BCG show no significant difference in survival over PBS, while
female mice are significantly protected. BCG vaccination — the only vaccine approved for
clinical use, which has been in use for over 100 years!?”?3® — demonstrates a male specific
vulnerability in its protective efficacy. Next, the protective efficacy of newer recombinant
variations of BCG were compared in order to observe if the male specific vulnerability of BCG
was maintained for these rBCGs or whether rBCGs offer enhanced protection against Mtb
challenge. rBCGs demonstrated a significant protective efficacy in males, in contrast to the
inefficacy of BCG, over the PBS control group as well as the BCG vaccinated males. In females,
however, rBCGs did not significantly improve protection over BCG in survival (Figure 1B and
1C). Overall, although females have higher median extension of survival than males relative to
the survival of sex-matched PBS controls in all groups analyzed (Figure 1D), rBCGs partially
ameliorate the male specific vulnerability of BCG vaccine mediated protection, with
BCGABCG1419c demonstrating the best efficacy in terms of median survival. However, the
survival differences between VPM1002 and BCGABCG1419c¢ vaccinated groups do not reach
statistical significance either for females or males — and both of the rBCGs offered enhanced

protection over BCG in males.

Next, it was sought to determine whether the differences in survival upon vaccination between
females and males, as well as, between different vaccine candidates correspond to differences
in actual bacterial loads following aerosol infection challenge. For this purpose, groups of
female and male mice were vaccinated with BCG, VPM1002 and BCGABCG1419c. 90 days later,
they were challenged with Mtb HN878 via the natural aerosol route of infection and their lung

and spleen CFUs were analyzed at days 28 and 77 post aerosol Mtb challenge.
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Figure 2: Lung and spleen CFUs following Mtb HN878 aerosol infection challenge after vaccination. Female and
male C57BL/6 mice were vaccinated s.c. with 10° CFUs of BCG, VPM1002, or BCGABCG1419c, respectively, and
Mtb HN878 CFUs were determined in lungs and spleen at days 28 (A and C) and 77 (B and D) following aerosol
Mtb challenge (n = 3-5 mice per group of 1 experiment). Two-way ANOVA with Tukey’s multiple comparison test
with adjusted p values *p < 0.05; **p <0.01; ***p <0.001; ****p < 0.0001. Error bars represent SD from Mean
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At 28 days post Mtb infection challenge, the mean CFUs in lung were decreased in vaccinated
male and female mice compared to PBS mice, for all vaccinated groups irrespective of vaccine
choice — although these differences were only significant for males, possibly due to higher
CFUs in PBS males as compared to PBS females (Figure 2A). No significant differences among
sex-matched individual vaccine groups or between females and males of any vaccinated group
was observed at this time-point. Likewise, males had a significant decrease in their CFUs
following vaccination in the spleen (Figure 2C), although here no significant differences were
observed between PBS females and males. Similar to lung CFUs at day 28 post Mtb infection
challenge, there were no significant differences among sex-matched individual vaccine groups

or between sexes for any one vaccine candidate at this time-point in spleen.

At day 77 after Mtb challenge, the reduction in CFUs by vaccination was less pronounced in
males compared to the earlier time-point and was not statistically significant, in contrast to
their female counterparts for both lungs and spleen (Figure 2B and 2D). In spleen, PBS control
males had significantly reduced Mtb CFUs compared to PBS control females at day 77 after
Mtb challenge. However, Mtb CFUs showed no significant difference between sexes for any

vaccinated group or among sex-matched individual vaccine groups.

That is, no significant difference in Mtb CFUs among the various vaccines tested were
observed, either among sex-matched individual vaccine groups themselves or between sexes
for any particular vaccine for both time-points. However, particular vaccinated groups showed

significant reduction in CFUs compared to PBS controls at various time-points.
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Figure 3: Lung and spleen CFUs following Mtb H37Rv aerosol infection challenge after vaccination. Female and
male C57BL/6 mice were vaccinated s.c. with 10° CFUs of BCG, VPM1002, or BCGABCG1419c, respectively, and
Mtb H37Rv CFUs were determined in lung and spleen at days 28 (A and C) and 97 (B and D) following aerosol
Mtb H37Rv challenge (n = 8-10 mice per group; data pooled from 2 experiments). Two-way ANOVA with Tukey’s
multiple comparison test with adjusted p values *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001; ns — not
significant. Error bars represent SD from mean (data from preprint Harikumar Parvathy et.al., 2024%38),
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Previously published data has shown TB pathology may not be directly associated with
bacterial loads — which has been confirmed at least in the case of BCGABCG1419c in a previous
study!?32%0 Nevertheless, it was sought to confirm the findings obtained with Mtb HN878
strain with a different, H37Rv strain of Mtb at a lower dose of infection than used for HN878

strain in the survival observation and CFU studies.

At day 28 post Mtb H37Rv challenge, all vaccines significantly reduced lung and spleen CFUs in
mice irrespective of sex, relative to PBS controls (Figure 3A and 3C). However, at day 97 post
Mtb H37Rv challenge, the lung CFUs were significantly reduced only for males, although the
mean was reduced for both sexes (Figure 3B). This might be due to the significantly higher lung
CFUs in PBS male controls relative to female control mice at day 97 post-H37Rv challenge. At
day 97, spleen CFUs showed significant reduction for both sexes for all vaccine groups, relative
to PBS controls (Figure 3D). The dramatic reductions seen in the CFUs of spleen for a
subpopulation of VPM1002 vaccinated mice at day 28 is not replicated at the later time-point
of day 97 post-H37Rv challenge. However, lung and spleen H37Rv CFUs at days 28 and 97 post
Mtb challenge of vaccinated mice demonstrated no significant differences between females
and males of any particular vaccinated group or among different sex-matched vaccinated

groups relative to each other.

Thus, these results demonstrate that the absence of significant difference in Mtb CFUs
between sexes for any particular vaccine candidate or among sex-matched groups of
vaccinated mice themselves is not unique to one particular strain of Mtb. Therefore, it was
speculated that the strong differences in survival which have been identified between rBCGs
and BCG vaccinated males upon Mtb HN878 infection challenge should, at least partially be,
associated with specific differences in the host response to vaccination aiding in disease
control and the immune-pathology of Mtb infection (following vaccination) — and not

overwhelmingly associated with Mtb load in lungs and spleen at the time-points tested.
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Results 5.1. Summary:

1. In contrast to females, BCG vaccination offers no protection in males over PBS controls
following Mtb challenge — demonstrating its male specific vulnerability.

2. The two rBCGs — VPM1002 and BCGABCG1419c — provide significantly improved
survival advantage in males, over both PBS controls as well as BCG vaccination.

3. Lung and spleen bacterial loads following Mtb challenge neither show significant
differences between sexes of any vaccinated group nor among sex-matched vaccinated
groups themselves.
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5.2. Histology of lungs from the survival group shows increased organization of lymphoid
aggregates in BCGABCG1419c vaccinated males following Mtb challenge relative to PBS
control

To better understand the effect of BCGABCG1419c in male mice, which is the best performing
vaccine in males in terms of median survival post Mtb challenge, those lungs which were
available from certain mouse groups following the survival study were processed for
Hematoxylin and Eosin (H&E) staining and the area of organized lymphoid aggregates were
quantified using QuPath?3® — an open-source platform for image analysis. The lymphoid
aggregates were identified as clusters of small cells with intense hematoxylin-stained nucleus
having a thin rim of cytoplasm. BCGABCG1419c vaccine candidate was chosen to represent the
rBCGs as it demonstrated the highest median survival for males, although it was not
statistically significant over VPM1002 vaccinated males. Because lungs were harvested at the
humane endpoint of each individual mouse, they were very comparable in their disease
severity at the time of harvest. Therefore, the differences in the area of organized lymphoid
aggregates in the lungs, identified by their morphology in H&E staining and as has been
previously described in the lungs of Mtb infected mice for its role in controlling lung infections
including TB*241242 js unlikely to be due to differences in overall disease stages at the time of

harvest.
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Figure 4: Hematoxylin and Eosin staining of lung sections following survival study. Female and male C57BL/6
mice were vaccinated s.c. with either PBS or 10® CFUs of BCGABCG1419c (available for male mice only) and
challenged with HN878 strain of Mtb. At their humane endpoints, their lungs were processed for histology. A)-C)
Shows representative images of staining from lung sections as indicated D) Their area of organized (lymphoid)
aggregates, mean of 4 random areas from lung section representing each mouse, were quantified in QuPath
open-source software (n = 4-5 mice per group of 1 experiment). Area is represented in log scale. One-way ANOVA
with Tukey’s multiple comparison test with adjusted p values *p < 0.05; **p <0.01; ***p < 0.001; ****p <0.0001.
Error bars represent SD from mean (data from preprint Harikumar Parvathy et.al., 20242%),

In control mice, it was observed that females had significantly greater area of organized
lymphoid aggregates as compared to unvaccinated males (Figure 4A and 4B), in line with
increased median survival of PBS vaccinated females relative to their male counterparts in the
survival study. Formation of lymphoid aggregates in lung has been shown to have a positive
association with disease outcome in recent studies of TB as well as at other sites for chronic
diseases such as cancer?104241-243  yaccination of male mice with BCGABCG1419¢c was
associated with an increase in the area of organized lymphoid aggregates compared to
unvaccinated males (Figure 4C). Although, this increase per se was not significant, it made
BCGABCG1419c vaccinated group of males comparable to their female counterparts (Figure
4D) and overcame the significant reduction in area of organized lymphoid aggregates observed

in unvaccinated males relative to unvaccinated females.
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Results 5.2. Summary:
1. Without vaccination, male mice have significantly decreased area of organized

lymphoid aggregates as compared to females.

2. BCGABCG1419c vaccination in male mice results in an increase in area of organized
lymphoid aggregates, now becoming comparable to unvaccinated females.
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5.3. The vaccine strain proliferation in draining lymph nodes (LNs) show a sex and vaccine
specific pattern

Because BCG and its recombinant derivatives are live vaccines, they proliferate in the draining
LNs and spleen post-vaccination. It has been speculated that some degree of vaccine strain
proliferation is required for its efficacy. Nevertheless, the nature of relationship between
vaccine strain proliferation and protection remains very vague. Further the sex specific nature
of this relationship has never been explored in a resistant model of TB, to the best of my
knowledge. This is also true for the recombinant derivatives of BCG. Therefore, it was proposed

to delineate the influence of sex on vaccine strain proliferation of BCG and the two rBCGs.

For this purpose, groups of female and male mice were vaccinated either with BCG, VPM1002
or BCGABCG1419c vaccine candidates. At different time-points the draining LNs were
harvested and plated independently. Because the vaccination was administered on the scruff
of the neck, visually the cervical LNs were the ones most consistently enlarged at day 7 and 14
following vaccination from among the cervical, mandibular and axillary groups of LNs observed
visually. Therefore, the cervical group of LNs were primarily considered as the draining LNs in

this vaccine model, used for the current study.
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Figure 5: Time-kinetics of vaccine strain CFUs in female and male cervical lymph nodes. Female A) and male B)
C57BL/6 mice were vaccinated s.c. with 10° CFUs of BCG, VPM1002, or BCGABCG1419c, respectively, and CFUs
in cervical LN were determined at various time-points post-vaccination (n = 4-8 mice per group from 2
experiments). Two-way ANOVA with Tukey’s multiple comparison test with adjusted p values *p < 0.05; **p <
0.01; ***p < 0.001; ****p < 0.0001; ns — not significant (data from preprint Harikumar Parvathy et.al., 2024%38),
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The vaccine strain CFUs peaked at day 14 post-vaccination, in both females and males (Figure
5A and 5B). In females, the vaccine CFUs among BCG, VPM1002 and BCGABCG1419c show no
remarkable differences in their peaking at day 14 post-vaccination. However, in males,
VPM1002 and BCGABCG1419c show a much higher mean peak at day 14 compared to BCG.
This corresponds to the survival advantage offered by VPM1002 and BCGABCG1419c

specifically in males following Mtb challenge as described in the earlier section.

Result 5.3. Summary:

1. Vaccine strain CFUs, peaking at day 14 in both sexes, shows sex specific variability.

2. VPM1002 and BCGABCG1419c show higher mean peaks as compared to BCG in
males. No such difference is observed in females.
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5.4. Specific proliferative responses following vaccination correlate with enhanced
protection during Mtb infection

It was hypothesized that especially in the late time-point following vaccination, when the LN
vaccine strain CFUs have approached zero, restimulation with Mtb whole-cell lysate would
trigger proliferation of memory B and/or T cells. Among them, CD8 T cells have a well-defined
role in containing TB as delineated by multiple studies over the years 114123,199,200.244 "\yith an
acknowledged role for CD4 T cells?%524> and an ever-increasing appreciation of the role of B
cells'9424¢_CD8 T cell responses have also been implicated in the efficacy of BCGABCG1419¢!**
as well as that of VPM 1002111120, As such, it was sought to determine if those responses show
a sex specific difference in BCG (which performs poorly in males) and rBCGs. For the following

experiments BCGABCG1419c¢ was used as a representative of rBCGs.

Groups of female and male mice were vaccinated either with BCG or BCGABCG1419c along
with PBS controls (Figure 6). At days 28 and 90 following vaccination, their draining LNs were
harvested and was made into single-cell suspensions, tagged with CellTrace™ Violet (a
proliferation marker) and the co-culture of the draining LNs was restimulated with Mtb whole-
cell lysate ex-vivo. The co-culture provides a platform to form aggregates of B and T cells as
well. After 96 hours of restimulation, when such aggregates could also be routinely visualized
by light microscopy, the cells were harvested and stained with markers for B and T cells. The
proliferation patterns of B, CD4 T and CD8 T cells across PBS, BCG and BCGABCG1419c
vaccinated groups for both sexes were analyzed by fluorescence cytometry (gating strategy in

Suppl. Fig. S1).
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Figure 6: Schema of proliferation study of draining lymph nodes following vaccination. Draining lymph nodes
from female and male mice s.c. vaccinated with either 106 CFUs of BCG or BCGABCG1419c (representing rBCG),
along with PBS controls were harvested, tagged with CellTrace™ Violet and restimulated ex-vivo with Mtb whole-
cell lysate for 96 hours. Negative control of proliferation is unstimulated sample and positive control of
proliferation is ConA.
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Figure 7: Lymph node T and B cell proliferation in response to ex-vivo restimulation with Mtb whole-
cell lysate. Single-cell suspensions of lymph nodes at days 28 and 90 post-vaccination were
restimulated with Mtb whole-cell lysate for 96 hours and stained for CD8 T, CD4 T and B cells (gating
strategy Suppl. Fig. S1). Proliferating populations were measured by fluorescence cytometry. A) B220+
B cell B) CD4+ T cell and C) CD8+ T cell proliferations at day 28 post-vaccination. Corresponding data at
day 90 post-vaccination are shown in D), E) and F). Data are shown as mean + SD (n = 4-5, from 1 of 2
experiments). *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001 determined by 2-way ANOVA
followed by Tukey’s multiple-comparison test. Sex-wise significant differences are shown for
comparison (data from Harikumar Parvathy et.al., 2024%%%),
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Figure 8: UMAP visualization of CD8 T cell proliferative response at day 90 following vaccination. Female and
male C57BL/6 mice were vaccinated s.c. with 10% CFUs of BCG or BCGABCG1419c, respectively, and T and B cell

proliferative responses to ex-vivo restimulation with Mtb whole-cell lysate were determined at day 90 post-

vaccination, measured by fluorescence cytometry (n = 9-10 mice per group from 2 experiments for UMAP plots;
reanalyzed data from preprint Harikumar Parvathy et.al., 20242%8).

At day 28 post-vaccination, both BCG and BCGABCG1419¢c demonstrated significantly higher

CD4 T cell proliferative response in both females and males over PBS controls, with

BCGABCG1419c showing a greater mean increase and significance than BCG, specifically in

males (females p value 0.0021 for BCG and 0.0138 for BCGABCG1419c; male p value 0.0009

for BCG and less than 0.0001 for BCGABCG1419c; Figure 7B). B cell proliferation also showed
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significant increase for both sexes over PBS controls except for BCG males, with
BCGABCG1419c demonstrating the highest mean increase for both sexes (female p value
0.0053 for BCG and less than 0.0001 for BCGABCG1419c; male p value 0.8939 for BCG and
0.0172 for BCGABCG1419c; Figure 7A). In addition, B cell proliferation in BCGABCG1419c¢
vaccinated males were significantly higher relative to their BCG vaccinated male counterparts

(p value 0.0013).

At day 28 post-vaccination, CD8 T cell proliferation remained non-significant over baseline PBS
controls, except for BCGABCG1419c vaccinated males (p value 0.0296; Figure 7C) — where it
started to increase significantly over PBS controls - the increase became even more statistically
significant at day 90. However, there was no significant difference in CD8 T cell proliferation

between BCG and BCGABCG1419c vaccinated males at this time-point.

At day 90 post-vaccination, CD4 T cell and B cell proliferation in BCGABCG1419c¢ group showed
no significant difference over PBS group for both sexes, while for BCG they both showed
significant increase over PBS at this time-point (p value CD4 T female 0.0056, CD4 T male
0.0016 and B cell female 0.0003; Figure 7D and 7E) except for B cell proliferation in BCG males,
where the higher mean did not reach significance over PBS group (p value 0.0710). Female
mice demonstrated remarkable CD8 T cell proliferative response upon Mtb whole-cell lysate
restimulation for both BCG and BCGABCG1419c¢ vaccinated groups (Figure 7F), relative to PBS
control group (p value 0.0325 and 0.0012, respectively). In contrast however, in males, BCG
group showed no significant increase in CD8 T cell proliferation over PBS controls (p value
0.7314), while BCGABCG1419c group showed significant increase in CD8 T cell proliferation
relative to both PBS control group and BCG vaccination group (p values 0.0017 and 0.0367,

respectively).

Further, visualizing the day 90 post-vaccination data for CD8 T cell proliferation in unified
manifold approximation and projection (UMAP) demonstrated the ability of BCGABCG1419c¢
to increase CD8 T cell proliferation upon restimulation with Mtb whole-cell lysate over certain
population clusters (Figure 8), although its increase over BCG became significant only for

males.

These findings of day 90 CD8 T cell proliferation correspond to the survival study which
demonstrates no significant differences between BCG and rBCGs for females, while rBCGs

promote a significant male specific improvement in survival relative to both PBS control group
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and BCG vaccination group. These findings are also in agreement with the implicated role of
CD8 T cell response in the efficacy of the two newer TB vaccine candidates that were tested as
well as a recent study demonstrating the ability of androgens to adversely affect CD8 T cell

response in tumors3>111,114,120,203

Results 5.4. Summary:

1. At day 28 post-vaccination, both CD4 T cell and B cell proliferation in
BCGABCG1419c vaccinated males showed a greater mean increase and higher
statistical significance, as compared to that of BCG males, over PBS control.

2. BCG vaccinated males — unlike females - have no significant CD8 T cell proliferative
response over PBS controls 90 days after vaccination.

3. The deficiency of day 90 post-vaccination CD8 T cell proliferative response of BCG
vaccinated males is ameliorated by BCGABCG1419c vaccine.
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5.5. Integration of multiple datasets using Principal Component Analysis showed grouping

patterns mirroring the efficacy profile of vaccines

In order to understand the combined influence of the measured parameters on PBS, BCG and
BCGABCG1419c vaccinated groups of both sexes, the multi-parametric dataset was combined
into Principal Component Analysis (PCA). All data were standardized and integrated into PCA

using a machine-learning aided analysis and visualization platform, BioVinci (version 3.0.9,

BioTuring).
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Figure 9: PCA of integrated dataset. Datasets containing Mtb CFUs, vaccine strain CFUs, lymph node proliferation
data for CD4 T cells, CD8 T cells, B cells, survival data and Mtb specific antibody responses post infection challenge
(Suppl. Fig. S2) were standardized using the default algorithm in BioVinci and integrated together into a PCA plot
(n=5 for each group). PC1, PC2 and PC3 captures 40.67%, 12.39% and 11.97% of the variance respectively. The
dot sizes represent survival. fe — females, ma —males (data from preprint Harikumar Parvathy et.al., 2024%%),

The PCA components 1, 2 and 3 together captured 65.03% of the variance in the datasets. The
best performing vaccine groups for each sex — BCG females, BCGABCG1419c females and
BCGABCG1419c males grouped close to each other - with BCGABCG1419c females, the best
performing group overall, grouping further separately. The rest - PBS females, PBS males, BCG

males — all different from each other either in-terms of vaccination status or response to Mtb

infection including survival post Mtb challenge — grouped separately (Figure 9).

Because the PCA grouping also reflected the functional or interventional status of the

experimental groups (survival and vaccination, respectively), the top 5 high-variance features
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of principal component 1 (PC1) were extracted using BioVinci (as described for PCA). Day 28
post-vaccination CD4 T cell proliferation, day 90 CD8 T cell proliferation, survival post Mtb
challenge, day 28 post-vaccination B cell proliferation and day 28 lung CFUs following Mtb
HN878 challenge were identified as the top 5 factors influencing the PCA grouping. Further, a
PCA biplot was created to delineate the vectors of these top 5 features (Figure 10). Here, day
28 post-vaccination CD4 T cell and B cell proliferation as well as day 90 post-vaccination CD8 T
cell proliferation was identified to be closely associated with survival — with comparable length
and direction of these vectors, together with survival, pointing to a positive correlation with
each other. Nevertheless, day 28 CD4 T and B cell proliferation vectors, as well as day 90 CD8
T cell proliferation and survival vectors were the pairs most closely associated with each other.
The day 28 HN878 lung CFU vector is represented in a different quadrant as that of survival
and other top 5 factors, pointing to a largely negative correlation between lung Mtb load and
survival, as well as between lung Mtb CFUs and T and B cell proliferative responses. However,
none of their relationships with lung bacterial load reached statistical significance in this
model, as will be described later, in line with the findings that Mtb CFUs do not significantly
differ between various vaccine groups, analyzed sex-wise (Figure 2, Figure 3 and Figure 11

described next).
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Figure 10: Top 5 high-variance features in PCA. Top 5 high-variance PCA features were delineated using BioVinci,
a machine-learning aided analysis platform. Time-points represent days post-vaccination, while survival represent
the time taken by the experimental groups challenged with Mtb HN878 to reach their humane end-points; effect
of all experimental groups are analyzed together (data from preprint Harikumar Parvathy et.al., 2024)2%,

The specific role of CD4 T cells to aid the transition of CD8 T cell exhausted progenitors to a
CD8 T cell effector-like functional state and away from a terminally exhausted state was
recently published®®2%, Likewise, the role of B cells to direct interactions between CD4 T and
CD8 T cells in B cell follicles has also been published%247, Therefore, it was investigated
whether the CD4 T cell and B cell proliferation at early time-point following vaccination
correlate with CD8 T cell memory responses, as measured by its proliferation following ex-vivo
restimulation of draining LNs with Mtb whole-cell lysate 90 days post-vaccination. It was also
sought to explore the association of day 90 CD8 T cell proliferation with survival post Mtb
HN878 challenge. To do so, a Spearman’s rank correlation matrix for all the top 5 high-variance
factors associated with PCA grouping was created (Figure 11A and corresponding p values in
11B). Spearman’s correlation coefficient showed a perfect relationship between CD8 T cell

proliferation in response to Mtb whole-cell lysate 90 days after vaccination and survival post
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Mtb challenge (p value 2.7 x 103) —in line with the known and established role of CD8 T cell

responses being required for protection against TB202:203.248,

CD4 T (d28 prolif)
B220 (d28 prolif)
CD8 T (d90 prolif)
HN878 Lu CFU (d28)

Survival
CDA T (d28 prolif) ek
B220 (d28 prolif)
CD8 T (d90 prolif)

HN878 Lu CFU (d28)

Survival 0.01667 0.05833 0.00275 |0.10278

CDA T (d28 prolif)|0.01667 0.01667 0.01667

B220 (d28 prolif)|0.05833 0.01667 0.05833
CD8 T (d90 prolif)|0.00278 0.01667 0.05833 0.10278 0.1

HN878 Lu CFU (d28) 010278 0.10278

Figure 11: Spearman’s rank correlation coefficients for the top 5 high-variance features in PCA. A) Spearman’s
correlation matrix. B) p-value of each corresponding correlation coefficient of pooled PBS, BCG and
BCGABCG1419c vaccinated mice of both sexes (n=6). 2-tailed p-values are reported (data from preprint
Harikumar Parvathy et.al., 2024)%3,
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Early CD4 T cell proliferation also showed a significant highly positive correlation with late CD8
T cell response (correlation coefficient 0.94, p value 1.6 x 10°2) as well as with survival post Mtb
challenge (correlation coefficient 0.94, p value 1.6 x 102). Early B cell proliferation also
demonstrated significant positive correlation with CD4 T cells (correlation coefficient 0.94, p
value 1.6 x 102). However, the positive relationship between B cell proliferation directly with
survival was not statistically significant in this model (correlation coefficient 0.83, p value 5.8 x

1072).

Results 5.5. Summary:

1. 3-dimensional PCA shows clustering of experimental groups mirroring their vaccine
efficacy against TB or their vaccination status (control groups).

2. The best performing vaccine groups, irrespective of sex (BCG females,
BCGABCG1419c females and males) cluster close to each other, while the remaining
groups cluster separately.

3. Extraction of high-variance features in PC1 identified:

e day 28 post-vaccination proliferations of CD4 T cell (in response to
restimulation)

e day 28 post-vaccination proliferations of B cell (in response to restimulation)

e day 90 post-vaccination CD8 T cell proliferation (in response to
restimulation)

e survival post Mtb HN878 challenge

e day 28 lung bacterial loads following Mtb HN878 challenge

as the top 5 features influencing PCA.
4. Spearman’s rank correlation of high-variance features identified significant positive

correlation of both day 90 CD8 T cell responses and day 28 CD4 T cell responses
post-vaccination with survival post Mtb HN878 challenge.
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5.6. Male mice lack specific subpopulations of CD8 T cells in spleen, compared to females
following vaccination and restimulation

When it was initially identified that males consistently fare poorly compared to females across
all vaccine groups and with subsequent identification of defects in late CD8 T cell proliferative
responses in male draining LNs following vaccination particularly with BCG, it was sought to
investigate if there is a global shift in the pattern of CD8 T cell responses in males as compared
to females. For this purpose, splenocytes of both sexes were tagged with CellTrace™ Violet (a
proliferation marker dye) 28 days after vaccination with either BCG or BCGABCG1419c, along
with PBS controls. Their co-cultures were subsequently restimulated with Mtb whole-cell
lysate, as already described for LNs. The 28-day time-point was chosen, because after 90 days,
the difference between the high background proliferation in spleen and the restimulated
proliferation population is not significant in most situations to be identified by the fluorescence
cytometry panel that was used, probably due to the low number of Mtb specific memory cells
circulating through the spleen at a very late time-point that respond to restimulation and the

broadness of the staining panel.

Because of the high background proliferation of splenic CD8 T cells, the 96 hour ex-vivo
homeostatic proliferation of CD8 T cells of all groups (PBS, BCG and BCGABCG1419c) were
digitally subtracted from their respective 96-hour CD8 T cell proliferation following Mtb whole-
cell lysate restimulation, for both sexes (Figure 12A; representative figure of BCG female group
made from intermediate steps in processing workflow for method description). Thereafter, the
images of all 3 groups were superimposed sex-wise (Figure 12B; corrected UMAP images of
each group obtained by subtracting homeostatic proliferation from ex-vivo restimulation;
workflow made from intermediate steps in processing for method description). The
distribution of CD8 T cells proliferating in response to Mtb whole-cell lysate in males were

compared relative to females using the sex-wise superimposed images.
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Figure 12: CD8 T cell proliferation in spleen in the presence or absence of ex-vivo restimulation with Mtb whole-
cell lysate. A) Background homeostatic proliferation in ex-vivo unstimulated condition is subtracted from CD8 T
cell proliferation in response to specific Mtb whole-cell lysate restimulation. Representative images made from
intermediate steps in processing for method description B) Subtracted images from A) for all vaccine groups are
superimposed over each other, separately for both sexes; workflow shown for method description. White color
denotes areas where pixels precisely overlap. (n=9-10, for each vaccine group or control per sex; data pooled
from 2 experiments; data from preprint Harikumar Parvathy et.al., 2024)238,

In tune with male specific deficiencies identified in vaccine efficacy across all groups relative
to females, specific differences were identified in the distribution of proliferating CD8 T cell
populations responding to Mtb whole-cell lysate restimulation in male splenocyte co-culture
across all vaccine groups tested, relative to their female counterparts (Figure 13A and 13B). By
digitally subtracting the superimposed images of females and males from each other, the
populations unique to females and males were visualized, with sex-wise consideration of all
experimental groups. Thus, CD8 T cell proliferating populations that differed between females
and males, irrespective of vaccine choice were identified (Figure 13C and 13D). Multiple CD8
T cell populations show differences in global distribution patterns, across sexes regardless of
vaccine choice or vaccination status. Due to limitations in the current analytical software and
programming resources, the differing clusters in the superimposed images between sexes

could not be quantitatively determined. Nevertheless, these visually apparent differences in



the distribution of proliferating CD8 T cells in male spleen as compared to female spleen,

deserve further study.

A Female B Male

UMAP_2

N, %

UMAP_1

Figure 13: Distribution pattern of CD8 T cell proliferation in spleen upon ex-vivo restimulation with Mtb whole-
cell lysate for females and males. A) and B) Digitally superimposed UMAP plots of CD8 T cell proliferation in PBS,
BCG, BCGABCG1419c groups of female and male mice. C) and D) Superimposed images in A) and B) were
subtracted from each other to obtain A-B or B-A. Thus, populations unique to either females or males are
respectively shown in C) and D). Red circle denotes area of differences in CD8 T cell distribution identified
manually (n=9-10, for each vaccine group or control per sex; data pooled from 2 experiments; data A) and B) from
preprint Harikumar Parvathy et.al., 2024)2%,

Further studies involving a more detailed fluorescence cytometry panel and newly emerging
machine learning platforms for fluorescence cytometry data analysis would help narrow down
these population clusters in more resolution. Newer spectral sorting platforms would enable

their precise sorting, making it possible to study them using proteomic or transcriptomic
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approaches, in order to exactly define the clusters that are specifically differing across sexes.
Coupled with functional experiments, this would aid to identify whether such differences are

consequential or is a coincidental finding in the current model.

Results 5.6. Summary:

1. Male splenocytes show a global difference in specific clusters of CD8 T cells
responding to Mtb whole-cell lysate restimulation relative to females.

2. These differences are present irrespective of vaccine choice.
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6. Discussion

Despite BCG being in use for over 100 years as the only clinically available vaccine against TB,
it remains remarkably variable in its efficacy'®®?3’. Although, beneficial in preventing TB
meningitis in children?*°, BCG offers little protection from adult pulmonary TB in endemic
regions of the world?3’. Here, for the first time (to the best of my knowledge), the contribution
of biological sex in BCG efficacy in a resistant mouse model of TB vaccination is investigated.
Although a recent study investigated the biology of sex differences in the context of BCG
vaccination, their study was performed in a susceptible model of disease??°. In the current
study, a resistant model was chosen so as not to amplify those differences that might be
inconsequential while having an immune system that is able to relatively resist the infection
challenge following vaccination. Nevertheless, the recent study in a susceptible model is also
of significance as TB is a disease that is often fatal in immunocompromised patients — as the
world has particularly witnessed during co-infections with Human Immuno-deficiency Virus
and Mtb?*%2>1 — and as such, delineating the mechanistic underpinnings of TB vaccination in
susceptible conditions is necessary. Nevertheless, BCG itself is not indicated for
immunocompromised patients because of its ability to cause disseminated disease in that

population?°22%3,

The current study also compares sex differences between BCG and two of its recombinant
derivatives (rBCGs) — VPM1002 which is already in phase 3 clinical trials and an even newer
BCGABCG1419c vaccine candidate currently in pre-clinical studies, demonstrating for the first
time, to the best of my knowledge, the ability of newer derivatives of BCG to ameliorate the
male specific inefficacy of BCG vaccine. Functional responses such as survival post Mtb
challenge, bacterial loads in lungs and spleen, T and B cell memory responses as analyzed by
their ability to proliferate following restimulation with Mtb whole-cell lysate 90 days after
vaccination, as well as data analysis using varied analytical and machine learning tools were
used in order to gain an insight into the sex specific efficacy and immune responses afforded

by the vaccine (candidates).

6.1. Biological sex influences TB vaccine efficacy in a manner largely independent of lung
Mtb load
In the first section, the protective efficacy of BCG and its two recombinant derivatives (rBCGs)

— VPM1002 and BCGABCG1419c — with biological sex as a variable were investigated. In line
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with previous results showing male vulnerability in TB disease development and male specific
vulnerability of BCG described recently in a susceptible mouse model of TB??, it was identified
that BCG vaccination offers no significant improvement in protection against Mtb challenge
compared to PBS controls specifically in males in the resistant mouse model of TB. This finding,
together with previously published work in a susceptible model of TB??°, point to male specific
deficiencies of BCG across different genetic backgrounds (in different models) and Mtb strains
— pointing to an underlying male specific defect in the immune response to BCG vaccination.
Newer recombinant derivatives of BCG, however, provided significant protection for males
relative to sex-matched PBS controls as well as to that of BCG vaccination. Nevertheless, such
a lack of protective efficacy for BCG was not apparent in female mice — where both BCG and
rBCGs performed comparably. Females also had overall higher median survival in all groups

tested relative to their male counterparts.

Of note, the two rBCGs that were tested — VPM1002 and BCGABCG1419c — enhance CD8 T
cell responses!'#?44 3 feature that may directly benefit males considering the propensity of
males to have enhanced T cell exhaustion in chronic diseases 3%3>207, Females have been
shown to have enhanced expression of genes related to lymphocyte proliferation, with
estradiol also been shown to positively influence T cell?*2342%> and B cell responses?®48256_ As
such, even a vaccine with relatively low efficacy could potentially prime the physiologically
enhanced adaptive immune phenotype of females. Males, although exhibiting the phenotype
of enhanced innate immune memory?°’, have lower expression of genes related to lymphocyte
proliferation?®, lower expression of AID in germinal centers and lower antibody titers as
compared to females!’62°82%9 Sych differences could particularly impact TB vaccination in
ways different to other vaccinations for infectious diseases where higher antigen specific
antibody titers correlate with protective efficacy. B cells or high affinity antibody titers alone
are insufficient to offer significant protection from TB, although their contributory role is
becoming increasingly apparent?46:260.261 TB disease control, as described classically for a long
time, requires CD8 T cell mediated immunity10:114,:123,180,181,200-203 '3ided by CD4 T cells, B cells
and other diverse members of the immune system?°78:204-206,245,246,262,263  A|lthough the details
have evolved in recent vyears, the role of CD8 T cells in TB control remains
prominent14120.200.203 ' Considering the sex specific peculiarities of the innate and adaptive

immune system, it is conceivable that the different vaccines — with varying abilities to initiate
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particular immune responses, including CD8 T cell responses - might perform differently in

females and males.

In agreement with such a reasoning of vaccines potentially performing differently in females
and males, as well as of the male specific vulnerability of BCG in the recently published
susceptible mouse model of TB2%°, BCG performs poorly in males with no survival benefit
provided by BCG vaccine in males over PBS controls in the current study. Both VPM1002 and
BCGABCG1419c, in contrast, provide significant survival advantage over both PBS controls and
BCG vaccination in males. However, in line with physiologically enhanced adaptive immune
response of females?’2948105264 "ayen BCG which is performing poorly in males, is able to
provide a median survival comparable to both VPM1002 and BCGABCG1419c in females. Also,
in line with the physiologically augmented adaptive immune memory in females?®177:233 ||
female groups in this survival study perform better than their male counterparts in terms of

median survival following Mtb challenge.

Further, upon enumerating lung and spleen Mtb loads, no significant difference in Mtb CFUs
at days 28 and 77 post Mtb HN878 challenge that uniformly mirror the survival data across all
groups were found. This is similar to previous findings of BCGABCG1419c vaccine where
decrease in lung pathology was not associated with corresponding decreases in lung bacterial
loads''*>114 However previous studies with VPM1002 demonstrate variable differences in lung
bacterial loads compared to BCG (differing across studies)!'2212265  These studies with
VPM1002 used different time-points, where differences in CFUs first became apparent only at
day 150 post H37Rv infection, different Mtb strains and different mouse models (BALB/C)
depending on the studies - whereas, the current study was performed in a resistant C57BL/6
mouse model of TB. This finding was not unique to a particular Mtb strain, as an infection
challenge with H37Rv strain of Mtb also demonstrated no apparent sex specific differences in
lung Mtb load between vaccine candidates, followed up to 97 days post-H37Rv challenge. This
would point to the established role of immune responses, educated by vaccination, to
efficiently control disease progression without a drastic reduction in Mtb bacterial loads as
being necessary, as previously described by independent studies for both TB disease?4%26¢ gnd

BCGABCG1419c vaccination!13114,

Although some mice in the VPM1002 group of both sexes showed no bacterial spread to the

spleen at day 28 post Mtb challenge while still showing CFUs in lungs, it is largely in line with
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a previous finding in one study where VPM1002 showed nearly 1000-fold reduction in CFUs in
a BALB/c mouse model of TB?0212, C57BL/6 mice with its increased propensity to develop a
Th1 response?®’, unlike the Th2 skewing in BALB/c mice?®®, would presumably be able to resist
TB growth and dissemination even further — especially when challenged with a lab adapted
H37Rv isolate of Mtb at a low dose of infection of about 100 CFUs per mouse, in contrast to
the virulent HN878 strain at a high dose of about 500 CFUs per mouse where no such drastic
decrease was apparent. However, because the subsequent day 97 time-point did not replicate
the finding of a proportion of mice with no dissemination in the spleen when vaccinated with
VPM1002, it was hypothesized that these mice that showed an apparent absence of Mtb
dissemination in spleen at day 28 post-H37Rv challenge had such small CFU loads that could
not be detected within the dilution range of CFU plating — rather than pointing at a complete
absence of dissemination to the spleen for the VPM1002 vaccinated group. However, with
time, no vaccinated mouse group show dramatic reductions in CFUs, either in lung or spleen,

relative to other vaccinated groups for the time-points analyzed.

6.2. BCGABCG1419c vaccination enhances the organization of lymphoid aggregates in males
and makes it comparable to unvaccinated female controls

Because females performed better than their male counterparts in all experimental groups —
including PBS controls - in terms of median survival, it was hypothesized that females would
have a background host response that promotes better infection control than males. In order
to identify any such features in their lung morphology during severe disease, as well as, how
the best performing vaccine in males would approximate those possible male specific
deficiencies, H&E staining of lung sections from PBS control females and males, together with
BCGABCG1419c males were undertaken. Image quantification uncovered that the area of
organized lymphoid aggregates, as identified from their morphological features and previously
shown to be composed of B cell follicles*1%, differed significantly between PBS control

females and males.

These organized lymphoid structures, have been associated with better disease outcome in
chronic diseases such as cancer as well as in infections such as TB*104269270 _ including in TB
vaccination'%%?71, |t is also a possible site for B cell, CD4 T cell and CD8 T cell
interaction!%%272273  Chronic diseases such as cancer and chronic infections such as TB share

overlapping immune landscapes of CD8 T cell exhaustion®8>172 and males, in general, have an
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immune landscape permissive to T cell exhaustion compared to their female
counterparts3417>, Acknowledging these peculiarities, it was hypothesized that a possible area
of interaction between CD4 T cells, B cells and CD8 T cells or CD8 T exhausted progenitors
could be within these organized lymphoid structures. Such an interaction, as described
previously9%198205273 “\would have the potential to aid the transition of CD8 T exhausted
progenitors to CD8 T effector like state — away from their otherwise terminally exhausted
fate®®. Mature tertiary lymphoid structures also have mature dendritic cells in addition to B
cells and T cells?’°. Therefore, it could provide a site for both the calibration of dendritic cells
via CD4 T cells together with interferon alpha and beta, as well as for the interactions between

these calibrated dendritic cells and CD8 T cells, guiding CD8 T cell responses'®®279,

Broadly supporting such a hypothesis, this study identified increased organization of lymphoid
structures in BCGABCG1419¢c males, now becoming comparable to unvaccinated females.
However, the detailed composition of these structures, its relationship with CD8 T cell
response and its mechanistic underpinnings in vaccine mediated protective immune responses
during Mtb challenge require further study. Such a study would conclusively describe the
extent of such associations with protective immunity and whether such increase in
organization of lymphoid aggregates also contribute to the known ability of BCGABCG1419c to

restrict T cell exhaustion as compared to BCG!%,

6.3. Specific cellular (recall) responses following vaccination correlates with enhanced
protection during Mtb infection

Because of the well-established role for CD8 T cell responses!'#129248 3long with the well
acknowledged role of CD4 T cells and the role of B cells that is becoming increasingly apparent
in Mtb protection?820>245246 it was decided to probe the efficacy of vaccination to promote
those responses. The hypothesis about possible sex specific differences was further
strengthened by the findings of male specific peaking of rBCG (VPM1002 and BCGABCG1419c)
vaccine strain CFUs following vaccination, which led to reason that they would generate
potentially different immune (memory) responses as compared to BCG, specifically in males.
An increased antigen load, in general, has been shown to grant a male specific benefit, as in
the case of influenza vaccine, where males require double the dose as compared to females

to induce comparable levels of antibody response in influenza vaccinel’8,
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Therefore, any potential sex specific difference in B and T cell proliferative responses were
probed upon ex-vivo restimulation with Mtb whole-cell lysate at days 28 and 90 after
vaccination. The time-point of 90 days post-vaccination has also been recently used in a human
study of BCG vaccine to decipher the memory responses post-vaccination?’* —in line with the
reasoning that B and T cell response to restimulation at this time-point would largely be
derived from memory populations. Agreeing with the hypothesis, CD8 T cell proliferative
response in LN to ex-vivo restimulation with Mtb whole-cell lysate at day 90 post-vaccination
mirrored the survival advantage provided by BCG and BCGABCG1419c in a sex specific way.
While the median survival of BCG and BCGABCG1419c vaccinated mice were comparable post
Mtb challenge in females, with both providing statistically significant survival advantage for
females — BCGABCG1419c and not BCG provided a survival advantage for male mice - a result
that is mirrored by day 90 post-vaccination CD8 T cell proliferative response. This is in line with
established literature demonstrating the role of CD8 T cell response in protection against Mtb

in both VPM1002 and BCGABCG1419¢!14120,213,

At day 28 post-vaccination, increased proliferation of both CD4 T cells and B cells were
observed in BCGABCG1419c vaccinated males compared to their BCG vaccinated counterparts
—with BCGABCG1419c demonstrating a higher mean as well as a greater statistical significance

over PBS control males in both cases, compared to BCG vaccination.

CDA T cells are essential to prime naive CD8 T cells in both sexes and contribute to the quality
as well as magnitude of CD8 T cell responsel%:205262275276 B cells have also been shown to
direct T follicular like helper cells into lymphoid follicles enabling Mtb control in a murine
model of the disease!®. A known site of CD4 T cell and CD8 T cell interaction is in the areas
surrounding the B cell regions in germinal centers of LNs - lymphoid follicles being their
counterparts in non-lymphoid tissue?’”:2’8. Therefore, it is presumable that such interactions
at an early time-point in draining LNs following vaccination could, hypothetically, affect the
quality of CD8 T cell memory response. Moreover, sex differences determining the fate of CD8
T cell during the priming process are largely extrinsic to the CD8 T cell and related to other
factors such as antigen presentation - events estradiol has been known to influence?26,
However, sex differences in the effector functions of CD8 T cells are known to be cell
intrinsic?®32, In this context, it must be noted that the 96 hour ex-vivo restimulation protocol

in this study did not have added sex hormones. Therefore, the sex specific picture that have
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been captured during ex-vivo restimulation are those likely due to cell intrinsic nature of sex
differences — imprinted either in their genome or epigenome or those imprints driven by sex
steroids before LN harvest. Therefore, the LN harvest at day 28 post-vaccination and their
subsequent co-culture without added sex hormones may not have fully captured the sex
specific effects of cell-cell interactions and antigen presentation occurring under the direct
influence of sex steroids prominently. However, because these events would have continually
occurred before day 28 post-vaccination as well, it could be hypothesized that some
information would also be revealed at day 28 ex-vivo restimulation of LN with Mtb whole-cell
lysate — as shown from the relationship between day 28 CD4 T cell and day 90 CD8 T cell
proliferation as well as between day 28 CD4 T and B cell proliferation during correlation

analysis.

Males are also known to have increased T cell exhaustion during chronic conditions3%3>173,
along with lower CD4/CD8 T cell ratio?®. CD8 T exhausted progenitors could be redirected from
their terminally exhausted fate to a partially functional effector-like exhausted fate with CD4 T
cell help®%2%, as well as with a less defined role for B cell help?”’®. Hypothetically, females
should have no such remarkable deficiency in CD8 T cell responses following vaccination with
either vaccine and exposure to Mtb antigens, as BCG is comparable in its efficacy to rBCGs in
females. Even following vaccination, females have been shown to develop more efficient CD8
T cell responses relative to their male counterparts?8%281, However, such an additional help
from CD4 T cells to CD8 T cells during the priming phase would be particularly relevant for
males. It could hypothetically drive CD8 T cell memory phenotype, stemming from a better
functional population of CD8 T cells, during the contraction phase of the acute response to
vaccination. Thus, effecting the sex specific memory responses indicated by CD8 T cell
proliferation upon restimulation at day 90 post-vaccination. CD8 T cell exhaustion has also
been described as one of the reasons for the waning efficacy of BCG vaccination, both in the

context of TB as well as in its use for bladder cancer treatment!73:248,

In broad agreement with such a reasoning, in BCGABCG1419c vaccinated males at day 28 post-
vaccination, CD4 T cell proliferation was significantly enhanced over male PBS controls — with
a higher mean and greater significance than that provided by BCG over PBS, specifically in
males. Similarly, at this time-point, B cell proliferation was significantly increased in

BCGABCG1419c vaccinated males but not in BCG vaccinated males over PBS control. However,
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in females both vaccines significantly increased B cell proliferation at this time-point, although
BCGABCG1419c showed higher mean and greater significance than BCG over PBS control.
Additionally, in agreement with published data showing the importance of CD8 T cell response
in Mtb control and the demonstrated association of BCGABCG1419c to enhance CD8 T cell
responses42%0 statistically significant correlation was observed between CD8 T cell
proliferation upon Mtb whole-cell lysate restimulation ex-vivo at day 90 post-vaccination and

survival post Mtb challenge.

Further, it was reasoned that if there were specific benefits offered by CD4 T or B cells, such as
in overcoming the exhausted CD8 T cell landscape as is known to be more prevalent in TB,
even more so in males generally3%°3282 CD4 T cell and/or B cell proliferation during the early
(day 28 post-vaccination) phase would have an association with CD8 T cell memory responses
at the late (day 90 post-vaccination) phase. A recent study in a lung cancer model identified
tumor associated CD4 T cell - identified to be T follicular helper cells in single-cell ribonucleic
acid sequencing (scRNA sequencing) - and germinal center B cell help as being required for
effective CD8 T cell response against tumor neoantigens?*’. Similarly, CD4 T cell help —
especially IL-21 produced by CD4 T follicular helper cells, which are located in LNs and tertiary
lymphoid follicles?83 —is required for robust CD8 T cell responses in models of chronic infection
and vaccination, thereby enhancing CD8 T cell responses and development of CD8 T cell
memory post-vaccination?62284, CD4 T cells have also been shown to direct CD8 T exhausted
progenitors away from a terminally exhausted fate, and instead towards a CD8 T effector like

fate — retaining many of the effector functions®°.

In line with expectations, those were among the top 5 high-variance features identified in PCA
analysis. Further, Spearman’s ranked correlation analysis found a significant positive
correlation between day 28 post-vaccination CD4 T proliferation and survival as well as with
that of day 90 CD8 T cell proliferation following restimulation. CD8 T cell proliferation at day
90 post-vaccination also demonstrated significant positive correlation with survival post Mtb
challenge. Day 28 B cell proliferation had a significant positive correlation with day 28 CD4 T
cell response, in line with reciprocating help provided by CD4 T cells and B cells during the
priming phase?8>-287, However, in the current study model, the correlations of early (day 28) B
cell responses with survival post Mtb challenge as well as with late (day 90) CD8 T cell

responses did not reach significance. It might be due to technical limitations rather than an

63



absolute absence of relationship — that could be potentially identified by further subtyping of
B and T cells using a spectral fluorescence cytometry platform or by scRNA sequencing

analysis.

Nevertheless, the analysis from this study points to a potential role for CD4 T cells and B cells
early in the draining LNs (day 28 time-point of analysis), during acute response to vaccination.
Whether this would play a causal role in the higher CD8 T cell proliferative responses in both
sexes —and whether newer rBCGs such as BCGABCG1419c direct at least part of their improved
efficacy in males through enhanced CD4 T cell and/or B cell responses, as the case maybe for
individual vaccine candidates early during vaccination, which in turn directs CD8 T cell memory
formation that is better protective against a subsequent pathogen encounter remains to be
elucidated. Further studies will delineate whether such a mechanistic relationship exist — and
if so, their extent and also the vaccine features that enable such an immune response. The
knowledge from such future studies is useful beyond developing TB vaccination, particularly
in other conditions where chronic exposure to antigen(s) and T cell exhaustion adversely

affects disease outcome as in several cancers.

6.4. Male mice lack specific subpopulations of CD8 T cells in spleen compared to females
following vaccination and restimulation

Because males performed poorly compared to females even with BCGABCG1419c vaccination
—that ameliorates the male specific vulnerability of BCG — combined with the sex and vaccine
specific nature of CD8 T cell proliferation that was uncovered in the present study, it was
inquired whether these differences that were observed would also translate into systemic
differences in CD8 T cell responses. Spleen was chosen as an organ to assess these systemic
responses as spleen has high blood flow and is a secondary lymphoid organ. Therefore, it was
reasoned that spleen would provide the possibility to capture some of the very few circulating
memory T cells, following vaccination. Although the day 90 post-vaccination time-point was
the focus for detailing of the memory CD8 T cell responses in LNs, the day 28 post-vaccination
time-point was chosen to detail CD8 T cell responses in spleen. It is because at day 90 post-
vaccination, CD8 T cell proliferation in spleen is similar between Mtb whole-cell lysate
restimulation and homeostatic proliferation as captured in the experiments of this study.
However, more than pointing to an absence of circulating memory CD8 T cells at the day 90

time-point, it might point to limitations in the technique and the broadness of the fluorescence
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cytometry panel which is limited in the required depth to extract the very few circulating
central memory population from the overall CD8 T cell population — and to also differentiate
it from those responding non-specifically to Mtb whole-cell lysate in the background including
via innate activation of memory T cells independent of cognate antigen?®¢-2°°, More powerful
methods delving into detailed transcriptional state of individual cells, such as scRNA
sequencing, would probably identify the contracted population of circulating memory T cells

even at the late time-point of day 90 post-vaccination.

Nevertheless, from the Mtb whole-cell lysate restimulation of splenocyte co-culture from
spleens harvested at day 28 post-vaccination, specific clusters of proliferating CD8 T cells that
showed differences between sexes irrespective of vaccine choice were identified. Future
studies, with a detailed fluorescence cytometry panel for CD8 T cells coupled with dedicated
algorithms to quantify such differences, would help to identify the precise phenotype and
extent of these differences. Further, they can be sorted by newer spectral fluorescence
cytometry-based sorting platforms and analyzed via RNA sequencing or proteomics methods
to gain a deeper insight into those populations specifically present in females and absent in
males and vice-versa. Functional studies would determine whether the differing populations
are associated with reduced protection of males against Mtb challenge as compared to their
respective female counterparts, both in vaccination and control groups. scRNA sequencing
would also help determine whether these populations are “helped” or “unhelped” CD8 T cells,
with regard to the help received from CD4 T cells particularly through CD4 T cell interaction

with antigen presenting cells®®

— or directly by CD4 T cells when they are CD8 T exhaustion
progenitors, in aiding them to differentiate to CD8 T effector like fate®. Helped CD8 T cells

have been shown to have a better functionality to offer protection in infection models®%205,

6.5. Implications of the current study and its limitations

Despite the established influence of biological sex in TB, the underlying biological basis of
which is being increasingly delineated in multiple studies?”*81%, the role of biological sex in
BCG and emerging vaccine candidates against TB is scarcely explored. The present study, for
the first time to the best of my knowledge, investigates the underlying biology of male specific
deficiency in BCG vaccine mediated protection in a resistant mouse model of TB, broadly in
line with most of the human population being able to resist an encounter with Mtb?°*. Further,

for the very first time also to the best of my knowledge, a role for newer derivatives of BCG to
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ameliorate the male specific vulnerability in BCG mediated protection was identified. Further,
specific features such as CD8 T cell response in draining LN co-culture from LNs harvested 90
days post-vaccination were shown to be correlated with survival following Mtb challenge. Also,
specific populations of proliferating CD8 T cells in spleen co-culture post-vaccination that are
differing across sexes irrespective of vaccine choice were elucidated. However, the role of
these specific CD8 T cell clusters in mediating vaccine efficacy, their causal relationship and

whether they are more important for one sex over another deserve further study.

Moreover, being one of the first-in-class studies to investigate the underlying biology of sex
differences in BCG vaccination in relation to newer rBCGs, the current study was driven by
broad hypothetical questions to investigate whether such a male specific vulnerability exist for
BCG efficacy in a resistant mouse model of TB and if so, the ability of newer rBCGs to
ameliorate the male specific vulnerability of BCG - as well as to uncover pointers of the
biological basis of this male specific vulnerability. As such, a deep characterization of cell
populations of interest identified in the current study could not be performed within its scope.
The scope of the current study was to identify any potential differences specific to sex in broad
cell populations following BCG vaccination such as CD8 T cell response, which has also been
implicated in the efficacy of both VPM1002 and BCGABCG1419c¢ vaccine candidates. Future
studies, using more comprehensive approaches involving platforms such as proteomics,
sequencing and spectral fluorescence cytometry will help to specifically characterize these
identified populations of interest, as well as to extensively evaluate the subtypes of those

broad cell populations in a sex specific manner.

6.6. Some final thoughts on the field of TB vaccination

Vaccination remains the corner-stone for prevention of many infectious diseases in
communities across the world. Diseases such as smallpox, polio, tetanus, diphtheria among
others, have seen dramatic reductions in incidence up to total eradication following vaccine
development, with vaccines being 97-100% effective in prevention of these diseases that are
mentioned, except for smallpox where it has been about 95% historically??72°, Certain other
diseases prevented by appropriate vaccination nearly 100% of the time, although a little less
common, have very high mortality — sometimes nearing 100% fatality once symptoms develop

as is the case in rabies?®’.
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Nevertheless, development of effective vaccines against (obligate) intracellular bacteria have
largely remained as a challenge for the field. Although some vaccines are approved for bacteria
requiring an intracellular life-cycle, such as Salmonella typhi (the causative agent of Typhoid),
they remain relatively poor in efficacy, at about 45% in the case of Typhoid fever?®8, It is also
the case with BCG in prevention of pulmonary TB in adults with an efficacy 0-80%, which is
widely variable?®. One of the compounding factors for the slow development of vaccines in
this category is the difficulty in describing clear correlates of protection for many of these
diseases — a situation that is expounded in TB, with its complex landscape of immune response
spanning acute, chronic and latent phases of infection — whose implications in TB disease and
vaccination are still being actively investigated!333%, Currently, to the best of my knowledge,
no TB vaccine candidate claim sterilizing immunity as an end-point in pre-clinical models,
although two vaccine modalities have demonstrated sterilizing immunity for a subpopulation
of infected group in animal models3°13%3, Nevertheless, very few of the TB vaccine candidates
have reached advanced stages of human clinical trials. The recent recognition and funding
obtained from International AIDS vaccine initiative (IAVI) for further development of MTBVAC,
the only vaccine candidate made from attenuated Mtb itself to be currently in the pipeline,
showcases the urgency for an effective vaccine3%*3%, Although it significantly reduced lung
pathology and disease scores compared to unvaccinated control and BCG in animal models, at
least in one major study it did not provide a clear statistically significant survival advantage
over either BCG or unvaccinated controls in an animal model of TB, although a trend was
apparent3%, Nevertheless, vaccines that halt disease development and progression itself has
been projected to contribute to hundreds of billions of dollars in saved costs by 20503%,
thereby potentially allowing the population in the most vulnerable regions of the world to
develop socio-economically. Indeed, reducing extreme poverty has been projected to reduce
TB disease burden by about 33% by 20353%. However, this does not take into account the
disruption inflicted by the SARS-CoV-2 pandemic, further emphasizing the urgency for the
development of effective strategies to contain TB. Because TB is spread over wide geographical
areas and populations, vaccination using the actual human causative agent might provide a
broader spectrum of antigens that is able to accommodate the diversity in MHC haplotypes

across human populations.

On the other hand, VPM1002 which is currently in phase 3 clinical trials, was concluded to be

less “immunogenic” as compared to BCG in a phase 2 study outcome in infants that was
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recently published!!’. However, this study has not comprehensively analyzed the long-term
infection risk, as well as those in immune-compromised populations where BCG use is contra-
indicated. In the absence of clear correlates of protection, the very interpretation of
“immunogenic” - whatever parameters that definition may include - as a surrogate for disease
protection becomes challenging. This further points to the urgent need to mechanistically

understand the immune landscape of TB in the context of both disease and vaccination.

6.7. Concluding remarks

TB is a disease that shows a strong male preponderance in disease development, with males
at least two-fold as likely as females to develop TB2’ — and TB vaccine (candidates) including
BCG, VPM1002 and BCGABCG1419c demonstrate sex specific (dis)advantages in the survival
study upon Mtb challenge conducted in the current project. Therefore, the investigation of its
immune landscape without considering biological sex and its increasingly recognized role in
the immune response would further preclude a clear delineation of parameters conferring
disease protection or encouraging progression. Any successful vaccination strategy should
address the groups most vulnerable to disease in a population. With males being at least two-
fold more likely than females to develop TB, any strategy that do not address the specific
disease vulnerability of males would be limited in its impact in arresting TB. However, many
studies on TB, including vaccination, do not assertively address the influence of sex?” — the
effect of which is illustrated by the result from this study showing BCG to be significantly
effective against TB over PBS controls in female mice, while BCG provides no statistically
significant survival advantage over PBS controls in male mice; a finding that is also replicated

using another Mtb strain in a susceptible mouse model of TB??°.

Future investigations aimed at delineating the immune-landscape of both females and males
in TB disease and vaccination — aiming to delineate why females are better protected when
males have a stark vulnerability to TB disease development — would help understand and
describe sex specific reasons for immunity and vulnerability to TB. In addition to informing
vaccination and treatment strategies that ameliorate sex specific vulnerabilities of male sex in
TB disease development, the general concepts of sex specific immunity would provide hope
for the development of disruptive therapeutic and preventive vaccinations for chronic diseases
characterized by a landscape of immune insufficiency and exhaustion in the future. It could

take advantage of current developments in mathematical modelling, computer science and
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technology, such as in fluorescence cytometry, imaging, proteomics and sequencing platforms
among others, to harness and analyze necessary data, as well as to identify patterns within the
heavily networked immune-landscape that could not be investigated until now — all the while

continually embracing newer vaccine platforms that are gaining approval for medical use.
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Suppl. Figure S1: Gating strategy to analyse CD8 T cell, CD4 T cell and B cell proliferation in lymph
nodes in response to ex-vivo restimulation. Representative flow cytometry plots for detection of
proliferated CellTrace™ Violet-labeled CD4+, CD8+ or B220+ cells from lymph nodes 28 or 90 days after
vaccination in response to restimulation with ConA for 96 hours. Proportion of proliferated cells was
determined as the population within marker gate. Gating strategy depicted by an example of cells
isolated from the lymph node of a female C57BL/6 mouse shown for day 28 after BCGABCG1419c
vaccination (data from Harikumar Parvathy et.al., 2024%8),

86



IgA IgG

£ 1.0 £ 1.04
S s * Female
g 081 g 081 o Male
= + .
@ 0.6 T 0.6
3 g
& 0.4 5 0.4 .
0 0
e . e
% 021 a® P ald g 2 lm® B B
0.0=+ 0.0- —
lgMm lgG2a
g 1.0 £ 1.09 ° o
£ °e ¥ 3
o 0.8 o i o o 0.8
<t o < -
- -t
T 0.6 © 0.6
3 0.4+ 3 0.4+ % %
20248 & 20240 £
e i
0.0- 0.0-

Suppl. Figure S2: Mitb whole-cell lysate specific Ig type A, M and G, in lung homogenates. Female and
male C57BL/6 mice were vaccinated s.c. with 10° BCG or BCGABCG1419c, respectively, or PBS (mock
control), and immunoglobulin concentrations were determined in lung homogenates at day 28
following aerosol Mtb challenge (n = 3-5 mice per group of 1 experiment). Error bars represent SD from
mean (data from Harikumar Parvathy et.al., 2024%3%),
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#These are the utility functions to get subtracted images and Superimposed images. use
them accordingly.

import cv2

#Function to calculate and save a subtracted image.

#Input: two image paths used for subtracting images(example:
Desktop/gish/images/weighted_final-4.png) and also path to save(example:
Desktop/gish/images/weighted_final-4.png).

def subtract_images(path_img_1,path_img_2,path_to_save):
img0 = cv2.imread(path_img_1)
imgl = cv2.imread(path_img_2)
diff = cv2.subtract(imgl,img0)

cv2.imwrite(path_to_save, diff)

#Function to superimpose three subtracted images.

#Input: path to the subtracted images from subtracted_images function above and also path
to save superimposed image(example: "Desktop/gish/images/weighted_final-4.png")

def superimpose_difference_images(path_diff_1,path_diff 2,path_diff 3,path_to_save):
diff_1 = cv2.imread(path_diff 1)
diff 2 = cv2.imread(path_diff _2)
diff_3= cv2.imread(path_diff_3)
XY,z = np.where(img4 > 0)
diff_2[x,y] = [255,100,50]
XY,z = np.where(img5 > 0)
diff_3[x,y] = [255,255,0]
dst = cv2.addWeighted(diff_1,1,diff_2,1,0)
dst_max = cv2.addWeighted(dst,1,diff 3,1,0)

cv2.imwrite(path_to_save, dst_max)

Suppl. Code S3: Code for subtraction of homeostatic proliferation from restimulation and the
superimposition of UMAP images of all restimulated proliferations sex-wise (data from Harikumar
Parvathy et.al., 2024%3%),
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def subtract_images(path_img_1,path_img_2,path_to_save):
img0 = cv2.imread(path_img_1)
imgl = cv2.imread(path_img_2)
diff = cv2.subtract(imgl,img0)

cv2.imwrite(path_to_save, diff)

Suppl. Code S4: Code for subtraction of superimposed female and male UMAP images, in order
identify proliferating populations unique to females and males.
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