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Lay Abstract:

There are over 2 billion individuals infected with TB and 37.7 million people living with
HIV (PLWH) worldwide. When someone is co-infected with both diseases, the risk of
death is greatly increased. Research in co-infection and developing effective TB
vaccination for PLWH are urgent global issues. Animal studies are currently limited
because studying HIV requires human immune cells. Our lab has established humanized
mice (hu-mice) that develop many different human immune cells and are useful for
HIV/Mtb co-infection research. When hu-mice were co-infected, they showed more dying
lung tissue, immune cell loss, and bacteria in the lungs. Hu-mice were also used to study
human immune responses to a novel TB vaccine delivered to the lungs. Trends of higher
immune responses towards TB were observed in the lung and spleen of immunized hu-
mice. Overall, this project shows the utility of hu-mice as pre-clinical models of HIV/Mtb

co-infection and Mtb vaccine studies.



Abstract:

There are an estimated 2 billion individuals infected with Mtb, and 37.7 million people
living with HIV (PLWH) worldwide. HIV/Mtb co-infection increases the risk of
developing active tuberculosis by over 20-fold, and 210,000 of 1.5 million deaths from TB
were among co-infected PLWH in 2020. Therefore, development of effective TB
vaccination, particularly within the vulnerable PLWH population, is an urgent global issue.
With limited in vivo models to study co-infection, humanized NRG (huNRG) mice and
humanized DRAG-A2 mice (a next-generation of huNRG mice expressing HLA class |
and Il transgenes with improved human immune reconstitution, huDRAG-A2) are
promising tools for HIV and TB reserach as they develop robust human immune cell
populations and recapitulate many aspects of HIV or TB clinical disease. HIV/Mtb co-
infection was investigated using huNRG and hu-DRAG-A2 mice in separate experiments
where intravaginal (with DMPA pre-treatment) or intraperitoneal HIV-1 infection was
administered, respectively, and intranasal infection of Mtb was administered 3.5 weeks
later. Both huNRG and huDRAG-A2 mice recapitulated hallmark features of HIVV/Mtb co-
infection such as severe granuloma pathology, hCD4+ T cell depletion in lung and spleen
tissue, and human like lung pathology such as Mtb-infected foamy macrophages in the
granuloma. Co-infected huDRAG-A2 mice also displayed significantly higher bacterial
burden in the lungs, increased extrapulmonary dissemination into spleen and liver, and
significantly lower hCD4+ T cells in the peripheral blood post-Mtb infection when
compared to the Mtb-only infected group. To investigate TB vaccine immunogenicity,

huNRG and huDRAG-A2 mice were immunized with a novel trivalent vaccine,

iv



AdCh68MYV. Upon intranasal immunization, both models showed trends of developing
higher Mtb antigen-specific hCD4+ T cell responses in the lung and spleen. Overall, this
project sets the initial stages of a pre-clinical HIVV/Mtb co-infection model in huNRG and
huDRAG-A2 mice appropriate for immune investigations, therapeutic and vaccination

development.
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Chapter 1. Introduction

Chapter 1.1. Tuberculosis

1.1.1. TB Epidemiology and Significance

Mycobacterium tuberculosis (Mtb) is a non-motile, obligate aerobe, acid-fast bacillus that
causes the disease pulmonary tuberculosis (TB). An estimated 2 billion people (around 1/4
of the current global human population) are infected with the Mtb bacteria and in 2020 over
4000 individuals died from the infection every day [1,2]. Although the majority of these
infections do not display clinical symptoms, and thus are considered latent TB infection
(LTBI), TB is still a major global concern for several reasons. Over 95% of TB cases and
deaths occur in developing countries; these areas are also facing many other health,
nutrition, and information provision challenges which exacerbate the TB endemic [2]. For
instance, the financial burden of accessing healthcare (hospitalization, transportation,
treatment, etc.) is greater for those with lower incomes [3]. Public awareness and
information dissemination regarding TB is still lacking within those with lower social
economic status and this reduces the effectiveness of the efforts in prevention and control
of the disease [4-6].

Another serious concern regarding TB is the increase in multi-drug resistant (MDR) Mtb
and extensively-drug resistant (XDR) Mth. The decades of anti-Mtb drug use is becoming
increasingly ineffective as strains of Mth bacteria are now resistant to at least one or more
of these drugs [7]. This issue is worsened by the non-compliance from patients prescribed

mono-drug therapies. With the increase in drug-resistant Mtb, global treatment success is
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greatly reduced (around 56% success rate) leading to increased patient mortality from TB
[8]. Only one third of those with drug-resistant TB accessed treatment in 2020 illustrating
that MDR-Mtb and XDR-Mtb is a global public health crisis [9]. Despite the fact that
individuals with LTBI do not show clinical symptoms, there is still a concerningly large
pool of bacterial reservoir within the human population. Those with LTBI can have up to a
10% lifetime risk of developing active tuberculosis (ATB) which can cause lung necrosis
and death if untreated [10]. The overall reported incidence of TB is declining at a very slow
rate, and in many countries MDR- and XDR- Mtb cases are on the rise [2]. However, it is
notable that some studies showing the capability of Mtb self-clearance (meaning that
individuals fully clear infection and do not sustain lifetime infection) may offer evidence
that the 2 billion latently infected individuals could be an overestimation [11-13].
Regardless, it is clear that TB is an urgent global issue that warrants further research in not

only treatment and cure, but also vaccination and disease prevention.

1.1.2. Mycobacterium Tuberculosis Transmission and Host-pathogen

Interactions

Mtb is transmitted through the air via respiration when an individual with the disease expels
airborne bacteria in droplets or aerosolized bacterial particles which are inhaled through
close contact by another host [14]. The inhaled dose of Mtb is dependent on the proximity

of contact, respiratory rate, and exposure duration [15,16]. Although higher inhaled doses
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of infectious particles may increase the likelihood of more severe disease, the minimum
infectious dose in the human lung can be as low as fewer than 10 bacteria [17]. After
gaining access into the lower respiratory tract, Mtb infects resident alveolar macrophages
and other phagocytes such as dendritic cells (DCs). Upon infection of alveolar macrophages
and DCs, Mtb is able to evade the killing mechanisms of these phagocytes by preventing
the fusion and acidification of phagosomes and lysosomes to form phagolysosomes [18—
20]. As aresult, Mtb is able to survive and replicate within the phagosomes which can lead
to cell death via necrosis rather than apoptosis. Apoptosis would contain the infection and
allow for antigen processing, while necrosis allows Mtb to further disseminate and infect
other cells [21]. Toll-like receptors (TLR) and other pattern-recognition receptor (PRR)
pathways of these macrophages and DCs are activated by Mtb ligands to produce
proinflammatory cytokines and chemokines that recruit more phagocytes [22]. Specifically,
neutrophils and monocytes first arrive to phagocytose the remaining Mth and again
produces more cytokines and chemokines [23]. In this cycle of phagocyte recruitment, Mtb
gains access to more host cells to infect, replicate, and establish a larger bacterial reservoir.
These antigen presenting cells (APCs) also travel to surrounding lymph nodes to present
Mtb antigen to lymphocytes in an effort to activate adaptive immunity [24]. NK cells and
T lymphocytes such as CD4+ T cells and CD8+ T cells are then recruited to the site of
infection and contributes to the formation of granulomas which is the hallmark lung
pathology of TB [25-27]. For instance, DCs can prime T cell differentiation into T helper
1 (Thl), T helper 17 (Th17), and cytotoxic effector T cell subsets [28,29]. Studies have

suggested that the involvement of adaptive immunity is often delayed during TB infection,
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and as a result provides Mtb more time to replicate and establish a substantial bacterial
reservoir prior to lymphocytes arriving to help contain the infection [30,31]. However, once
the full immune granuloma structure is formed with CD4+ T cells helping the activation of
macrophages, the granulomas are very effective in containing, but not eliminating the
infection [32]. CD4+ T cells secrete many important cytokines such as interferon (IFN)-v,
tumour necrosis factor (TNF)-o and interleukin (IL)-2, which are necessary for cell-
mediated immunity activation and anti-mycobacterial responses [33]. During this process,
Mtb can also evade adaptive immunity mechanisms such as preventing the recognition of
infected macrophages by inhibiting major histocompatibility complex (MHC) class 11
antigen presentation [34]. This would hinder CD4+ T cell-mediated immunity to Mtb as
macrophages also greatly rely on CD4+ T cell activation for microbicidal functions such

as nitric oxide production [35,36].

Due to variability in individual immune cell responses and host-pathogen interactions in
humans, the granuloma is an organized aggregation of different immune cells forming a
complex, variable, and heterogenous structure. Separate granulomas can have unique
micro-environments each independently influenced by the quality of the localized immune
response, the number of bacteria, and the extent/status of tissue pathology or disease
[35,37]. In general, TB granulomas are organized in a spherical structure where Mtb
populate most abundantly near the centre and are immediately surrounded by macrophages
that are at various stages of activation [38]. These macrophages are surrounded by NK cells,

neutrophils, and lymphocytes such as T cells and B cells [39]. As the lung granuloma
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matures, fibroblasts and other highly differentiated macrophages such as foamy
cells/macrophages, multinucleated giant cells, and epithelioid cells can also be found within
the structure [40,41]. During this stage, the structure can also form an outer fibrous cuff
that encompasses the macrophage layer and many lymphocytes can be excluded or walled-
off from the granuloma center and accumulate around the outside the fibrous cuff [41]. In
more severe stages of granulomas which are more frequent in ATB, the granuloma centre
will have an increasing accumulation of necrotic macrophages and foamy macrophages
that develop after up-taking excess lipids from the dead cells [42,43]. Further apoptosis and
necrosis of cells accumulate in the core and this cycle leads to the buildup of lipids forming
a central necrotic core termed the caseum [44]. Eventually severe cavitation develops from
the dissolution of the caseum, and the granuloma structure fails to contain Mtb bacilli

leading to release of infectious Mtb into extrapulmonary tissue [42,45].

The formation of granulomas is the result of both the host cell-mediated immunity and
pathogen immune evasion creating a host-pathogen equilibrium. Recruited cells that are
meant to control infection are also supplying Mtb with more host cells to infect. This
balance is mostly maintained until a disruption occurs such as through introduction of
immunosuppressive therapies [46,47] or factors like HIV-1 infection [48]. When the scale
is tipped towards Mtb replication or away from host immunity, the granuloma may no
longer be able to contain the infection leading to bacterial dissemination and the
development of ATB. Although in vitro studies and animal models have offered good

insight into host-pathogen interaction within the granuloma, there are more complex
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mechanisms (especially considering different granuloma microenvironments) within both

immunocompetent and immunocompromised individuals that require further investigation.

1.1.3. Clinical Presentation

Exposure to Mtb can present with three different outcomes. Some individuals are able to
fully eliminate Mtb upon exposure which is likely due to enhanced innate immune
responses [12]. The majority are unable to fully eradicate the pathogen with solely their
innate immunity and subsequently sustain Mtb infection. As described in chapter 1.1.2. the
adaptive immunity generated to contain infection and prevent dissemination is often not
sterilizing immunity, and thus the host remains latently infected which is defined clinically
as LTBI. Individuals who are latently infected (especially those with weakened immunity)
are at risk of developing clinical ATB [14,49]. Finally, within some individuals, infection
with Mtb can directly result in ATB likely due to an inability to mount a sufficient innate
and/or adaptive immune response to control the initial exposure and Mtb replication.
Clinical diagnosis of LTBI can be challenging as no symptoms are displayed and can
present on a clinical spectrum varied across individuals. Once cellular immunity has been
established during LTBI, the tuberculin skin test (TST) and the interferon gamma release
assay (IGRA) can be used to confirm the status of latent infection [14]. TSTs subjectively
measure non-specific tuberculin antigen reactivity on the skin, while IGRAs measure IFN-

y released from Mtb-specific T cells after peripheral blood mononuclear cells are stimulated
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by Mtb-specific antigens. Although the TST is overall more cost effective and is
advantageous in low-resource settings, IGRAS report to have higher specificity than TST
for detecting tuberculosis infection [50-52]. IGRASs results are also not influenced by
subjectivity of interpretation and are not confounded by previous exposure to Bacillus
Calmette-Guérin (BCG) vaccination or non-tuberculous mycobacterial infections [50].
However, the relatively low and inconsistently reported sensitivity of both tests ranging
from 70%-90% means that a negative result cannot completely rule out latent infection [50].
Some individuals especially young children may have low reactivity to TST [52].

Both of the aforementioned diagnostic tests have poor predictive value of ATB, and thus
upon confirmation of Mtb infection with a positive screening test, a patient can undergo
several other diagnostic tests including imaging (using chest X-rays or PET-CT scans),
microscopy of sputum smears [53], Mtb culture-based tests [54], and molecular detection
methods [55-57]. Imaging tests are normally used for ATB screening and will require
further culture or molecular diagnosis upon a positive result [58]. These diagnostics for
ATB are well-established for adults but diagnostics for young children still remain
challenging due to their relatively inconsistent and unreliable results which can often
present as negative due to paucibacillary TB (having low numbers of bacilli). Nucleic acid
amplification assays such as the Xpert MTB/RIF has been developed to not only detect Mth
but also identify MDR-Mtb and it is currently recommended by the World Health
Organization (WHO) as the frontline diagnostic testing for both children and adults
suspected to have ATB [56,57]. When diagnostic results are still ambiguous, they are often

paired with exposure history and other signs and symptoms for diagnosis of disease [14].
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Common symptoms of ATB can include coughing with sputum and/or blood, chest pains,
weight loss, fever, and night sweats [59]. It is important to note that these clear
classifications of LTBI and ATB are used for simplicity in the clinical setting. In reality,
TB disease presents on a wide spectrum of clinical presentations where LTBI patients can
present with different testing results, and ATB patients may also be classified as having

subclinical disease only being periodically contagious.

1.1.4. Human Pathology

To fully understand the complexity of human pathology, specifically lung pathology during
TB infection, it can be useful to differentiate primary TB and secondary TB infection as
pathology may differ in these separate cases. Primary TB infection is the first exposure to
Mtb and includes early infection where Mtb is either eliminated, contained (such as in
LTBI), or directly progressed to ATB. In the first 2 cases, macrophages and other cell
mediated immunity have developed responses against Mtb. Secondary TB (also termed
post-primary TB) is defined as either a secondary exposure to Mtb (second infection) or
reactivation of TB during later stages of LTBI after Mtb-specific immune responses are
established. Individuals who are exposed to Mtb as adults normally display pathology
consistent with “secondary TB” where they can contain infection as LTBI and potentially

have re-activation which is then classified as secondary TB/post-primary TB [60,61].



M.Sc. Thesis — J. Yang; McMaster University — Medical Sciences

For over a century, histopathology analysis of human patient samples was used to study TB
infection [62]. In the 1950s, antibiotics discovery led to beliefs that TB could soon be
eradicated and along with advancements in molecular biology and genetics in the 20th
century, research had shifted way from TB morphologic pathology assessments and studies
[62]. As a result, fewer post-mortem human patient samples are available to study chronic
disease, especially secondary TB. Currently, more advanced imaging techniques including
molecular imaging and histology techniques such as immunohistochemistry can help
overcome the diminished research in previous decades due to lack of human tissue samples
[63].

Whole lung histopathology and bacilli location in human LTBI was mostly based on
autopsy samples of patients who died of other causes. These samples may not be fully
representative of LTBI and thus many animal models attempt to recapitulate LTBI in vivo
for histopathology investigation. From early human pathology studies, LTBI lesions were
described as remaining scars from granulomas lesions healing [64]. Due to the
heterogeneous nature and spectral presentation of granuloma and lesion formation within
the lungs, evolution of granulomas are difficult to elucidate and this data has been mostly
extrapolated from animal studies. However, human lung pathology can be generally
characterized by significant inflammation evident from vasodilatation, edema, extensive
fibrous protein and cell collection in cavities, and lymphocyte infiltration [64]. Classical
human granuloma formation consists of macrophage aggregates that transform into
multinucleated giant cells which are characteristic of a classical granuloma or tubercle [44].

Caseous necrotic lesions within the lungs are characterized by solid central regions with
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very few bacilli and develop into hardened tissue or calcification [64]. The caseum within
caseous necrotic lesions can also soften with the presence of large bacterial loads where
development of ATB may follow [64]. From these characterizations in human disease,
some important characteristics for animal models to recapitulate are the following features:
the development of caseous necrosis within the granuloma surrounded by a
collagen/fibrous rim, intracellular and extracellular populations of bacilli, and cavity

formation within lesions resulting from the liquefying of the caseum.

More recent studies have used advanced imaging technique of multiplexed ion beam
imaging (MIBI) on human archived tissues and biopsies to obtain further insight on
granuloma immunoregulation, structural composition, and microenvironments. As
expected, TB granulomas were composed of mainly T cells and myeloid cells [65].
Macrophages expressing human CD68 and CD11b are concentrated mostly within the
central area of the granuloma with some spread throughout the periphery [66]. Human T
cells, in particular CD8+ T cells, are in the periphery surrounding the core of the of
macrophages. Cell density of CD68+ macrophages and CD8+ T cells were also found to
be higher in granulomas with more Mtb compared to granulomas with fewer Mtb [66]. The
core of the granulomas appear to be more immunosuppressive with myeloid cells
expressing immunoregulatory molecules programmed death ligand 1 (PD-L1) and
Indoleamine 2,3-dioxygenase 1 (IDO1) co-localizing with tumour growth factor g (TGF-
B) [65]. This is consistent with a findings that anti-inflammatory TGF-f or IL-10 production

suppresses inflammation and induces peripheral regulatory T cell (Treg) activity [67].
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Overall, this supports previous understanding of the immune down-regulatory
environments within the granuloma to promote Mtb survival [68,69]. Non-immune cells
such as endothelial cells, fibroblasts, and epithelial cells were found to be most abundant
in lung lesions. Out of the total immune cells enumerated and averaged from different
lesions, approximately 2.5% were neutrophils while other lower abundance cell
populations such as 1% of Tregs, 0.6% of mast cells, 0.2% of CD209+ DCs, and 0.1% of
vd T cells were also identified [65]. CD4+ and CD8+ T cells were present at around 17%
and 12% in diagnostic biopsy tissue, respectively. However, significantly lower
percentages of both CD4+ and CD8+ T cells were found in post-mortem specimen when
compared to biopsy tissue [65]. Since post-mortem specimen tissue were from patients with
fatal TB, this can indicate potential depletion of CD4+ and CD8+ T cells within the
granulomas of more severe TB disease. It is of note that once again, these studies have
highlighted the heterogeneity and complexity of granulomas where different
subpopulations proportions of lymphocytes, myeloid cells, and non-immune cells can be
present within different granulomas. Many of these complexities including the evolution of
granulomas or whole lung histopathology of primary TB infection cannot be ethically

investigated without the aid of animal models.

1.1.5. Animal Models for Investigating TB
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Mtb is naturally a human-specific pathogen, and although it is able to infect most mammals,
these animals do not easily transmit the infection. Regardless, a multitude of animal models
have provided great insight to the basic understanding of TB pathology, pathogenesis,
vaccination, antimicrobial drug treatments, and recapitulating different aspects of human
TB disease. Small animals used for TB studies ranked in order of frequency in literature
include mice, guinea pigs, and zebrafish [70]. Large animals that are useful for TB studies
include rabbits, cattle, and non-human primates (NHPs). In small animals, the zebrafish has
advantages in investigating Mtb pathogenesis as the transparency of the organism during
the larval stage allows easy accessibility for imaging techniques [71]. The zebrafish model
requires infection with Mycobacterium marinum (Mm) (a mycobacterium genetically
related to Mtb) and can develop granuloma-like structures that form necrotic and caseous,
but non-fibrotic granulomas [72,73]. However, the use of Mm can be a limitation due to
inherent differences when compared to Mtb infection. For instance, neutrophils do not
interact with Mm upon infection [74], whereas in human Mtb infection, neutrophils play a
prominent role in initial/early infection [23]. Standard inbred mice have contributed greatly
to TB literature and is reviewed in detail elsewhere [75,76]. In brief, insight on macrophage
responses in early infection, T cell recruitment and functionality, and granuloma formation
has largely resulted from Mtb studies within inbred mice [75]. More recent studies using
transgenic and knockout (KO) mouse models have improved upon the inbred mice and
have provided deeper understanding of more complex immune responses and pathology.
For example, the FeJ mutant on the C3HeB mouse background allows for low-dose Mtb

infection and develops severely organized necrotic granuloma lesions with caseation,
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which is largely absent in other strains of mice [77]. IFN-y-KO mice [78], TNF receptor-
KO mice [79], and CD4-KO mice have all contributed to the defining the role of IFN-y,
TNF-a, and CD4+ T cells in controlling Mtb infection [80]. Guinea pigs have shown great
ability in recapitulating many aspects of human TB disease. In particular, caseating necrotic
granuloma lesions with calcification was identified [81,82]. Extrapulmonary dissemination
of Mtb into tissues such as the spleen, liver, and pancreas was also established in the model

[82].

Rabbits which are larger animals have some resistance in Mtb infection and as a result may
be useful in studying LTBI or paucibacillary TB [83]. Rabbit models are more susceptible
to Mycobacterium Bovis or they require higher doses of Mtb, and consequently they are
able to develop cavitation within granuloma lesions in addition to caseation and necrosis
[83,84]. NHP models of tuberculosis (mostly using macaque species) may serve as one of
the most representative model of human TB disease. Macaques are even able to model
human LTBI in displaying similar diagnostic testing results such as IGRA and TST, and
develop clinical symptoms displayed in ATB [85,86]. Most granuloma features are
recapitulated within NHPs including immune cell infiltration, necrosis and caseation,
calcification, and cavitation [86]. Host-pathogen interactions involving the variety of
immune cells such as macrophages, neutrophils, T cells, epithelioid macrophages, and
multinucleated giant cells were also elucidated from the NHP models [85,87]. The main

disadvantage of these large animal models is the feasibility considering cost, maintenance,
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and ethics which can pose a significant barrier to widespread use of the model and swiftly

advancing research in the field.

1.1.6. Available Treatments and Development of Vaccinations

TB is atreatable and curable disease. However, the course of antibiotic treatment is lengthy
and requires high adherence to the regimen. Due to these compliance issues within patients
prescribed the treatment, this greatly contributes to the development of MDR- and XDR-
Mtb strains.

Standard treatment for those with LTBI is a 6 to 9 month course of daily isoniazid and/or
rifampicin (the 2 of the most effective first-line anti-TB drugs), or other multi-drug
regimens [88]. If isoniazid or rifampicin mono-resistant Mtb is suspected, a more intensive
treatment regimen consisting of the 4 drugs (isoniazid, rifampicin, pyrazinamide, and
ethambutol) can be prescribed [89]. With improved diagnostic testing, MDR-Mtb and
XDR-Mtb can also be detected with a more advanced Xpert MTB/RIF test (introduced in
chapter 1.1.3) termed Xpert MTB/RIF Ultra and Xpert MTB/XDR [90,91]. MDR-TB is
defined as resistance of Mtb to at least isoniazid and rifampicin while XDR-TB is defined
as additional resistance to any fluoroquinolones and second line injectable drugs and can
causes more severe disease. Both MDR-TB and XDR-TB require more intensive, longer
duration, and increased combination of first and second-line drugs for treatment [92]. Many

studies including clinical trials are currently investigating the efficacy of both novel and
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combination of drugs in shorter and injection-free treatment regimens [92]. However, the
evolution of more drug resistant strains may still be inevitable. Therefore, the prevention
of disease through vaccination may be more effective in not only reducing clinical burden,
but also preventing the progressive development of Mtb drug resistance. As such,
vaccination should be a major area of consideration in prevention and elimination of TB

globally.

Currently, Bacillus Calmette-Guerin (BCG) which is a live-attenuated form of
Mycobacterium bovis, is the only clinically approved TB vaccine that is widely used to
prevent Mtb and other mycobacterial infections. Although the BCG vaccine has
demonstrated efficacy against the severe, disseminated childhood forms of TB, it fails to
confer protection against the pulmonary TB in adults or secondary TB [93]. Ideally, an
effective TB vaccine will prevent initial Mtb infection which means IGRA tests would
remain negative for vaccinated individuals. There are 3 main platforms of prophylactic
vaccines being developed: recombinant BCG strains, protein subunit and adjuvanted

formulations, and viral-vectored (VV) platforms [94].

Recombinant BCG vaccines aim to fully replace the existing BCG vaccine. Currently,
VPM1002 is the only recombinant BCG vaccine in clinical trials [95,96]. The VPM1002
strain is modified to improve accessibility of immunogenic antigens and prevent inhibition
of phagolysosome maturation. As a result, infected cells undergo rapid phagosome

acidification and subsequent phagolysosome fusion causing the release of antigens and
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bacterial DNA into the cytosol triggering autophagy and apoptosis as antigen delivery [97].
Protein subunit and adjuvanted vaccines are designed to express immune-dominant Mtb
antigens with strong adjuvants. Many more subunit-adjuvanted vaccines are undergoing
clinical trials such as the M72/AS01e vaccine. M72/AS01k is derived from 2 immunogenic
Mtb antigens (Mtb39A and Mth32A) which induces lymphocyte proliferation and IFN-y
production [98]. This vaccine is particularly promising as it demonstrated safety and
elicited robust short-term and some levels of long-term (3 years) humoral and cell-mediated
responses within persons living with HIV on ART [99,100]. MVVAB85A was a promising
viral-vectored vaccine recently in Phase I1b clinical trials. This VV platform used modified
Vaccinia  Ankara  virus that  expresses antigen  85A  (Ag85A), an
immunodominant Mtb protein. Despite demonstrating efficacy in guinea pigs and rhesus
macaques, no protective efficacy against Mtb infection was noted in humans in their last
major clinical trial [101]. Adenoviral-vectored vaccines are a subset of VV vaccines and
also demonstrate great promise in protective efficacy. A successful phase one clinical trial
of human type 5 adenovirus expressing Ag85A (AdHU5AQg85A) demonstrated safety and
immunogenicity as primary and booster vaccinations against Mtb infection
[102,103]. AdHU5AQg85A was also administered in a humanized mouse model showing
protection against TB and improved pathogen-specific T cell responses [104]. The
development of a novel chimpanzee based AdCh68Ag85A expressing the same antigen
showed enhanced immunogenicity and efficacy, especially following respiratory mucosal
(intranasal) administration when compared to their human adeno-vector counterpart

[105,106].
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Overall, targeting Mtb is a challenging task and based on both previous and current vaccines,
several factors should be considered to optimize delivery, immunogenicity, and protective
efficacy. Firstly, since Mtb infects the lower respiratory tract as a mucosal pathogen,
respiratory mucosal administration of the TB vaccine may confer better protection when
compared to parenteral administration [107]. Route of immunization can affect the location
of which antigen-specific T cells reside [108], and thus intranasal or aerosolization delivery
of vaccines may allow for more memory T cells to home within lung tissue which is the
site of infection. Secondly, pre-existing immunity should be considered when developing
a vaccine platform. BCG may not confer as much protective efficacy in adults due to having
more time and opportunity for prior mycobacteria exposure within the environment [109].
In a similar manner, humans are also frequently exposed to adenoviruses and may develop
pre-existing anti-human adenovirus antibodies and immunity [110]. Based on this
knowledge, non-human adenoviruses can be considered when designing an adenoviral-
vectored TB vaccine. Finally, identifying the optimal immunogenic antigen for the vaccine
should be consider especially given the complex life cycle of Mth. The Mtb genome can
express multiple functionally redundant proteins which means that a monovalent vaccine
may not be as effective once Mtb escapes the immune pressure [111,112]. Mtb can also
express different antigens given the stage of its life cycle [113,114]. Therefore, it may be
optimal for a vaccine to select for more than one antigen by simultaneously targeting acute,
dormancy, and persistence antigens to ensure that immunity will be primed against a wider

array/spectrum of antigens capable of targeting Mtb irrespective of the stage of its life cycle.

17



M.Sc. Thesis — J. Yang; McMaster University — Medical Sciences

Chapter 1.2. Human Immunodeficiency Virus

1.2.1. HIV-1/AIDS Epidemiology and Significance

Human immunodeficiency virus 1 (HIV-1), is a retrovirus that causes acquired immune
deficiency syndrome (AIDS) within persons living with HIV (PLWH). HIV/AIDS
maintains a significant disease burden worldwide, with approximately 37.7 million PLWH
as of 2020 [115]. HIV infection is most prevalent in many regions of sub-Saharan Africa,
where women are disproportionally affected. Countries with the highest HIV burden per
capita are South Africa, Swaziland, Lesotho, and Botswana [116]. Approximately half
(53%) of the PLWH are women, and this proportion is even higher (63%) in sub-Saharan
Africa [115]. Alarmingly, six in seven new HIV infections in sub-Saharan Africa within
adolescents aged 15-19 years are among girls. In addition to social factors such as lack of
care, accessibility, and education, many biological factors also contribute to the
disproportional disease burden within women [117]. For instance, women have lower viral
set points than men meaning that disease progression and pathologies are elicited despite
having lower viral loads [118]. Women can also have increased risk of co-morbidities than

men and display more inflammation which can play a role in target cell recruitment [119].
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Within the past decade, there has been steady decline in new HIV infections [115]. This
decline may be attributed to factors such as protected sex which reduces HIV transmission
[120], lower prevalence of sexually transmitted infections which reduces risk of acquiring
HIV infection [121], and most importantly the use of antiretroviral therapy (ART) greatly
reducing transmissibility [122]. Despite the effectiveness of ART in reducing viral load and
disease burden within PLWH, adherence is essential in ensuring effectiveness which is
difficult to achieve in a substantial proportion of patients [123]. Furthermore, there is
currently still no treatment or cure to eradicate HIV, leaving PLWH vulnerable to
opportunistic infections including Mth and severe acute respiratory syndrome coronavirus
2 (SARS-CoV-2) resulting in increased risk of infection and displaying significantly worse

disease outcomes [124,125].

1.2.2. HIV-1 Transmission, Infection, and Host-pathogen Interaction

HIV-1isasingle-stranded RNA retrovirus with a genome composed of two identical copies
of RNA surrounded by capsid protein and a lipid membrane layer [126]. HIV-1 is mainly
transmitted through mucosal tissue, blood, or damaged skin contacting infected body fluids
(most commonly through the vaginal, rectal, or oral mucosa) [127]. Plasma viral load is a
major factor determining the risk of sexual transmission, where transmission risk can be
increased by 2-4 times for every log-fold increase in plasma viral load [128]. Additionally,
hormonal contraceptives can also lead to increased risk of HIV infection caused by the

thinning of the vaginal epithelium, disrupting vaginal barrier function, altering vaginal

19



M.Sc. Thesis — J. Yang; McMaster University — Medical Sciences

microbiota, and increasing numbers of target cells to the site of infection [129-131]. Hours
after mucosal exposure to HIV-1, the virus can enter the body through breaks within the
epithelial barrier and gain access to target cells [132]. The primary target receptor for HIV-
1 is human CD4, which is expressed on the surface of CD4+ T cells, monocytes,
macrophages, and dendritic cells. To initiate membrane fusion and release of viral core for
infection, HIV envelope (Env) glycoprotein gp120 binds to CD4 and a co-receptor
[133,134]. HIV requires co-receptors CCR5 and CXCR4 to gain entry into the host cell.
Different HIV-1 variants may require one or both of the co-receptors and are classified as
R5 (requires chemokine receptor CCR5), X4 (requires chemokine receptor CXCR4), and
R5X4 (uses both receptors) [135]. CCR5 is expressed at high levels in memory T cells,
macrophages and dendritic cells, while CXCRA4 is expressed on memory and naive T cells
[135]. Although all cells expressing CD4 and accompanying a co-receptor are susceptible
to HIV-1 infection, activated T cells are the predominant targets [135]. Upon entry into the
mucosa, resting CD4+ T cells are infected and the initial virus population of HIV (termed
founder population) expands locally. This expansion of virus allows for viral dissemination
into the draining lymph node and blood stream with the help of APCs such as macrophages
and DCs. During this time, DCs secrete pro-inflammatory cytokines and chemokines such
as IFN-y and TNF-a as an anti-viral response, but this also further recruits more target cells
such as activated CD4+ T cells and macrophages to the site of infection [135]. Upon
activating adaptive immune responses, the large influx of CD8+ T cells are critical in
controlling infection with the expansion and activation of HIV-specific cytotoxic T cells

[136]. Even though this response is insufficient to clear the infection and prevent systemic
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dissemination, the degree of response is a determining factor in disease progression [137].
However, during chronic infection, the CD8+ T cells can become exhausted and
dysfunctional leading to poorer control of HIV if therapeutics are not administered

[138,139].

Within infected cells, the HIVV RNA is reverse transcribed into pro-viral DNA which is then
integrated into the host genome. Using the host’s cell machinery, the HIV genome is
transcribed, viral proteins are assembled, and more mature virions are released. As a
retrovirus, HIV is able to establish latent infection within CD4* T cells, monocytes, and
macrophages, and the infected host cells can proliferate with the integrated HIV genome
[140,141]. The pro-viral integration along with HIV mutants’ immune escape from CD8+
T cell killing results in an establishment of pro-viral reservoirs within infected cells.
Interestingly this reservoir of infected cells can be established as early as 3 days post-
infection [142]. ART is able to control viral load and prevent HIV infection of new cells,
but it is unable to eliminate latent infection and viral reservoir. As a result, HIV remains
uncurable, with the possibility of viral rebound once ART is interrupted or stopped

[143,144].

1.2.3. Clinical Presentation and Available Therapies

21



M.Sc. Thesis — J. Yang; McMaster University — Medical Sciences

HIV-1 infection can be diagnosed with rapid tests or higher sensitivity assays that detect
anti-HIV antibodies or p24 antigen [145,146]. During the initial stage of infection (0 to 3
weeks), target cells are infected by HIV and a viral reservoir is established while adaptive
immunity is recruited. Between 3 weeks to 2 months of acute infection, some patients may
be symptomatic presenting with fever, lymphadenopathy, rash, and muscle aches, but most
are asymptomatic. During this time, plasma viral load can be detected by measuring HIV
RNA copies which normally peaks to around 1x108 — 1x107 copies per mL, meanwhile
CD4+ T cell counts transiently but rapidly decrease [135]. After cellular immunity develops,
HIV viral load dramatically decreases to a “viral set-point” which can widely range from
1x10° to 1x10° copies of HIV RNA per mL of blood while CD4+ T cell counts rebound
close to normal levels [147,148]. Those with higher viral set points may progress more
rapidly to AIDS and death when compared to those with lower viral set points
[147,149,150]. After the viral set point is established, the chronic phase of infection begins
where without treatment/therapy CD4+ T cells continually decline until progression to
AIDS leading to death or the development of an opportunistic infection that leads to death

[135].

The development of drugs and therapeutics have greatly reduced HIV transmission and
improved the quality of life and patient outcome for PLWH. HIV entry inhibitors such as
maraviroc prevent HIV from entering the cell by competitively binding to the CCR5 co-
receptor. Nucleoside reverse transcriptase inhibitors (NRTIs) tenofovir and emtricitabine

block reverse transcriptase through incorporation into HIV DNA and terminates HIV DNA
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synthesis. Non-nucleoside reverse transcriptase inhibitors (NNRTIs) such as rilpivirine
inhibits reverse transcriptase by binding near the active site to change enzyme conformation.
Integrase inhibitors daltegravir and dolutegravir prevents insertion of HIV proviral DNA
into the host genome [135,151]. As of 2022 there are over 45 FDA approved ART drugs
and combination treatments. Combination treatment generally consist of two NRTIs along
with a third drug from one of the other classes (integrase inhibitor, protease inhibitor, or
NNRTI) [152]. These therapy regimens can greatly reduce viral burden to virtually
undetectable levels of HIV RNA copies within plasma within weeks [153]; the immune
system (in particular CD4+ T cells) recovers most of its lost functions, and the development

of AIDS is prevented.

For individuals known to be at high risk of becoming infected with HIV, pre-exposure
prophylaxis (PrEP) with antiretroviral drugs such as oral tenofovir disoproxil fumarate
(TDF) and emtricitabine can provide effective protection [154]. Post-exposure prophylaxis
using TDF and emtricitabine as soon as possible after known HIV exposure (ideally within

72 hours) also show efficacy in reducing risk of infection [155].

1.2.4. Animal Models for HIV Research

Small animals including standard inbred mice, rats, and hamsters are not susceptible to

HIV-1 infection and fail to sustain HIV viral load within blood plasma [156]. Since human
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CD4 along with human CCR5 and/or CXCRA4 receptors are necessary for HIV-1 infection,
transgenic small animals such as transgenic mice and rats with immune cells expressing
these human receptors have been developed. Even though the transgenic expression of
human CD4 and CCR5 receptors in mice allow for HIV entry and infection of mouse
immune cells, systemic infection could not be sustained in vivo [157]. Human CD4 and
CCRS5 expressing cells in transgenic rats could also sustain HIV infection, but systemic
infection was inconsistent with very low plasma viral load at up to 7 weeks post-infection

[158].

Due to the lack of success in the use of small animals for HIV studies, a large portion of in
vivo HIV research is from NHP models. The most commonly used species of NHPs for
investigating HIV/AIDS are the rhesus macaque, pig-tailed macaque, and cynomolgus
macaque [159]. These macaques species can be infected with simian immunodeficiency
virus (SIV) or the chimeric simian human immunodeficiency virus (SHIV) via vagina,
rectal, or oral routes. SIV is a retrovirus very closely related to HIV and is believed to be
the lineage origin of HIV [160]. Rhesus macaques models can recapitulate human vaginal
and rectal transmission using low dose SIV infection where small populations of early
founder virus were observed and establish productive infection similar to human
transmission [161,162]. In vaginal challenge models, the varying menstrual cycles causing
differences in vaginal epithelium thickness can affect the efficiency of virus transmission

and thus causing inconsistency in infection. Pre-treatment of the animals with depot-
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medroxyprogesterone acetate (DMPA) can induce thinning of the vaginal epithelium

allowing for increased susceptibility for SIV infection within all animals [163].

NHP studies in SIV/AIDS pathogenesis has also contributed greatly to shape our
understanding of HIV and influence research objectives. For instance, the discovery that
disease progression is not only determined by plasma viral load, but also viral replication
in lymph nodes and different CD4+ T cell subsets during chronic immune activation during
chronic infection has directed research focus towards CD4+ central memory cells and
lymphoid tissue involvement in disease progression [164,165]. Studies in NHPs have also
shown that HIV disease progression is attributed to intestinal microbial imbalance
providing insight that probiotics can improve responses to ART in SIV-infected macaques
[166]. Finally, the establishment of ART models in SIV-infected macaques showed ART
regimens being very effective in suppressing virus replication similar to studies in humans
[167,168]. This can allow future investigations on the efficacy of other therapeutics within

ART-treated HIV-infected individuals.

Non-human primate models have also been greatly involved in HIV vaccine studies and
contributed to vaccine design. The nef gene of HIV has a multitude of supporting functions
for HIV infection and replication [169]. Infecting NHPs with nef gene-deleted SIV
demonstrated protection against naive SIV infection [170]. This prompted further

development of live-attenuated SIV as vaccine models within NHPs and the observation
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that live-attenuated SIV may induce sufficient activated effector memory T cells in lymph

nodes to suppress early SIV replication at these high replication lymphoid sites [171].

Although NHPs have greatly contributed to the knowledge and understanding of
HIV/AIDS as well as the development of therapeutics and vaccines, there are still major
limitations with their use. NHPs present with practical challenges such as cost and labour
in maintenance, reaching sufficient sample size for statistical power, and the inherent
difference between SIV/SHIV and HIV. Therefore, in vivo models for HIV research still
requires small animal models that can recapitulate HIV infection such as humanized mice

in order to further advance research progress.

Chapter 1.3. HIV/Mtb Co-Infection

1.3.1. Epidemiology and Significance
As described in Chapters 1.1 and 1.2., pulmonary TB and HIV/AIDS alone causes
significant burden on individuals living with the disease. Coincidentally, the predominant
immune cells that are infected by HIV (CD4+ T cells, and macrophages), are also involved
in maintaining structure and control of TB granulomas to prevent growth and spread of Mtb
within the lungs [49,172]. This is believed to contribute to individuals with LTBI co-
infected with HIV having an increased risk of ATB reactivation by over 20-fold [173].
Furthermore, despite undergoing long-term ART, the risk of TB disease in PLWH can still

remain 4 to 7 fold higher than persons without HIV [174,175]. HIV/Mtb co-infection also
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increases patient mortality as Mtb infection is the leading cause of death within PLWH, and
out of the 1.5 million deaths from TB in 2020, over 210,000 deaths were among co-infected
PLWH [176]. HIV and TB incidences also present with significant geographical overlap,
where sub-Saharan Africa and some parts of Latin America and Southeast Asia face the
highest HIV prevalence in new and relapsed cases of TB [177]. Since both diseases are
associated with stigma, there is a notable social barrier that dissuades individuals from
seeking appropriate testing and treatment [178,179]. The consequences of non-treatment is
even more severe for co-infected individuals as disease progression of HIV to AIDS is

accelerated [180].

Clinically in co-infected individuals, HIV infection is often discovered upon an initial ATB
diagnosis and subsequent HIV test. It is recommended that therapeutics such as ART begin
either as soon as initiation of TB drug treatment or within 8 weeks of beginning TB
treatment depending on the patient’s CD4+ T cell counts [181]. Treatment for TB is already
an intensive process that can take months to sometimes years depending on the drug-
resistance and drug-susceptibility status of the Mtb and patient responses to treatment [182].
In combination with the necessary lifetime adherence to ART for effective viral
suppression, non-compliance also becomes a much greater issue to not only the individual,
but also public health in terms of controlling MDR and XDR pathogens [183]. As aresult,
incidence of MDR- and XDR-Mtb is higher within PLWH [184] causing higher risk for

drug-resistance despite obtaining treatment [185].
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HIV/Mtb co-infection can also complicate both diagnostics and therapies
[176,184,186,187]. For instance, diagnostic sensitivity of IGRAs for detecting Mtb
infection in PLWH may be impaired due to the reduced counts of IFN-producing CD4+ T
cells [188]. As a result, the use of IGRA for effective diagnosis for PLWH is still debated
and thus can limit the available testing in populations where HIV-infection is prevalent
[189]. Therapies in the context of co-infection are also complicated as Mtb infection in
PLWH presents as an opportunistic infection, and upon initiating ART, a phenomenon
termed immune reconstitution inflammatory syndrome (IRIS) can occur [190,191]. IRIS
develops from the rapid recovery of immune responses after ART which can lead to
excessive immune activation, and more specifically, TB-associated IRIS (TB-IRIS) which
can present in two forms. Paradoxical TB-IRIS occurs when TB treatment is initially
effective, but upon starting ART, the disease progression ensues and unexpectedly becomes
worse with treatment [191,192]. The second form called “Unmasking” IRIS is generally
associated with ART-triggered inflammatory responses causing a previously subclinical
TB infection to become clinically detectable [191,192]. Unmasking-IRIS is still poorly
defined and understood, and thus requires further research to help patients deal with these
treatment complications [193]. Although it is evident that effects of HIV and Mtb infections
provide reciprocal advantages that work to exacerbate each other’s pathogenesis, the exact
host-pathogen immune interactions and mechanisms are not well elucidated in vivo
[194,195]. Therefore, it is clear that in order to develop effective vaccines, therapeutics,
and cure, further investigation into HIVV/Mtb co-infection is a necessary and urgent topic

for research.
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1.3.2. Human Pathology and Animal Models Informing Current Knowledge

Clinical studies with human samples have clearly illustrated worse disease outcome for
individuals co-infected with HIVV-1 and Mtb when compared to those with single infections.
Based on current literature, various human studies have contributed to a foundation of
understanding immune responses, pathogenesis, and host-pathogen interaction during co-
infection. However, the pathology, disease pathogenesis, and mechanistic pathways in vivo
that leads to more severe disease outcomes for co-infected individuals are still largely

unclear and require further investigation.

In human lung epithelial cell samples, HIV infections disrupt barrier integrity and function
which may affect initial Mtb transmission and protection against Mtb infection [196].
Additionally, HIV infected human alveolar macrophages from bronchoalveolar lavage
(BAL) samples were associated with reduced macrophage apoptosis from Mtb infection
compared to singly-Mtb infected macrophages [197,198]. As described in Chapter 1.1.2.,
apoptosis is an important mechanism in the control of Mtb infection, thus HIV may be
altering innate immunity to favour Mtb replication leading to the increased risk of
developing ATB. Mtb infection may also be increasing the expression of both CCR5 and
CXCR4 co-receptors on CD4+ T cells while also increasing HIV replication within co-

infected macrophages [199-201]. In addition to CD4+ T cell depletion from HIV-1
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infection, mycobacteria-specific T cell responses in PLWH may also be impaired [202,203].
CD4+ T cells collected from bronchoalveolar lavage fluid (BAF) of BCG vaccinated
PLWH showed significantly fewer IFN-y and TNF-a producing CD4+ T cells than HIV-
negative individuals [204]. The pro-inflammatory responses observed in different stages of
HIV infection are also a factor for co-infection, but this area is complex and poorly
understood, especially in human tissues. For instance, some pro-inflammatory responses
that alter microbicidal and antigen-presenting function of APCs are protective against Mtb,
while other inflammatory responses such as type | IFN production that is driven by HIV

may promote Mtb proliferation [205-207].

With regards to granuloma pathology, it is commonly hypothesized that HIV-1 infection
disrupts TB granuloma formation, organization, and structure by killing CD4+ T cells, and
altering normal T cell and macrophage functions. As a result, the fine balance of the TB
granuloma is disturbed to favour Mtb growth and cell death leading to uncontained
granulomas and extrapulmonary bacterial dissemination. The conclusions that led to these
hypotheses are based on in vitro studies such as those mentioned above, or are mostly
derived from human peripheral sampling such as collected peripheral blood mononuclear
cells (PBMCs) and BAF. As described in Chapter 1.1.4., granulomas are complex and
heterogenous. Human sample data may only be capturing incomplete parts of the
heterogeneous variations in cell composition, microenvironment and immune responses

within and around granulomas of co-infected individuals. Therefore, examination of in vivo
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granulomas is the most accurate and informative to investigate co-infection human

pathology.

In the current literature, there is still no consensus on whether co-infection affects certain
features of the granuloma, for example, the caseating necrosis within granuloma formation.
Some studies in human lung pleura [208,209] and lymph nodes [210,211] show no
differences in granulomatous caseation between co-infected and singly-infected individuals,
while one study showed increased necrotic granulomas within the lungs of co-infected
individuals [212]. Thus, it is unclear whether HIV-1 co-infection affects the likelihood of
caseous granulomas development. On the other hand, the reduction in peripheral human
CD4+ T cell counts within co-infected individuals is likely associated with both poorer
granuloma formation and higher Mtb bacterial load. Those with higher peripheral human
CD4+ T cells developed well-formed granulomas within biopsied lymph nodes, while those
with lower counts had a combination of well-formed and poorly-formed granulomas, and
those with the lowest counts had mostly necrosis with an abundance of macrophages
[211,213]. Other immunological and pathological features such as immune cell
composition, Mtb bacterial load, and cytokine milieu within the human TB granuloma still
warrants significant further investigation and clarification for consensus within the

literature [48].

The advantages of animal models include the abilities to control the timing, dose, and strain

of infection and sampling or necropsy at predetermined time points. Currently limited in
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vivo animal models are capable of investigating co-infection, and this limitation is therefore
is one of the main challenges in advancing co-infection research. The most commonly used
large animal models are NHP models. In particular, rhesus macaques infected with SIV can
develop AIDS-like disease progression upon BCG or Mtb co-infection [214,215]. Disease
progression was also accompanied with depletion and suppression of antigen-specific
CD4+ T cells in co-infected animals, especially pulmonary CD4+ T cells [214-217].
However, the importance of CD8+ T cells were also illustrated in macaques when higher
effector CD8+ T cells functionality reduced TB pathology and reactivation [215]. LTBI re-
activation also can be well-modelled with cynomolgus macaques and rhesus macaques co-
infected with SIV and Mtb [218-220]. This has led to the development of macaque models
of SIV/Mtb co-infection with ART to investigate viral replication, immune cell functions,
and different cases of ART treatment initiation in vivo. It is notable that despite the
effectiveness of ART controlling SIV viral load and restoring CD4+ T cells in macaques,
it still does not fully prevent TB reactivation [221]. Furthermore, a similar macaque model
demonstrated that the timing of ART initiation may also play a role in disease control and
severity. Earlier initiation of ART reduced Mtb granuloma pathology, lung bacterial load,
extrapulmonary dissemination, and increased survival rate when compared to later or no
ART initiation [222]. These findings corroborate the results observed in human clinical
studies and thus offer further in vivo insight to the host-pathogen interactions during
therapies for HIVV/Mtb co-infection [223,224].

There are very limited conventional small animal models available that demonstrate

potential in co-infection studies and this includes the use of chimeric HIV (termed
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EchoHIV) within conventional mice [225,226]. HIV-transgenic mice have been used to
investigate the effect of Mtb infection on HIV gene expression and found that HIV viral
gene expression was activated by Mtb, but suppressed upon administration of anti-TB

chemotherapy.

Overall, there are limitations to large animal models to investigating HIVV/Mtb co-infection
such as cost and ethical concerns along with the use of SIV and BCG as surrogates to
represent HIV and Mtb [227]. Meanwhile all aforementioned small animals including those
in Chapters 1.1.5. and 1.2.4., develop neither human immune cells nor immune cells that
are functionally similar enough to humans to fully recapitulate both HIV and TB infections.
Therefore, it is critical for better and more representative small animal models to be
developed to further the progress in research for HIVV/Mtb co-infection. Humanized mouse
models (which are small animals that also develop human immune cells and functions)
have steadily improved its ability to recapitulate the human immune system and is
populating the research landscape of HIV and TB. The use of humanized mouse models
may become the most dominant model in HIV, TB, and co-infection studies and will be

discussed in Chapter 1.4.

1.3.4. Outstanding Questions for Co-infection Investigation
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PLWH are vulnerable to opportunistic infections due to an altered immune repertoire from
HIV-1 infections, and while this is improved with initiation of ART, immune response and
functionality is not fully recovered. Therefore, the effects of primary HIV-1 infection on in
vivo immune responses to interventions such as ART or vaccination are complex. The
development of TB-IRIS as discussed in Chapter 1.3.2. and other unknown potential
complication within PLWH undergoing TB treatment or receiving TB vaccination require
further in vivo investigation. There are many hypotheses that attempt to explain the worse
disease outcomes of individuals co-infected with HIV-1 and Mtb. Although these
hypotheses seem plausible given our current knowledge of HIV and TB, they still remain
largely unproven in the context of co-infection as mechanistic studies are exceptionally
challenging in humans. Due to the difficulty in studying representative co-infected
granulomas in humans (specifically non-necropsy lung granuloma), many questions

surrounding the effects of co-infection on granulomas still exist.

A systematic review and meta-analysis on existing literature of human granulomas in co-
infection identified several features of the granuloma formation that are still unclear with
limited consensus in literature [48]. In the context of granuloma compositional changes, it
is still unclear whether HIV-1 significantly changes the number of granulomas developing
within the lungs as there is great variability between studies. The effect of HIV-1 on the
cellular composition within granulomas is also unconfirmed. For instance, results from
non-lung granulomas showed different results regarding the presence of CD4+ and CD8+

T cells where some reported reduction in cellularity, while other reported differences only
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in some co-infected participants [48]. The presence of pathological macrophages within
granulomas such as epithelioid macrophages and giant cells were described to be more
frequent but highly variable within PLWH. This variability indicates that the effects of
HIV-1 on the presence of these cell types in granulomas are inconclusive [48]. Lastly,
although it is believed that Mtb dissemination can be exacerbated due to HIV-1 impairing
granuloma formation, Diedrich et al. concluded that evidence to support this hypothesis is
also limited and conflicting. Therefore, major questions still remain including how/if HIV-
1 changes overall granuloma formation and structure, whether immune cell presence such
as CD4+ T cells is altered by co-infection, and if HIV-1 presence correlates with Mth
bacterial load within the granuloma. In the context of granuloma functional changes,
cytokine expression in co-infected granulomas was also highly inconclusive and conflicting
[48]. In particular, TNF-a production was observed to be higher in some co-infected
individuals, but lower in others. Meanwhile no difference in expression of type | IFNs was
observed in another study. From these reports, altered cytokine responses may not be
directly caused by the presence of HIVV-1 within the granulomas, as there may be an indirect
correlation between peripheral CD4+ T cells counts and granuloma cytokine expression
[48]. Therefore, cytokine expression and whether peripheral CD4+ T cell depletion is
associated with any functionality or composition changes within the granuloma still remain

question to be addressed.

As evidenced in Chapter 1.3.3., animal models are required to address these outstanding

questions within the granuloma (especially lung granuloma). Due to a lack of available
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animal models for HIV/Mtb co-infection research, it is critical that small animals such as
humanized mice that well-recapitulate human immune functionality are developed to

further research in understanding both pathogenesis, and vaccines and therapeutics.

Chapter 1.4. Humanized Mice

1.4.1. Application and Utility of Humanized Mice
Through Chapters 1.1 to 1.3, it is evident that a small animal model capable of sustaining
HIV and TB infection while recapitulating human immune responses is greatly needed to
advance HIV, TB, and co-infection research. Humanized mice (hu-mice) are
immunocompromised mice that are engrafted with human tissues and/or immune cells and

subsequently develop substantial and functional populations of human immune cells.

The rapid development of successive versions of hu-Mouse models over the past 30 years
has proven to be an essential tool for investigating and advancing the knowledge of multiple
facets of infectious disease research [228-233]. Hu-mice can not only accurately reproduce
many aspects of human infections, but are also a smaller, more cost-effective, and more

widely available in vivo model for infectious disease studies.

Hu-mice develop susceptible and permissive human cells (such as human CD4+ T cells

and macrophages) representing the natural targets of HIV infection in vivo; as such,
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reagents and therapeutic strategies currently designed for humans can directly be applied
to Hu-Mouse models. These mice have proven to be an effective tool in studying various
aspects of HIV pathogenesis during active infection, as well as potential therapeutic

strategies, and hold great potential in advancing research within the field.

1.4.2. Development of Humanized Mouse Models

The development of several background strains of immunodeficient mice were critical in
developing methods to successfully engraft human cells into mice. Humanizing mice
requires xenogeneic transplantation of either human cells and/or tissue, and to prevent
rejection of the engraftment, highly immunodeficient mouse recipients are necessary. The
breakthrough utilization of the Prkdc (SCID) mutation in CB17 mice in 1988 gave rise
to the first successful engraftment of human peripheral blood lymphocytes [234]; since this
discovery, these mice have been used in a broad variety of basic and pre-clinical studies.
The Prkdc gene [235] encodes for essential DNA damage repair mechanisms as well as
V(D)J recombination for the development of mature T and B lymphocytes [236]. The
absence of viable mouse T and B lymphocytes result in severe immunodeficiency and allow
for engraftments to be sustained [237]. However, despite the lack of T and B cell function,
high natural killer (NK) cell and innate immune activity is still present in these mice [237].
Thus, the incomplete immune depletion of the SCID model still posed challenges for

reconstitution of both human myeloid and lymphoid cell lineages [234,238].
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The next advancement in improving hu-mouse models was crossing the non-obese diabetic
(NOD) mouse strain with SCID mice. NOD mice have signal regulatory protein-o (SIRPa)
with more homology to human SIRPa than inbred strains such as C57BL/6 and BALB/c
mice [239].

The stronger affinity of SIRPa for human CDA47 results in a stronger “don’t eat me” signal
from human immune cells to the NOD-murine macrophages upon binding, thus preventing
phagocytosis of the engrafted human stem cells [240]. Additionally, NOD mice have a
mutation in the 1dd3 gene, which is involved in IL-2 signaling [241]. This results in reduced
IL-2 production and therefore impairs murine helper T cell, cytotoxic T lymphocyte, and
natural killer (NK) cell activity and again improves engraftment of human stem cells [241].
The last major breakthrough in addition to the NOD-SCID background is the targeting and
mutating of the IL-2 receptor y-chain locus (l112rg) [242]. This mutation further impairs
murine immunocompetency, as the common y-chain is an integral component of high-
affinity receptors and is required for the binding and signaling of a wide variety of pro-
inflammatory cytokines [242]. These mutations in the 112rg gene further enhance the model

by completely eliminating mouse NK cell activity [243].

Using these immunocompromising mutations or other mutations or knockouts (KOs) to
achieve similar murine immunodepleting effects, many useful immunodeficient murine
backgrounds have been created. Some of the most commonly used backgrounds in

literature include the 112rg KO NOD.Cg-Prkdcscdl12rg™mWil(NSG) mice [244,245],
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NOD.Cg-Rag1™mMoM||2rgmWil (NRG) mice, NOD.Cg-PrkdcdlI2rgimiSug (NOG) mice
[246], and Rag1™i2rg™!" or Rag2™'"2rg™!" (DKO or BRG) mice [245,247]. Other
backgrounds are discussed extensively elsewhere [228,231], as this project will be focusing

on the NSG and NRG background strains for reasons discussed in Chapter 1.4.3.

After choosing the immunodeficient background mice, there are two main methods of
engraftment. First is the administration of human CD34+ hematopoietic stem cells (HSCs)
upon sublethal doses of irradiation [248]. HSCs may be obtained from umbilical cord blood,
bone marrow, fetal liver or mobilized whole blood and engrafted via intravenous injection
in adult mice, or intrahepatic injection in newborn pups [249]. This method will now be
referred to as the “HSC-method” of engraftment. The second method involves the
engraftment of human fetal liver and thymus tissue by surgically implanting the tissues into
adult immunodeficient mice under a renal-capsule. Human CD34+ HSCs derived from the
bone marrow or liver of the same fetal donor is then engrafted via intravenous injection
[250-252]. This method will now be referred to as the “BLT-method” of engraftment. The
addition of human thymus tissue using the BLT-method allows for the generated T cells to
be educated in the context of human leukocyte antigen (HLA) within the human thymus
instead of mouse major histocompatibility complex (MHC) [253]. Both the HSC-method
and BLT-method of engraftment are able to successfully generate hu-mice that reconstitute
with human monocytes, dendritic cells, T cells, and B cells in peripheral blood and tissues.
The BLT-method generates higher overall levels of human lymphoid populations, but have

lower reconstitution from the myeloid lineage [250-254]. More specifically, the BLT-
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method also yielded higher percentages and counts of CD3+ T cells in the spleen [253] and
had better GALT development [255]. On the other hand, the HSC-method demonstrated
better human B cell and certain myeloid cell development such as myeloid dendritic cells

[253].

1.4.3. Current and Next-generation Models

Several aforementioned immunodeficient background strains such as the NSG, NRG, NOG,
and BRG used for engraftment can be considered the current-generation of hu-mouse
models [245,247]. These current-generation models have all been widely used in the
literature for infectious diseases research [231,256-258]. Between these strains, the HSC-
methods of engraftment in NSG and NRG models develop higher levels of human T cells
following HSC engraftment in the blood and secondary lymphoid organs compared to the
BRG model due to their NOD background [259]. Compared to NSG mice, which has a
complete KO of the IL-2 receptor, NOG mice express a truncated form of the IL-2 receptor
that only eliminates downstream cell signaling [260]. Human immune cell repopulation in
NOG mice is comparable to NSG mice within the spleen and thymus, but are lower in bone
marrow using the HSC-method of engraftment [245]. Within the current generation of hu-
mice, humanized NSG (huNSG) and humanized NRG (huNRG) may offer slight
advantages in human immune cell repopulation compared to other models and thus will be
highlighted in this project. Although no significant differences were found in engraftment

levels between huNSG and huNRG [261], NSG mice have poorer tolerability to radiation
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(where only radiation below 400cGy was tolerated [244]) due to the SCID mutation leading
to defective DNA repair activity [262]. Conversely, NRG mice can tolerate higher doses of
radiation of up to 650cGy since the targeted mutations at the recombination-activating gene
1 (Ragl) and Rag2 loci to eliminate murine lymphoid populations does not affect DNA
repair mechanisms [261]. As a result, NRG mice have fewer complications with the doses

of sublethal irradiation during the HSC engraftment process.

The BLT-method of engraftment can also be used for NSG mice, termed humanized NSG-
BLT model (huNSG-BLT). The huNSG-BLT mice offer some advantages over HSC-
methods as described in Chapter 1.4.2. However, there are several major challenges with
using the huNSG-BLT model such as issues with ethically obtaining human fetal tissue,
consistently performing technically challenging surgical procedures, and the development
of graft-versus-host disease (GvHD) post-engraftment (which can limit the experimental
timeline for a study) [263,264]. Therefore, the development of a more practical and reliable
humanized mouse model using the HSC-method would be ideal for longer term in vivo

pathogenesis investigations for HIVV/Mtb co-infection.

Next-generation hu-mice are developed to further improve upon current-generations where
there are low myeloid populations (such as macrophages and DCs) and lack of isotype-
switched antibodies from the absence of mature B cells. Next-generation hu-mice use the
immunodeficient mice of current generation models with additional knock-in (KI) or

transgenic modifications to support HSC-engraftment and repopulation of human immune
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cells and functionality. A variety of next-generation KI and transgenic hu-mice have been
developed and are discussed elsewhere [228,231,265-267]. To choose the appropriate hu-
mouse model will depend on the study of interest. For instance, hu-mice that specifically
express the human IL-15 transgene are able to develop high levels of IL-15 to support the
development of human NK cell populations. In particular, the humanized NSG-hIL15
(huNSG-hIL15) model [268] and a similar humanized SRG-hIL15 model [269] showed
improved development and functional maturation of circulating and tissue-resident human
NK cells. Although the development of in vivo NK cells allow these models to be used for
cancer studies, the model also has potential for use in infectious diseases studies such as

HIV that involve investigation of NK cells.

Humanized DRAGA mice (HUDRAGA) present as a good candidate for HIV/Mtb
investigation [270]. DRAGA mice are on the NRG background and express transgenic
HLA class | and Il molecules (specifically, HLA-A*02:01 and HLA-DRB1*04:01,
respectively) [270,271]. When engrafted with HLA-matched HSCs, humanized DRAGA
(huDRAGA) mice demonstrated development of fully functional and robust levels of
human CD4+ and CD8+ T cells, Treg cells, and T follicular helper cells [270,271]. Human
isotype-switched antibody production was also observed, indicating development of mature
and functional human B cells. Additionally, human CD4+ T cells, which are targets of HIV,
repopulated the female reproductive tract (FRT) of huDRAGA mice allowing for
intravaginal HIV infection [272]. The reconstitution improvements in the lymphoid

population is largely due to the ability for the human T cells to undergo partially HLA-
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matched thymic education and development. As a result, T cells become HLA-restricted
while developing antigen-specific responses to pathogens [273,274]. Overall, these
findings illustrate the improvements of the huDRAGA model over current generation
models to more closely recapitulate many aspects of the human immune system and
functionality [270,275]. Therefore, within the context of investigating HIV/Mtb co-
infection host-pathogen interactions and immune responses to therapies and vaccinations,
huDRAGA mice present as a promising small animal model for widespread use to advance

research in the field.

1.4.4. The Use of Humanized Mice for HIV Studies

As discussed in chapter 1.2.4., NHP models have dominated the HIV/SIV research
landscape due to the lack of small animal models that are susceptible to HIV infection.
Although NHPs have contributed greatly to the foundational knowledge and understanding
of HIV, these large animals are impractical for widespread use and can be limited in
powering efficacy and safety studies for pre-clinical drug/therapeutics testing [276]. In the
past couple of decades, HIV studies using hu-mice are populating the literature especially

within vaccine development and therapeutics testing [277,278].

Hu-mice are permissive to vaginal and rectal infection of both the R5- and X4-tropic

variants of HIV [251,279-285], and overall, both cellular and humoral immune responses
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to HIV were also observed in vivo [251]. Hu-mice also well-recapitulate human disease
upon HIV infection where infection persistence leading to viremia, human CD4+ T cell
depletion, and viral infection of lymphoid tissues were all observed [284,286-289].
Furthermore, HIV-1 viral load was also detected in the FRT, gut mucosa, kidney, spleen,
lung, liver, and brain post-infection [271,272,290]. Interestingly, a T cell-deficient hu-
mouse model repopulated with mainly human macrophages was still capable of sustaining
HIV infection. This discovery directly contributed to the knowledge that human
macrophages can be and are infected by HIV-1 [291-293]. Due to the ability for hu-mice
to well-recapitulate so many aspects of HIV infection and pathogenesis, the use of hu-mice
have tapped into a multitude of fields in HIV pre-clinical studies including therapy,

prevention, viral latency and cure.

In therapeutics and prevention, various different hu-mouse models have been used for novel
ART and PrEP testing regimens. Testing of ART drugs including combination ART (CART)
[294-297], highly active ART (HAART) [298,299], and long-acting ART [300,301] have
all demonstrated substantial HIV replication suppression with CD4+ T cell recovery in vivo
[297]. Similar to humans, upon the termination of ART, HIV viral rebound accompanied
by CD4+ T cell loss was observed in these studies. Administration of PrEP protects against
HIV-1 challenge [302] and in some cases, irrespective of the route of exposure (i.e. mucosal,
rectal, and intravenous) [303]. Pharmacokinetic trends of PrEP in hu-mice also reflect those
seen in human studies, highlighting its potential use for pre-clinical PrEP studies [304].

Persistence of HIV-1 reservoirs in the presence of ART in vivo can also be investigated in
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hu-mice, where latent HIV-1 reservoirs remained stable independent of the length of CART
administration [305]. These observations can provide more insight into rebounding viremia

after ART termination and serve as potential in vivo HIV latency models [306].

Other novel HIV therapies and cure strategies have also been extensively tested in hu-mice.
These therapies include adoptive transfer of modified CD4+ T cells [307], broadly
neutralizing antibodies (bNAbs) against HIV-1 [308-310], latency-reversing agents [311],
and gene therapies including CRISPR-Cas9 [312,313]. These therapeutics have also
demonstrated effective control of HIV-1 infection in the hu-mice, and have even shown the

possibility of eliminating the HIV viral reservoir [311,313].

1.4.5. The Use of Humanized Mice for TB and Co-infection Studies

With recent advancements in hu-mouse models to better recapitulate human immune
responses, hu-mice have been much more popularized within literature. However, due to
the widely used and well-established standard inbred mouse and NHP models for TB
(outlined in chapter 1.1.5.), there are still relatively fewer hu-mouse models investigating

single Mtb-infection.

Initially, studies using BCG infection demonstrated the potential of the huNSG-BLT model,
and the huNSG models using the HSC-method of engraftment to be used for Mtb infection

[314,315]. These mice demonstrated granuloma-like structures within the lungs upon BCG
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infection. Notably, mice that were humanized hosted much more severe lesions and
pathology compared to their non-humanized counterparts illustrating the importance of
human immune cells within the hu-mice in order to fully recapitulate mycobacteria
infection [315]. Although BCG induced immune human macrophage and T cell responses,
the formation of granulomas were significantly less severe than Mtb infection such as the
development of a necrotic core [315]. Subsequent studies using huNSG-BLT mice in Mtb
infection demonstrated features that well recapitulate human pathology such as granuloma
formation within the lung and liver. Specifically, the formation of cellular cuffing with
immune cell organization surrounding central necrosis of lung granulomas was observed
along with extrapulmonary dissemination [316]. These studies consolidated hu-mice as
good models for Mtb studies and have led to TB therapeutic investigations such as the
testing of vaccination and treatments. For instance, huNRG mice were used to evaluate the
protective efficacy of the human adenoviral-vectored vaccine AdHUSAg85A [104]. This
study demonstrate that both protective efficacy against Mtb infection and Mtb-specific
immunogenicity elicited by the vaccine upon respiratory mucosal administration [104].
Other studies have also used huNSG mice and transgenic hu-mice to evaluate TB
combination antibiotics treatments [317], vaccination [318], and infection response

pathways [319].

In the context of HIVV/Mtb co-infection, there are currently two major published papers that
have used hu-mice. Both demonstrate the ability for hu-mice to recapitulate many aspects

of human pathology and offer further insight on disease progression and host-pathogen
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interactions. The first co-infection study used the huNSG-BLT model establishing primary
HIV-1 infection followed by subsequent low-dose Mtb (H37Rv strain) infection [320]. The
study found an increasing trend of lung pathology in co-infected huNSG-BLT mice when
compared to TB-only mice, and illustrated pathological features such as TB pneumonia and
bronchial occlusion. This study also provided insight on HIV localization during co-
infection within the lungs where HIVV-1 may be exclusively localized around granuloma
lesions [320]. The huNSG-BLT model has also been used in one other HIV/Mtb co-
infection study where paucibacillary TB was successfully modelled in Mtb-infected
huNSG-BLT mice after TB treatment, and subsequent post-drug TB relapse was observed
after HIV-1 infection [321]. Overall, these huNSG-BLT models have shown great promise
as an in vivo small animal model for HIVV/Mtb co-infection. However, as discussed in
Chapter 1.4.3., the BLT-method of engraftment can pose several challenges including
ethical and resource limitations of obtaining fetal tissue samples which restricts widespread
use of the model to rapidly advance in vivo HIVV/Mtb co-infection research. Therefore, one
of the purposes of this project is to validate both current and next-generation of hu-mice
using the more feasible HSC-method of engraftment for advancing HIV/Mtb co-infection

research.

Chapter 1.5 Rationale and Project Overview

Currently, there are limited small animal models that are appropriate to investigate HIV-1

infections and better recapitulate human lung TB pathology in vivo. This leads to even
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fewer options for in vivo HIV/Mtb co-infection research. Due to the high morbidity and
mortality of co-infection and many unanswered questions to be addressed regarding disease
interactions, small animal models of HIVV/Mtb co-infection are required to further advance
research. We aim to establish functional current- and next-generation hu-mouse models for
HIV/Mtb co-infection that well-recapitulate host-pathogen responses and serve as pre-
clinical models for understanding immune interactions, as well as vaccine and therapeutics
testing. The huNRG model will serve as the current-generation model used in this project.
In the literature, transgenic modifications to immunodeficient mice have allowed for
increased immune cell engraftment and functionality, depending on the modification. The
huNSG-hIL15, which produce human IL-15 required for human NK cell development
allows for the addition of robust NK cell levels to the immune cell repertoire. In the context
of infectious diseases, this is a promising model to establish in hopes of developing an in
vivo system to investigate the role of NK cells in HIV infection. Therefore, this project will
establish and compare the huNSG-hIL15 to the huNRG model. Transgenic models that
express human HLA molecules can be engrafted with partially matched-HSCs which allow
HLA-matching during T cell development to improve the repopulation of lymphoid
lineages. In particular, the huDRAGA expresses both HLA class I and 1l (HLA-A*02:01,
and HLA-DRB1*04:01, respectively) [270]. HUDRAGA mice have not only demonstrated
better T cell engraftment, but also improved B cell functionality where isotype-switched
antibodies were observed. This project will establish a similar model by crossing NRG mice
expressing HLA class | (A*02:01) and NRG mice expressing HLA class |1 (DRB1*04:01),

termed NRG-A2 and DRAG mice respectively. From here on, this model will be termed
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DRAG-A2 and becomes the humanized DRAG-A2 (huDRAG-A2) upon HSC engraftment.
HUDRAG-A2 mice will be considered the next-generation hu-mouse model used in this
project. The improved immune functionality described in HLA transgenic mice make these
ideal models to investigate HIV, Mtb, and HIV/Mtb co-infection. Upon establishing the
huNRG and huDRAG-A2 models, HIV-1 and Mtb infections will be established
individually to confirm that both models are capable of sustaining and recapitulating key
features of human infection. (Note: the results from these single-infection studies will not
be presented in this thesis as they have been submitted for publication and are currently
under review: Viruses; April 28, 2022; Manuscript ID: viruses-1725813; Jack X. Yang*,
Madeleine Lepard*; *co-first authors. These results are also presented in the MSc. thesis
by Lepard M.). Both models will then be used to establish HIVV/Mtb co-infection in vivo
where the primary outcome will be the comparison between the pathogenesis of co-
infection and single-Mtb infection. Lung granuloma pathology/histopathology will be
another major outcome as granuloma development, formation, and composition are areas
with multiple questions unaddressed due to the limited in vivo models and literature. Finally,
effective vaccination against TB is an urgent global issue as 1.5 million people a year die
from the disease. Despite over 37.7 million individuals living HIV globally who are the
populations most at risk of dying from TB, PLWH are rarely included in clinical trials for
TB vaccines. Due to the action of HIV on the immune cells that are key to TB defense,
many worry that vaccines tested in HIV-negative individuals may not be efficacious in
PLWH. Dr. Zhou Xing (McMaster University, Hamilton, ON) has developed a novel

multivalent adeno-vectored respiratory mucosal TB vaccine (AdCh68MV). This vaccine is
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unique in features such as the route of respiratory mucosal administration and the ability to
stimulate immune cells to target multiple stages of the Mtb life cycle (discussed in Chapter
1.1.6.). These features may allow the vaccine to better induce protective immune responses
in humanized mice against Mtb and even overcome HIV-mediated immune suppression in
PLWH. Here we will test the immunogenicity of this novel vaccine in the current- and
next-generation huNRG and huDRAG-A2 mice as one of the first steps to establishing a

TB-vaccination platform and strategy for persons without HIV and PLWH.

Chapter 1.6 Project Aims, Objectives, and Hypotheses

Aim 1 — Develop and compare current- and next-generation humanized mouse models with
human immune cells capable of sustaining both HIV and TB infections.

Hypothesis: We hypothesize that the huNRG, huNSG-hIL15, and huDRAG-A2 models
will successfully develop human immune cell populations essential for investigating HIV
and TB infection. We also hypothesize that the huDRAG-A2 mice will develop higher
levels and more functional human lymphoid populations than huNRG mice, while huNSG-

hIL15 mice will reconstitute with higher levels of NK cells than huNRG mice.

Aim 2 — Establish HIV/Mtb co-infection in huNRG and huDRAG-A2 mice and investigate

host-pathogen responses, immune function, and histopathology within blood and tissues in

Vivo.
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Hypothesis: We hypothesize that both huNRG and huDRAG-A2 mice can sustain
infection with HIV and TB alone and serve as viable models to investigate co-infection that
recapitulate many aspects of human disease. Furthermore, when infected with HIV and
subsequently Mth, human CD4+ T cells and macrophages will be depleted resulting in poor
control of Mtb bacteria within tissues of co-infected mice when compared to Mtb-only
infected mice. We also hypothesize that co-infected mice of both models will develop more

necrotic and disorganized lung granulomas when compared to Mtb-only infected mice.

Aim 3 — Elucidate the immunogenicity of adeno-vectored TB vaccines in generating Mtb-
specific immune responses within huNRG and huDRAG-A2 mice.

Hypothesis: We hypothesize that the trivalent AdCh68MV vaccinated huNRG and
huDRAG-A2 mice will generate significant Mth-specific human T cell responses within
the lung and spleen. We also hypothesize that the huDRAG-A2 mice will develop elevated
Mtb-specific T cell responses when compared to huNRG mice, due to increases in immune

functionality.
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CHAPTER 2. METHODS

Chapter 2.1. Aim 1: Develop and compare current- and next-generation
humanized mouse models with human immune cells capable of sustaining

both HIV and TB infections.

2.1.1. Breeding and generation of NRG, NSG-hIL15, and DRAG-A2 mice

NRG mice (NOD.Cg-RaglmMom|| 2rgtmWily and NSG-hIL15 mice (NOD.Cg-
Prkdcsid [12rg™™Wil Tg(1L15)1Sz/SzJ), were obtained from The Jackson Laboratory (JAX,
strain#: 007799, and strain#: 030890, respectively). To generate DRAG-A2 mice that
express both homozygous HLA-A*02:01 and HLA-DRB1*04:01, homozygous NRG-A2
mice (NRG mice expressing homozygous HLA-A*02:01) and DRAG mice (NRG mice
expressing homozygous HLA-DRB1*04:01) were crossed mated. The homozygous NRG-
A2 mice were obtained as a generous gift from Dr. Ali Ashkar and Dr. Yonghong Wan
(McMaster University, Hamilton, ON). These NRG-A2 mice were generated by back-
crossing the HLA-A*02:01 transgene from the NSG-A2 strain (JAX, strain#: 009617) onto
the NRG background. Only heterozygous DRAG mice could be obtained from The Jackson
Laboratory (JAX, strain#: 017914), and therefore, homozygous DRAG mice had to be first
generated prior to crossing the DRAG with NRG-A2 to generate DRAG-A2 mice.
Heterozygous DRAG mice were mated, and only their progeny (first generation) that were

genotyped to be positive for the HLA-DRB1*04:01 allele were then mated with NRG mice
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(not expressing HLA-DRB1*04:01 transgene). The second generation (litters of the first
generation) are again genotyped for the HLA-DRB1*04:01 transgene. If 100% of the
second generation (n>10) expresses HLA-DRB1*04:01, their parents (first generation)
DRAG parent can be confirmed to be homozygous. If any mouse from that litter fails to

express HLA-DRB1*04:01, then their DRAG parent is confirmed to be heterozygous.

Founders First Generation First Generation Second Generation

7 Q0 o - * oo — .+ pp 2 =
— -+ D/
x soo= o dd ALL (100%) D/d

. d o <l X | B
2N 5 g O/ o . D/ o

~50% d/d

Figure 1. Method used for establishing the homozygous DRAG colony.

Heterozygote founders produce first generation of “parents” that are crossed with NRG mice. Second
generation litters with 100% positive genotyping for the HLA-DRB1*04:01 allele confirms their parents are
homozygotes. D/D = Homozygous and D/d = heterozygous for HLA-DRB1*04:01 allele; d/d = does not
express HLA-DRB1*04:01 allele; “+” = positive genotype test for the HLA-DRB1*04:01 allele; “—” =
negative genotype test for the HLA-DRB1*04:01 allele.

2.1.2. Genotyping of NSG-hIL15, and DRAG mice

DRAG mice required genotyping as part of the method to establish homozygous expression
of the transgenic HLA-DRB1*04:01 allele. NSG-hIL15 mice required genotyping to

ensure the expression of transgenic IL-15 allele. Both DRAG and NSG-hIL15 mice were
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ear tagged and a small sample of ear tissue was obtained. Ear tissue was used in the DNeasy

Blood & Tissue Kit (QIAGEN, cat# 69506) to extract purified DNA.

DRAG:

Polymerase chain reaction (PCR) genotyping was performed using the Platinum Il Hot-
Start PCR Master Mix (Invitrogen, cat# 14000011) mixed with primers specific for the
allele of interest: HLA-DRB1*04:01 allele (forward primer: 5’-GTT TCT TGG AGC AGG
TTA AAC-3’; reverse primer: 5°-CTG CAC TGT GAA GCT CTC AC-3"), internal control
primers (forward internal control: 5°-CAA ATG TTG CTT GTC TGG TG-3’; reverse
internal control: 5’- GTC AGT CGA GTG CAC AGT TT-3’), and sample DNA. PCR
samples were loaded on 1.5% agarose gel (Invitrogen, cat#16500-500) with EZ VISION
loading dye (VWR, cat# 97064-190) at a 1.5 to 1:10 DNA/loading dye ratio and ran with
gel electrophoresis at 100 volts. Results positive for HLA-DRB1*04:01 will appear as
double bands where both the internal control band (~270bp) and the transgene band
(~320bp) could be observed under UV-illumination. Samples without the transgene will

only show the single internal control band.

NSG-hIL15:

Real time quantitative PCR (qPCR) was performed using the Platinum Il Hot-Start PCR
Master Mix with primers specific for the Tg(IL15)1Sz allele (forward primer: 5’-GGT
GGC CTG ACC TAA GGA AG-37; reverse primer: 5°-GTG CCA TCG AGA CTT CCA

CT-3), internal control primers (forward internal control: 5’-CAC GTG GGC TCC AGC
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ATT-3’; reverse internal control: 5°-TCA CCA GTC ATT TCT GCC TTT G-3°),
transgenic probe (5’- /56-FAM/TGC CAT AGC /ZEN/ AGG TAA TAC CAG
CTT/3IABKFQ-3’), the internal control probe (5°- /5SUN/CCA ATG GTC /ZEN/ GGG
CAC TGC TCA A/BIABKFQ/ -3°), and sample DNA. Samples were run on the
StepOnePlus Real Time PCR System (Applied biosystems) and results were analysed on
the StepOne Software (version 2.3).

Detailed reagent volumes, gPCR cycling, and machine settings will be outlined below as
this method is adapted from The Jackson Laboratory for the first time in the Gillgrass Lab

(https://www.jax.org/Protocol?stockNumber=030890&protocolID=31472).

Optimized qPCR reagent mix (per tube):
e Platinum Il Hot-Start PCR Master Mix = 10 uL
e Forward primer (100 uM) = 0.8 pL
e Reverse primer (100 uM) = 0.8 puL
e Internal forward primer (100 uM) = 0.8 uL
e Internal reverse primer (100 uM) = 0.8 pL
e Transgenic probe (10 uM) = 0.3 pL
e Internal control probe (10 uM) = 0.3 L
e DNase-free water (H20) = 2.2 pL
e DNA=4uL

Optimized qPCR Cycling:
1. Pre-PCR read*: 25°C, 30 seconds
2. Holding stage: 94°C, 2 minutes
3. Cycling stage*: (40 cycles)
a. 98°C, 5 seconds
b. 60°C, 20 seconds
4. Post-PCR read*: 25°C, 30 seconds
*Select “Data Collection ON” option during these steps.

Other Program settings (StepOne Software v2.3):
e Experiment type: Genotyping
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e Reagents: TagMan
e Ramp Speed: Fast
e Plate Setup:
o Allele 1/Allele 2 Reporter: FAM/VIC
o Dye for Passive reference: NONE
e Reaction set up and materials list: Default, no changes made

2.1.3. Obtaining CD34+ Hematopoietic Stem Cells for Engraftment

CD34+ hematopoietic stem cells isolation:

Human umbilical cord blood (UCB) was collected with consent after delivery (HIREB 13-
813; Department of Obstetrics and Gynecology, McMaster Children’s Hospital, Hamilton,
ON). All samples were processed within 48 hours to remove red blood cells from nucleated
cells using an erythrocyte aggregation agent (HetaSep, StemCell Technologies, cat: 07906).
Subsequently, enrichment of human CD34+ hematopoietic stem cells (HSCs) was
performed by depleting CD2, CD3, CD14, CD16, CD19, CD24, CD56, CD66b cells and
glycophorin A red blood cells using an antibody negative selection kit (RosetteSep,
StemCell Technologies, cat: 15066). This was followed by separation using density
gradient centrifugation (Lymphoprep, StemCell Technologies, cat: 07851). The final
enriched samples were cryopreserved in a commercially available medium (CryoStor,
StemCell Technologies, cat: 07930) and stored in liquid nitrogen. CD34+ HSC processing
was adapted from Kwant-Mitchell et al. [322,323]. Additionally, 1mL of each UCB sample
were aliquoted to be processed to isolate for cord blood mononuclear cells (CBMCs) using

only the Lymphoprep density gradient centrifugation and cryopreserved for future
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autologous NK cell expansion. Approximately 100uL of the final processed CBMC and
CD34+ HSC was aliquoted for flow cytometry analysis. 500-750uL of UCB samples were

also collected after the erythrocyte aggregation step and stored in -20°C for HLA typing.

HLA tissue typing of UCB samples:

DNA was extracted from the 500-750uL of aliquoted UCB samples using the Qiagen Blood
& Cell Culture DNA Midi Kit (QIAGEN, cat#: 13343). All final DNA samples were ideally
concentrated between the range of 25-200ng/uL with an A260/A280 purity ideally between
1.65-1.80. Samples were screened for both HLA-DRB1*04:01 (DRAG allele) and HLA-
A*02:01 (A2 allele). Samples were first screened for the DRAG allele using the MicroSSP
Allele Specific HLA- typing class || DNA typing trays - DRB1*04:01 (OneLambda, cat#:
SSPR2-104). Only upon testing positive for the DRAG allele, samples are then screened
for the A2 allele using the MicroSSP Allele Specific HLA-typing class | DNA typing trays
- OneLambda, cat#: SSPR1-A2). Tissue typing trays were run with the PCR protocol
recommended by the manufacturer.

In detail, the PCR amplification cycles follows the program below for testing both HLA
alleles:
1. 96°C for 2 min 10 sec
63°C for 1 min
96°C for 10 sec
63°C for 1 min
Repeat step 3-4 for 9 cycles
96°C for 10 sec
59°C for 50 sec
72°C for 30 sec

N Ok WD
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9. Repeat steps 6-8 for 20 cycles
10. Hold at 4°C

After PCR, gel electrophoresis was performed using 2.5% agarose gel (ThermoFisher
Scientific, cat#: 16500500) in 1x Tris Borate EDTA buffer (1x TBE) (ThermoFisher
Scientific, cat#: AM9863). Agarose Gel was prepared with the addition of 1uL/mL GelRed
Nucleic Acid Gel Stain (Biotium, cat#: 41003) instead of the recommended 0.5 pg/ml
ethidium bromide. The unique gel dock used for electrophoresis is the Micro SSP Gel

System (One Lambda, cat#: MGS108), available on: https://www.onelambda.com. The

final photographed image is analyzed with the HLA Fusion software (version 4.2.0) which

is available for paid download from https://www.onelambda.com.

HLA fusion analysis:

The HLA Fusion software provides multiple possibilities of allele pairs (Figure 2).
Therefore, likely HLA allele pairings for the analyzed sample were determined based on
common alleles from databases and by ruling out rare alleles (1 in 1x105-1x107). For
example, from the DRB1*04:01 typing results possible allele pairs may show as strings of
possible combinations (Figure 2). Positive samples should have the allele of interest
(DRB1*04:01) in at least one of the two alleles within a pair indicating heterozygous
expression. In the context of this project, UCB samples can be used for engraftment if they

are have either homozygous or heterozygous expression of the allele of interest [324].

58


https://www.onelambda.com/
https://www.onelambda.com/

M.Sc. Thesis — J. Yang; McMaster University — Medical Sciences

Possible Allele Code 1 Allele

DRB1#*01:XX1 DRB1#*04:XX2

DRE1*03.XX3 DRB1*04:303{2

DRB1*04:XX4 DRB1*04:XX5

DRBE1*04.XX6 DRB1*08:XX7

DRBE1#04:XX8 DRE1*11:-XX0

DRB1*04-XX2 DRB1*13:XX10

DRE1*+04-XX2 DRB1*14:30{11

DRB1*04-XX2 DRB1*15:103

X¥1=:01:08/01:10
XX2:=:04:01/04:111/04:112/04:115/04:117/04:11GN/04:123/04:127/04:130/04:135/04:153/04:155/04:155/04:171/04:174/04:175/04:150/04:152/04:194/04:200
XX3:=:03:17/03:40/03:41/03:75/03:76/03:105/03:118
XX4:=:04:01/04:111/04:112/04:115/04:117/04:115N/04:123/04:127/04:128/04:130/04:135/04:141/04:153/04:155/04:158N/04:159/04:171/04:174/04:175/04:18
H{5=04:01/04:58/04:111/04:112/04:115/04:117/04:115N/04:123/04:127/04:128/04:130/04:135/04: 14 1/04:153/04:155/04: 1 58N/04:158/04:171/04:174/04:173
XX6:=:04:01/04:111/04:112/04:115/04:117/04:116N/04:123/04:130/04:135/04:153/04:155/04:171/04:174/04:175/04:150/04:192/04:194/04:200/04:208/04:216
XX7:=:08:13/08:30/08:45/08:81
4:01/04:98/04:111/04:112/04:115/04:117/04:119N/04:123/04:127/04:128/04:130/04:135/04:141/04:153/04:155/04:158N/04:155/04:171/04:174/04:173
:73/11:79/11:93/11:184

XX10:=:13:10/13:23/13:37/13:85/13:86/13:170/13:172/13:176/13:178/13:196/13:247

MM11=:14:19/14:21/14:102/14:109/14:116

Figure 2. Possible allele combinations from a HLA-DRB1*04:01 positive sample.

Potential allele pairs are highlighted in blue. HLA isotype specificity are denoted by XX1, XX2, etc. and are
applied to the allele pairs to determine the HLA isotypes within the allele pairs. For instance, the left allele in
the first allele pair can potentially be DRB1*01:08 or DRB1*01:10, while the right allele can potentially be
DRB1*04:01, or DRB1*04:111, or DRB1*04:112, etc. The long sting of potential alleles are ordered in the
most to least common alleles (from left to right). The ambiguity of alleles should be clarified with the online
database by ruling out rare alleles (Figure 3). Upon confirming that an allele is rare there is no need to check
additional alleles further down the string. In this case, when checking the XX2 line, DRB1*04:01 is the allele
of interest, and the next possible allele is DRB1*04:111 which according to the HLA database only has a
0.16% population frequency in the Chilean population, and thus can be considered a rare allele. Therefore,
there is no need to check alleles further down the line. Any allele with the XX2 notation can be confirmed as
DRB1*04:01. Every allele pair in blue has at least one XX2 (DRB1*04:01) which means considering all
possibilities, the samples is heterozygous for DRB1*04:01. Since samples that are either heterozygous or
homozygous can be used for engraftment, this sample is considered to be positive for DRB1*04:01 (DRAG
allele).

To determine the frequency/rarity of HLA alleles, online HLA database search tools were

used (http://www.allelefrequencies.net) [325,326]. This is not always necessary for
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determining sample HLA allotype, since presence of just one allele (heterozygous
expression) is required for the sample for engraftment. However, if the fusion software
provides allele possibilities that do not contain the alleles of interest within the pair, it is
important to rule out these pairings as rare/unlikely before confirming the sample as

positive. An example is demonstrated in (Figure 3).

30 DRE1=02:24 EE= |j5p NMDP European Caucasian 0.0000012 1,242,890 See =
31 DRB1*03:28 EE= |sa NMDP European Caucasian 0.0000044 1,242,850 See =
32 DRB1*03:34 M= s5a NMDP European Caucasian 0.0000004 1,242,890 See =
33 DRB1*03:37 EE= USA NMDP European Caucasian 0.0000020 1,242,890 See =
34 DRB1*03:35 EE= USA NMDP European Caucasian 0.0000012 1,242,850 See =
35 DRB1*03:48 EE= ysa NMDP European Caucasian 0.0000004 1,242,880 See 4=
36 DRB1=03:45 EE= |sa NMDP European Caucasian 0.0000004 1,242,890 See =
37 DRB1*03:60 ME= USA NMDP European Caucasian 0.0000004 1,242,890 See =
3B DRB1*04:01 ME= ysa NMDP European Caucasian 0.0878 1,242,890 See = )
39 DRB1=04:02 EES USA NMDP European Caucasian 0.0106 1,242,890 See v
40 DRB1*04:03 EE= |sa NMDP European Caucasian 0.0079 1,242,890 See =
41 DRB1*04:04 M= ysa NMDP European Caucasian 0.0388 1,242,890 See =
42 DRB1*04:05 ME= USA NMDP European Caucasian 0.0067 1,242,890 See =
43 DRB1*04:06 ME= USA NMDP European Caucasian 0.0004 1,242,850 See =
44 DRB1704:07 ME= USA NMDP European Caucasian 0.0112 1,242,890 See 7
45 DRB1=04:08 EE= Usa NMDP European Caucasian 0.0039 1,242,890 See =

Figure 3. Allele frequency results after searching for specific alleles reported by the HLA Fusion
Software on the online database.

As an example for analysis, if a sample reports to have the allele possibilities of DRB1*03:24 and
DRB1*03:60, this pair can be ruled out as a rare allele pair possibility within the Caucasian population since
their allele frequencies are extremely close to zero (these alleles have a population frequency of 0.00024%
and 0.00008%, respectively, meaning 0.00024% and 0.00008% of individuals in the sample size of 1,242,890
would that express these alleles, respectively). However, if an allele pair is reported to be DRB1*03:24, and
DRB1*04:02, this pair would could not be definitively ruled out as there is still 2.1% (higher proportion) of
individuals with the DRB1*04:08 allele. For reference, DRB1*04:01 has 16.8% of individuals with this allele
in the European Caucasian population. Population frequency or the “% of individuals that have the allele”
can be calculated with the following formula: % = [1 — (1 — allele frequency)?] x 100%. All reported

information is available on: http://www.allelefrequencies.net

60


http://www.allelefrequencies.net/

M.Sc. Thesis — J. Yang; McMaster University — Medical Sciences

2.1.4. Generating huNRG, huNSG-hIL15, and huDRAG-A2

Generating huNRG and huNSG-hIL15 mice:

UCB derived human CD34+ HSCs that tested negative for both HLA-DRB1*04:01 and
HLA-A*02:01 alleles were selected for engrafting NRG and NSG-hIL15 mice. Newborn
pups (24-72 hours old) were irradiated with 3 cGy irradiation dose at three hours before
engraftment and immediately prior to engraftment. Irradiated pups engrafted with
approximately 1x10° — 1x108 CD34+ HSCs in 30 uL of phosphate buffered saline (PBS)
via intrahepatic (IH) injection (Supplementary Table 1). Pups were then returned to their
mother and monitored for post-irradiation complication and survival. Mice were weaned at
approximately 4 weeks old and were monitored regularly for radiation poisoning and

GvVHD.

Generating huDRAG-A2 mice:

UCB derived human CD34+ HSCs that were tested positive for both the HLA-
DRB1*04:01 and HLA-A*02:01 alleles were used for engraftment of DRAG-A2 mice.
Adult DRAG-A2 mice (6-10 weeks old) were irradiated with 550 cGy immediately prior
to tail intravenous (1V) injection of 5x10° — 1x10% CD34+ HSCs in 200 uL of PBS
(Supplementary Table 1). All mice were monitored regularly for radiation poisoning or

GVHD post-engraftment.
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2.1.5. Flow cytometry analysis of hu-mice reconstitution and HSC sample quality

Hu-mice human immune cell reconstitution:

HUNRG and huDRAG-A2 mice were checked for human immune cell reconstitution at 12,
16 and/or 20 weeks post-engraftment using flow cytometry. If hCD45+ leukocyte
populations were low but detectable (between 2-10%, or between 10,000 to 50,000
hCD45+ leukocytes), mice were also checked past 20 weeks post-engraftment as human
hCD45+ populations may still increase. HUNSG-hIL15 mice were checked for human
immune cell reconstitution at 8, 12, 14, and 16 weeks post engraftment. Approximately 50
uL of blood was collected from the facial vein of all animals. Red blood cells (RBCs) were
lysed with two rounds of ACK lysis buffer treatment (Quality Biological, cat# 10128-802).
Subsequently, human and mouse Fc block were added to samples, and cells were then
stained for 30 minutes in an antibody mix containing hCD45-Pacific Blue, mCD45-
AlexaFluor 700, hCD3e-Qdot 605, hCDA4-PerCP-Cy5.5, hCD8a-PE-Cy7, hCD14-
AlexaFluor 647, and hCD19-PE. Cells were also stained with fixable viability dye (eFluor
780) prior to fixation. For huNSG-hIL15 samples, cells were stained with an antibody mix
containing hCD45-Pacific Blue, mCD45-AlexaFluor 700, hCD3e-Qdot 605, hCD4-PerCP-
Cy5.5, hCD8a-PE-Cy7, hCD14-AlexaFluor 647, hCD19-PE, hCD16-FITC, hCD56-PE-
CF594, and NKp46-BV786. Cells were then ran on the CytoFlex LX flow cytometer and

data was analysed using FlowJo software (version 10.8).
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Chapter 2.2. Aim 2: Establish HIV/Mtb co-infection within huNRG and
huDRAG-A2 mice and investigate host-pathogen responses, immune

dysfunction, and histopathology within blood and tissues in vivo.

2mg DMPA, 3.6x10° TCID50 2.3x103 CFU Mtb %

=G 1 onl
subcutaneous HIV-1 (NL4.3-Bal- (H37RV), o };grtfﬁrzz:l &2
injection Env), intravaginal* Intranasal**

d l l ~8 weeks post-HIV

5-week post-HIV

-1week 0 2week 3 week 3.5week 1.5-week post-Mth ~4.5 weeks post-Mtb
Q e. 1 1 1 1 1
A . ! I I 1 1
Hu-NRG I ] l Lung Spleen ‘
Plasma collection: qRT- Plasma collection:
Group 1: Mtb-only (n=3) PCR qRT-PCR, ELISA —_—
Group 2: HIV/Mtb Co-infected (n=4) Vaginal wash: qRT-PCR

Liver Blood

@ |

Disease & endpoint monitoring I

Figure 4. Experimental plan to establish HIVV/Mtb co-infection within huNRG mice.
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Figure 5. Experimental plan to establish HIVV/Mtb co-infection within huDRAG-A2 mice.

2.2.1. Primary HIV-1 infection of huNRG and huDRAG-A2 mice:

Intravaginal HIV-1 infection of huNRG mice:

To ensure consistent HIV-1 infection, diestrus (the progesterone-high phase of the murine
estrous cycle) was induced within all huNRG mice by administering 2mg Depot-
medroxyprogesterone acetate (DMPA) subcutaneously (McMaster Hospital Pharmacy,
DIN# 00585092). DMPA administration can improve susceptibility to HIV-1 upon
intravaginal challenge, and by inducing diestrus in all animals, this eliminates the
variability in estrous cycles between each animal which can affect susceptibility to HIV-1
[131]. 5 days post-DMPA administration, vaginal washes using 2 x 30 pL sterile PBS was

performed to confirm diestrus microscopically within all huNRG mice. Sample containing
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mostly leukocytes with little to no cornified epithelial cells indicates the hu-mice are in the
diestrus phase [131]. 1 week after the DMPA treatment, huNRG mice in the HIVV/Mtb co-
infected group (n=4) received 3.6x10° TCID50 NL4.3-Bal-Env HIV-1 (Figure 4). The
NL4.3-Bal-Env (R5-tropic) HIVV-1 was obtained as a generous gift from Dr. Charu Kaushic
(McMaster University, Hamilton, ON). HUNRG mice were first anesthetized with
approximately 72 mg/kg ketamine and 4.8 mg/kg xylazine diluted in sterile saline via
intraperitoneal (IP) injection. The vagina was swabbed gently to remove mucous and
3.6x10° TCID50 (approximately 7.5x10° IU) of NL4.3-Bal-Env HIV-1 was pipetted into
the vaginal canal in a 25 pL volume. All huNRG mice were placed in a supine position to
ensure liquid remains in the vaginal canal for 30 to 60 minutes as they recover from
anesthesia. All hu-mice were regularly monitored for severe health reactions to the
infection and GvHD. Plasma viral load was assessed at 2 and 3 weeks post-HIV infection

to confirm successful HIV infection.

Intraperitoneal HIV-1 infection of huDRAG-A2 mice:

This method of HIV-1 infection avoids the use of DMPA. HUDRAG-A2 mice in the
HIV/Mtb co-infected group (n=4) received 1x10° TCID50 NL4.3-Bal-Env HIV-1 (Figure
5). HUDRAG-A2 mice were first anesthetized with gaseous isoflurane and 1x10° TCID50
(approximately 1.75x10° IU) of NL4.3-Bal-Env HIV-1 was administered into the

peritoneum in a 100 pL volume. All hu-mice were regularly monitored for severe health
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reactions to the infection and GvHD. Plasma viral load was assessed at 2 and 3 weeks post-

HIV infection to confirm successful HIV infection.

2.2.2. Mtb infection of huNRG and huDRAG-A2 mice:

HUNRG (Mtb-only n=3, co-infected n=4) and huDRAG-A2 mice (Mtb-only n=4, co-
infected n=3) were infected with Mtb at 3.5 weeks post-HIV infection in the McMaster
University containment level 3 facility. Mice were first anesthetized with gaseous
isoflurane until an unconscious plane of 1 breath every 2 seconds was reached. Both the
Mtb-only and HIVV/Mtb co-infected groups were infected intranasally with a planned low-
dose 1x10° CFU/mouse (actual dose = 2.3x10% CFU/mouse) of H37Rv Mtb in a 25 pL
volume. The H37Rv strain of Mtb was obtained as a generous gift from Dr. Zhou Xing
(McMaster University, Hamilton, ON). The infection dose along with the stock of Mtb used
for infection was titred and plated to determine the actual dose of Mtb infection. 2.5 to 3

weeks after plating, the actual infection CFU titre of Mtb was confirmed.

2.2.3. Quantification of plasma and vaginal wash viral load:

Vaginal wash and blood plasma samples were collected in HIVV-1 infected huNRG mice at
2 and 3 weeks post-infection, and only plasma was collected at 5 weeks post-infection.

Plasma samples were collected at 2, 3, and 6 weeks post-infection in HIV-1 infected
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huDRAG-A2 mice. Whole blood was collected via facial bleed into EDTA-coated blood
tubes (VWR, cat# CABD365974L). Both vaginal wash and whole blood was centrifuged
before collecting the vaginal wash supernatant and plasma, respectively and stored in -80°C.
RNA was extracted from 50 pL of plasma and/or vaginal wash using the QlAamp MinElute
Virus Spin Kit (QIAGEN, cat# 57704). Quantification of viral load was performed using
an established in-house reverse transcription gqPCR (RT-qPCR) protocol. RT-gPCR
reactions were set up with the SensiFAST Probe Hi-ROX One-Step Kit (FroggaBio, BIO-
77005) mixed with HIV-1 specific primers (forward primer: 5'- GCC TCA ATAAAGCTT
GCC TTG A-3’; reverse primer 5'- GGC GCC ACT GCT AGA GAT TTT -3°), and probes
(reporter probe: 5'- /6-FAM/ AAG TAG TGT GTG CCC GTC TGT TRT KTG
ACT/TAMRA/ -3’). Samples were run on the StepOnePlus Real Time PCR System
(Applied biosystems) with no-template controls, no-reverse transcriptase controls, positive
control RNA from infected plasma, and negative control RNA from uninfected vaginal
wash and plasma. Results are generated on the StepOne Software (version 2.3). Final
analysis of HIV-1 viral load is based on HIV RNA copies per mL derived from standard
curve extrapolation of Ct values quantified by the Mount Sinai Department of

Microbiology (Toronto, Ontario).

2.2.4. Quantification of immune cells and pathology within plasma and tissue:

Flow Cytometry:
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At experimental endpoint for huNRG mice (8 weeks post-HIV, 4.5 weeks post Mtb
infection), and for huDRAG-A2 mice (7.5 weeks post-HIV, 4 weeks post Mtb infection)
blood and the accessory (post-caval) lobe of lungs were collected for flow cytometry
analysis. Blood was also collected at 6 weeks post HIV-infection (2.5 weeks post Mtb
infection) in huDRAG-A2 mice for flow cytometry analysis. Blood was processed as
described in Chapter 2.1.5. Lungs were cut into small pieces and digested by collagenase
type | (Fisher Scientific, cat#: 17100017) (150U/mL) for 45 minutes to 1 hour to release
cells. Lungs were strained through 100um pore size filters (VWR, cat#: 352360), and RBCs
were lysed with ACK lysing buffer and cells were again passed through 100um filters prior
to flow cytometry staining as described in Chapter 2.1.5. Peripheral blood cells were
stained with hCD45-Pacific Blue, mCD45-AlexaFluor 700, hCD3e-Qdot 605, hCD4-
PerCP-Cy5.5, hCD8a-PE-Cy7, hCD14-AlexaFluor 647, and hCD19-PE. Lung cells were
stained with hCD45-Pacific Blue, hCD3e-Qdot605, hCD4-PerCP-Cy5.5, hCD8a-PE-Cy?7,
hCD14-BV785, hCD169-PE and hCD206-APC. Samples were run on the CytoFlex LX

flow cytometer and data was analysed using FlowJo software (version 10.8).

Immunohistochemistry:

At experimental endpoint, the left lung and one-half spleen were also collected and fixed
in 10% formalin for 1 week, and subsequently transferred to 70% ethanol. Histology
protocols were performed by the McMaster Histology Core Facility. Briefly, tissue sections
were deparaffinized and boiled in Tris/EDTA (pH=9) for 20 minutes. Tissue sections were

then blocked with 5% bovine serum albumin (BSA), and incubated with 1:50 mouse anti-
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human CD4 monoclonal antibodies (clone 4B12, Leica Biosystems, cat#: PA0371) or
mouse anti-human CD68 monoclonal antibodies (clone PG-M1, Dako, cat#: GA61361-2)
for 1 hour at room temperature. Sections were visualized with the Bond Polymer Refine
Red Detection kit (Leica BioSystems, cat# DS9390) on an automated Leica Bond RX

autostainer (Leica Biosystems).

2.2.5. Quantification of Mtb bacterial load and pathology within tissues:

Mtb bacterial plate culturing:

The right lobe of the lung and one-half spleen were mechanically homogenized in 2mL of
10% glycerol (Fisher Scientific, cat# FLBP2291) and 0.1% Tween 80 (Fisher Scientific,
cat# T164500) in PBS. 10-fold serial dilutions of homogenates were plated on agar plates
containing 10% Middlebrook oleic acid-aloumin-dextrose-catalase (OADC) enrichment
(Fisher Scientific, cat# B11886), 0.5% glycerol, 5 pg/mL ampicillin (Sigma, cat#: A5354)
and 50 pg/mL cycloheximide (Sigma, cat#: C7698). Titer plates were incubated for 2.5-3
weeks at 37°C. Mtb colonies were counted to quantify the bacterial load in respective

tissues.

Histology and histopathology:
Upon tissue fixation and histology protocols as described in Chapter 2.2.4.. The left lung

and one-half spleen was also stained with Hematoxylin and Eosin (H&E), acid-fast bacilli
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(AFB) staining to visualise granuloma structures and Mtb bacilli within tissues.
Granulomatous tissue within lung H&E sections were quantified using the ImageJ software

developed by NIH (https://imagej.nih.gov/ij/download.html) and represented as area

percentage of granulomatous tissue out of total lung tissue.

Chapter 2.3. Aim 3: Elucidate the immunogenicity of adeno-vectored TB
vaccines in generating Mtb-specific immune responses within huNRG and

huDRAG-A2 mice.

STIM conditions:
1). 1x107 PFU AdCh68Ag854, i.n. 1. Unstimulated
(25uL) 2. Ag85A Peptide pool (1-57)
2). 1x107 PFU AdCh68Ag85A, i.m. 3. BCG
(100pL, 50uL/leg) 4. PMA/Ionomycin
3). None
l VVWNVNVVVVVVVWY
huNRG o 4 week 5 weeks
a weeks wee
Y Intracellular flow
1 1 > cytometry staining
I I
I , Lung Spleen ‘ l
Experimental Groups: )
Group 1: Intranasal Immunized huNRG (n=3) 200pL blood ) Q Cyt;)Fk;nes of interest:
Group 2: Intramuscular Immunized huNRG (n=3) : IL-2—Y
Group 3: Non-Immunized (n=3) l * TNF-a

Figure 6. Experimental plan for pilot study testing T cell responses to ADCh68Ag85A vaccination
within huNRG mice.
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1x107 PFU AdCh68MV, STIM conditions:
Intranasal* 1. Unstimulated
2. Protein Pool
3. BCG
4. Cell filtrate/crude BCG
5. PMA/Tonomycin
Day 0 4 weeks Intracellular flow
I cytometry staining
[ Lung Spleen " I
Experimental Groups: Y
Group 1: Vaccinated huDRAG-A2 (n=3) ) Q Cytokines of interest:
+ IFN-
Group 2: Vaccinated huNRG (n=3) v
Blood  BAL T2
Group 3: Vaccinated BALB/c (n=2) * TNF-a
Group 4: Unvaccinated huDRAG-A2 I ‘.
(n=1), unvaccinated huNRG (n=1) e

Figure 7. Experimental plan to investigate antigen-specific T cell responses within huNRG and
huDRAG-A2 mice vaccinated with AdCh68MV as the primary vaccine.

2.3.1 Administration of TB vaccines

Respiratory mucosa route of administration:

Hu-mice and BALB/c mice were vaccinated with either 1x107 PFU monovalent
AdCh68AQ85A vaccine, or 1x10° PFU of multivalent AdCh68Ag85A:rpfB:TB10.4
(AdCh68MV) via intranasal infection in a 25 pL volume. Mice were first anesthetized with
gaseous isoflurane until an unconscious plane of 1 breath every 2 seconds was reached. 25
uL of the vaccine volume was pipetted on the nares of animals while the mouth of the
animals was held closed to ensure the volume is mostly aspirated into the respiratory tract.
Upon fully aspirating the vaccine, the mouth of the animals were still held closed for 10 to
20 more seconds to ensure that the vaccine was aspirated into the lower respiratory tract. It

is important at this stage to closely monitor the breathing pattern and depth of respiration
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of the animal. If breathing was irregular and each breath seemed shallow or laboured, the
grip on the mouth was released to allow for more air into the lungs. All animals were
monitored regularly for severe immune responses or reactions to the vaccine along with

development of GVHD.

Parenteral route of administration:

HUNRG were vaccinated with 1x10” PFU monovalent AdCh68Ag85A via intramuscular
(IM) injections in a total 100uL volume. Mice were first anesthetized with gaseous
isoflurane and the hind legs of huNRG were sterilized with 70% EtOH. 50uL of the vaccine
volume was injected into the most muscular part of each inner hind leg. Successful IM
injection will lead to some restrictions in hind leg movement. All animals were monitored
regularly for severe immune responses or reactions to the vaccine along with development

of GvHD

2.3.2. Isolation of mononuclear cells from blood, lung, spleen, and bronchoalveolar

lavage (BAL)

Supplemented complete RPMI 1640 media (cCRPMI) (RPMI 1640 media with 10% FBS,
1% L-Glutamine, 1% HEPES, 1% sodium pyruvate, 1% non-essential amino acids, 0.1%
B-mercaptoethanol, and 100 U/ml of Penicillin) was prepared for collected samples.
Streptomycin was not added to any growth media as it can inhibit the growth of BCG

bacteria. At experimental endpoint, peripheral blood from the facial vein was collected into
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EDTA-coated blood tubes. Exhaustive bronchoalveolar lavage (BAL) was performed by
lavage of the lungs with a total of 1.35 mL of cRPMI (250 pL, 200 pL, 300 uL, 300 pL,
300 pL) using a polyethylene cannula inserted into the trachea. BAL fluid was passed
through a 40um cell pore size filter (VWR, cat# 352340) to reduce debris and ensure single-
cell suspension. Whole lavaged lung and whole spleen was collected into tubes with cRPMI.
Blood and lungs were processed as described in chapters 2.1.5. and 2.2.4., respectively.
Spleens were crushed through a 100 pm pore size filter, treated with ACK lysis buffer, and

passed through a 40 um filter.

2.3.3. Antigen stimulation and quantification of mononuclear cells

BAL, lung, and spleen cells were plated on U-bottom 96-well plates at a concentration of
approximately 1 million cells/mL, 5 million cells/mL and 10 million cells/mL respectively.
PBMCs were directly plated and distributed evenly across controls without cell counting.
To control for baseline stimulation, all samples were stimulated ex vivo with an
unstimulated control condition in cRPMI supplemented with co-stimulatory 1 pg/ml of
monoclonal anti-human CD28 (clone

CD28.2; ThermoFisher, cat#: 16-0289-81) and anti-human CD49d antibodies (clone 9F10;
ThermoFisher, cat#: 16-0499-81) [327]. All other stimulation conditions were also
supplemented with both co-stimulatory antibodies. To optimize and determine the most

ideal stimulation conditions, samples were stimulated with different sources of Mtb
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antigens (Table 1). Additionally, the supplementation of costimulatory antibodies was also

modified in the culture filtrate/crude BCG condition where instead of the aforementioned

clones of hCD28 and hCD49d antibodies, the clones described in Yushi et al. 2017 were

used at 1.75uL/well [104]. Upon treating samples with respective stimulation conditions,

cells were incubated in 37°C, at 5% CO2 for the durations outlined in Table 1. Five hours

before completion of stimulation, 1:400 GolgiPlug (BD Biosciences, cat#: 555028) was

added to all wells to trap cytokines within the cells.

Table 1. Antigen stimulation conditions used in each experiment.

Monovalent refers to the experiment using monovalent AdCh68Ag85A vaccine; Trivalent refers to the

experiment using trivalent AACh68MYV vaccine.

and Trivalent

Experiment Stimulation Concentration/ Tissue & Source
Condition quantity per well Stimulation
Duration
Monovalent Ag85A peptide pool | 2.8uL/1x108 cells | All: 24 hours Dr. Zhou Xing
(1-57) (McMaster
University)
Trivalent Whole protein pool: | Ag85A = 5ug/well | BAL: 6 hours Dr. Zhou Xing
Ag85A (1pg/uL) TB10.4 = 5ug/well | Lung and spleen: (McMaster
TB10.4 (0.8ug/pL) | RpfB = 5ug/well 24 hours University)
RpfB (1pg/pL)
Trivalent Culture filtrate and Culture filtrate = All: 24 hours Dr. Zhou Xing
Crude BCG 2uL/well (McMaster
Crude BCG = University)
1uL/well
Monovalent Live BCG (Pasteur MOI of 6 All: 24 hours Dr. Zhou Xing
and Trivalent | strain) (McMaster
University)
Monovalent PMA/lonomycin 2uL/mL All: 6 hours ThermoFisher,

cat#: 00-4970-
93

Trivalent

Culture filtrate and
Crude BCG
(supplemented with

Culture filtrate =
2uL/well

Spleen: 24 hours

Dr. Zhou Xing
(McMaster
University)
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costimulatory Crude BCG =
antibodies used by 1uL/well
Yao et al. 2017)

Intracellular Flow cytometry:

To detect Mtb antigen-specific cytokine-producing human CD4+ and CD8+ T cells,
intracellular staining for pro-inflammatory cytokines (IFN-y, IL-2, and TNF-a) was
performed. Cells were surface stained with hCD45-Pacific Blue, hCD3e-Qdot605, hCD4-
PerCP-Cy5.5, and hCD8-PE-Cy7. Stained cells were then fixed and permeabilized with
BD CytoFix/CytoPerm (BD Biosciences, cat#: 555028) and stained for intracellular
cytokines with anti-human IFN-y-PE, IL-2-APC, and TNF-a-FITC antibodies. Samples
were then ran on the CytoFlex LX flow cytometer and data was analysed using FlowJo

software (version 10.8).

Statistical analysis statement:
Groups were compared using unpaired parametric T tests. Data were considered significant
if p-values were < 0.05. Significant differences are noted as *p < 0.05, **p < 0.01, ***p <

0.001. Data are expressed as mean +/- SEM for all groups.
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CHAPTER 3. RESULTS

Chapter 3.1. Aim 1: Develop and compare current- and next-generation humanized
mouse models with human immune cells capable of sustaining both HIV and TB
infections

*Note: The data presented here will be that which was not in the thesis of Madeleine Lepard
who was co-first author with Jack X. Yang in the initial establishment of the huNRG and

huDRAG-A2 models and single HIV and TB infection within the hu-mouse models.

3.1.1. HLA-typing analysis of HSC-samples results summary

Engrafting DRAG-A2 mice to generate huDRAG-A2 mice require HLA-matched HSCs,
specifically, both HLA-DRB1*04:01 and HLA-A*02:01 must be tested to ensure the HSC
samples express both alleles. Out of the total 71 tested samples, 11 were positive for the
HLA class Il allele (HLA-DRB1*04:01) yielding approximately 15.5% as positive. Out of
the 23 total samples tested for the HLA class I allele (HLA-A*02:01), 11 were positive
which yields approximately 47.8% as positive (Table 2). The 11 HLA-DRB1*04:01 were
then tested for expression of HLA-A*02:01, where 5 were positive. Therefore, 5 of the total
71 tested samples were double positive for both alleles of interest yielding approximately
7%. Samples that were only positive for HLA-DRB1*04:01, or HLA-A*02:01 were used
to engraft DRAG and NRG-A2 mice, respectively. Samples that were negative for both
alleles were used to engraft NRG and NSG-hIL15 mice.

Table 2. HLA-typing results for UBC samples obtained from McMaster’s Children’s Hospital labour
and delivery unit.
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Samples are first HLA-typed for the DRB1*04:01 isotype. Positive samples are subsequently tested for the
A*02:01 isotype. Some samples that were negative for the DRB1*04:01 isotype were also tested for HLA-
A*02:01 to obtain samples that were single-positive HLA-A*02:01.

3.1.2. Next-generation huDRAG-A2 mice develop significantly higher immune cell

populations compared to huNRG mice

Data is generated in conjunction with Madeleine Lepard and is currently submitted in a
publication under peer-review: (Viruses; April 28, 2022; Manuscript ID: viruses-1725813:
Jack X Yang*, Madeleine Lepard*; *co-first author) ~ This publication under review will

hereafter be referred to and cited as: (Lepard and Yang, 2022; Viruses - in review)

In brief, huDRAG-A2 and huNRG mice were engrafted as newborns between 24-72 hours
via intrahepatic injection. At 12 weeks post-engraftment, huDRAG-A2 mice reconstituted
with significantly higher counts of human CD45+ (hCD45+) lymphocytes, human CD3+
(hCD3+) T cells, human CD4+ (hCD4+) T cells, and human CD14+ (hCD14+)
monocytes/macrophages in peripheral blood (Lepard and Yang, 2022; Viruses - in review).
Despite the huDRAG-A2 developing higher levels of immune cells, the huNRG still
develop robust levels of lymphoid cells. This data sets up both huNRG and huDRAG-A2

models for HIV and TB studies.
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3.1.3. HUDRAG-A2 mice develop Th17 cells upon T cell stimulation

As a pilot study, one huDRAG-A2 mouse was used to investigate CD4+ T cell subset
development within tissues. Upon stimulation of isolated lung and spleen cells with
PMA/lonomycin, huDRAG-A2 mice developed a substantial population of IL-17
producing hCD4+ T cells. This shows that the huDRAG-A2 mouse was capable of

generating a population of functional Th17 cells (Figure 8).

A) 1L2m 1.2M
IL17A
9,93
20k hCD4 subset 00k =
39,9
Lllllg 20K =1 600K =
20K = 300K =
] 0 A
T i e e e a9
0 10 10 10 10°
Percent of hCD4+
hCD4+ T cells hIL-17A Tissue | Tcells producing | Cellv/Organ
B) hIL-17 producing hIL-17
1om 12m
IL17A
7,06
900K = "“ﬁ:;‘“" 900K = Lung 993% 22,177
600K = 600K =1
Spleen Spleen 7.06% 71,553
300K = 300k =
o o

hCD4+ T cells hIL-17A
Figure 8. HUDRAG-A2 mice develop functional human Th17 cells within the lung and spleen upon
PMA stimulation.
Flow cytometry plot gating (A) lung and (B) spleen hIL-17 producing hCD4+ T cell populations. (B) Percent
and total counts of hIL-17 producing hCD4+ T cells in the whole lung and spleen organs. Plots are generated

with FlowJo Software.
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3.1.3. Establishing huNSG-hIL15 genotyping

We wanted to develop a humanized mouse model that also reconstituted with robust levels
of NK cells since current-generation hu-mice such as huNRG mice develop scarce levels
of NK cells due to a lack of human IL-15, a cytokine key to NK cell development,
proliferation and survival [268,328]. NSG-hIL15 was obtained from The Jackson
Laboratory, and to confirm that the NSG-hIL15 mice to be used for engraftment expresses
transgenic IL-15, a q°PCR method of detection was established. The StepOne Software can
provide an “allelic discrimination plot” which will indicate if the qPCR confirmed that
samples expressed both IL-15 and internal control or only the internal control which would
indicate positive and negative results, respectively (Figure 9). An amplification plot for a
positive result for the IL-15 allele would show two amplification curves, with the higher
curve plateauing at just above 1x10° ARn indicating the transgene, while the internal
control curve plateaus between 1x10* and 1x10° (Figure 10A). Negative controls were also
run under the same gPCR conditions and yielded only the internal control curves (Figure
10B-D). DNA samples from NRG-A2 and DRAG mice were also tested to ensure that their
transgenes would not be detected. Samples form NRG, NRG-A2 and DRAG all test
negative with only the internal control curve, and thus can all be used as negative controls

for the qPCR.
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Allelic Discrimination Plot
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Figure 9. Quantitative PCR discriminates samples expressing transgenic IL-15 allele from controls.

Samples that express transgenic 1L-15 are amplified on both the x- and y-axis while control samples are only
amplified on the y-axis for the internal control. Chart was generated on the StepOne Software.

A) Amplification Plot B) ) Amplification Plot
c c
g g
o001
w0081
Cycle Cycle
C) Amplification Plot D) Amplification Plot

ARn
ARn
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Figure 10. Examples of amplification plots generated for gPCR tests.

Amplification plot for (A) NSG-hIL15, (B) NRG, (C) NRG-A2, and (D) DRAG mice. IL-15 transgene peaks
at 100,000 ARn; internal control peaks between 10,000 and 10,000 ARn. Detection of amplification at

approximately 20 cycles indicates presence of target DNA. Chart was generated on the StepOne Software.
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3.1.4. Developing the huNSG-hIL15 mice and comparing immune cell reconstitution to
huNRG

To perform initial characterization of the this model, NSG-hIL15 mice (n=8) and NRG
mice (n=2) were engrafted with the same sample of unmatched-HSCs. While NRG mice
are not perfect controls for a transgenic model on the NSG background, NRG mice were
the best controls available to use had at the time and huNRG mice have shown similar low
engraftments of NK cells as huNSG mice [261]. At 16 weeks post engraftment, huNSG-
hIL15 mice appear to reconstitute with higher trends of hCD45+ leukocytes and hCD4+ T
cells in peripheral blood compared to huNRG mice (Figure 11). From 8 to 16 weeks post-
engraftment, hu-NSGIL-15 consistently demonstrated significantly higher percentages of
hCD56+hCD3- NK cells in the blood (Figure 12A). Absolute NK cell counts were only

significantly higher at 16 weeks post-engraftment (Figure 12B).
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Figure 11. Human T cell reconstitution in peripheral blood of huNRG and huNSG-hIL15 mice at 16
weeks post-engraftment.

(A) Percent of hCD45+ leukocyte population, hCD3+ of hCD45+ leukocytes, and hCD4+ of hCD3+ T Cells.
(B) Number of hCD45+ leukocytes, hCD3+ T cells, and hCD4+ T cells per mL of blood. No statistical
significance between huNRG (n=2) and huNSG-hIL15 (n=8). Data are expressed as mean +/- SEM.
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Figure 12. Human NK cell (hCD56+hCD3-) reconstitution in peripheral blood of huNRG and
huNSG-hIL15 mice post-engraftment.

(A) Percent of hCD56+hCD3- NK cells out of hCD45+ leukocyte population at 8, 12, 14, and 16 weeks post-
engraftment. (B) Number of hCD56+hCD3- NK cells per mL of blood post-engraftment. Data are expressed
as mean +/- SEM. Data are expressed as mean +/- SEM, huNRG (n=2) and huNSG-hIL15 (n=8), p value = *
<0.05, ** <0.01, *** <0.001.

Chapter 3.2. Aim 2: Establish HIV/Mtb co-infection in huNRG and huDRAG-A2
mice and investigate in vivo host-pathogen responses, immune function, and

histopathology

3.2.1. Establishing HIV-1 and Mtb single-infection in huNRG and huDRAG-A2 mice
This data is generated in conjunction with Madeleine Lepard, and the corresponding data
is reported in Lepard and Yang, 2022; Viruses - in review, and the Master’s thesis by

Madeleine Lepard.

In brief, huNRG and huDRAG-A2 mice were infected with HIV-1 alone (Figure 13) and
Mtb alone (Figure 14). Both huNRG and huDRAG-A2 mice were able to sustain single

HIV-1 infection and Mtb infection. Hallmark features of HIV and TB such as CD4+ T cell
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depletion and development of organized granulomas was observed in both models (Lepard
and Yang, 2022; Viruses - in review). These results demonstrate that both huNRG and

huDRAG-A2 models can be used to study HIVV/Mtb co-infection.

2mg DMPA, HIV-1 (NL4.3-BAL),
subcutaneous 3.5x10° TCID50,
injection intravaginal
l A J
. -1lweek 0Oweek 2 week 4 week 6 week 8 week
? l l l l ] A
I | | | | |
-~ r 3 l
Hu-NRG (n=5) I | \
Hu-DRAG-A2 (n=3) = Lung Spleen  Vagina
Plasma & vaginal wash \
collection: gRT-PCR
“ n~ ¥
Flow Cytometry
Histology

Immunohistochemistry

Figure 13. Experimental plan to establish HIV infection within huNRG and huDRAG-A2 mice. All
animals used in the experiment were female.

Mtb (H37Rv),
1x10*CFU,
Intranasal
0 week 4 weeks
1 | Biweekly weights & health monitoring |
I »
Hu-NRG (n=3) ( )
Hu-DRAG-A2 (n=3) Lung  Spleen
Flow Cytometry
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CFU Plating

Figure 14. Experimental plan to establish TB infection within huNRG and huDRAG-A2 mice.
HUNRG male n=3, huDRAG-A2 female n=2, huDRAG-A2 male n=1.
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Aim 2: Establishing and investigating HI'V/Mtb co-infection in huNRG mice

3.2.2. Confirmation of primary HIV-1 infection of huNRG mice prior to Mtb infection

To establish HIV/Mtb co-infection within huNRG mice, primary HIV-1 infection was first
established prior to Mtb infection (Figure 4, Supplementary Table 2). One week after
DMPA administration, huNRG mice in the co-infected group were infected with 3.6x10°
TCID50 NL4.3-Bal-Env HIV-1 intravaginally and tested for plasma and vaginal wash viral
load using RT-gPCR 2 weeks post-infection. 3 of 4 huNRG mice were well-infected with
HIV-1 with high viral load within plasma (Table 3). One huNRG (indicated by the *asterisk)
was unable to be confirmed as well-infected with HIV as the plasma viral load was near
the detection threshold of the StepOnePlus Real Time PCR System (~1500 RNA
copies/mL). After co-infection with Mtb, this huNRG mouse will be referred to as co-
infected (HIV low).

Table 3. HIV-1 Viral load in plasma and vaginal wash of huNRG mice at 2 weeks post-infection.

Accurate detection threshold is at approximately 10,000 RNA copies/mL. *Successful HIV-1 infection
cannot be confirmed as viral load was below accurate detection threshold.

HTB-NRG1 86,195 59,480
HTB-NRG2* 5,444 6,363

HTB-NRG3 10,624 147,351
HTB-NRG4 31,579 51,741
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3.2.3. HIV/Mtb co-infection do not show significant differences in bacterial burden within
tissue, but may show more severe pathology in the lung and spleen of huNRG mice.

HIV-infected huNRG mice (n=4) and Mtb-only mice (n=3) were co-infected with 2.3x103
CFU of H37Rv Mtb (planned dose: 1x10%) 3.5 weeks post-HIV infection. This timepoint
generally allows for HIV-1 to successfully establish and disseminate into the plasma, but
not develop chronic HIV. At experimental endpoint (4.5 weeks post-Mtb infection, or 8
weeks post-HIV infection), lung, spleen, and liver were collected to assess bacterial burden,
and histopathology. Only 2 of the 3 Mtb-only huNRG mice survived until endpoint (non-
Mtb related death). All huNRG mice showed very high bacterial burden in the lungs ranging
from 8 to 9 log of CFU of Mtb (Figure 15). Substantial extrapulmonary bacterial
dissemination was observed where high CFUs were also detected in the liver at around 6
to 8 logs, but no differences were observed between groups (Figure 15). Similarly, high
Mtb dissemination was observed in spleen tissue, however there may be a trend of higher
CFU within the co-infected huNRGs. The co-infected (HIV low) huNRG mouse was
separated from group analysis, but still demonstrated consistently high CFU levels across
all tissues (Figure 15). Overall, both Mtb-only and co-infected huNRG mice show high

bacterial load in the lung, as well as dissemination to the spleen and liver.
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Figure 15. Tissue Mtb colony forming units (CFU) of Mtb-only, co-infected, and co-infected with low
HIV huNRG mice 4.5 weeks post-Mtb infection.

Mtb-only huNRG (n=2), co-infected high HIV viral load huNRG (n=3), and co-infected low HIV viral load
huNRG (n=1). Data are expressed as mean +/- SEM.

Histopathology of the lungs was also quantified using ImageJ software by calculating the
percentage of total granulomatous tissue within 3 total lung sections. Co-infected huNRG
mice may be displaying a trend of more severe lung granuloma legions, and interestingly,
the co-infected (HIV low) huNRG mouse was show the greatest area of granulomatous
lesions (Figure 16A). When examining individual granulomas, co-infected huNRG mice
appear to develop more severe uncontained granulomas with a caseating necrotic core
(representative of 2 out of 3 confirmed co-infected huNRG mice, 1 out of 3 confirmed co-

infected huNRG mouse had severe karyorrhexis but limited caseation) (Figure 17A, B).
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The co-infected huNRG granulomas also show Mtb bacteria disseminating from the
granuloma structure, while the Mtb-only infected granulomas show better containment of

Mtb within the structural borders of the granuloma (Figure 17C, D).
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Figure 16. Quantification of granulomatous lung tissue in singly Mth-infected and HIV/Mtb co-
infected huNRG mice 4.5 weeks post-Mtb infection.

(A) Percent of lung granulomatous tissue; percentage reported as the total area of granulomatous tissue out
of total lung tissue (3 sections of lungs were measured for each sample); quantification performed using
ImageJ software. H&E stain of whole lung sections of (B) Mtb-only huNRG (lung is representative of n=2
of 2 Mtb-only infected huNRG mice) and (C) co-infected huNRG mice (lung is representative of n=2 of 3
confirmed co-infected huNRG mice) . Data are expressed as mean +/- SEM.
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TB-Only Co-Infected

Figure 17. Visualization of lung granuloma formation, structure, and Mtb localization in singly Mtb-
infected and HIV/Mtb co-infected huNRG mice 4.5 weeks post-Mtb infection.

H&E stain (10x) of lung granuloma in (A) Mtb-only huNRG and (B) co-infected huNRG mice. Acid fast
bacilli stain (10x) of lung granuloma in (C) Mtb-only huNRG (Mtb-containment in granuloma is
representative of n=2 Mtb-only infected huNRG) and (D) co-infected huNRG mice (Mtb-containment in
granuloma is representative of n=3 confirmed co-infected huNRG mice). Mtb bacilli are stained red. Red
arrow indicates direction of dissemination; black arrow indicates bacteria disseminated outside of granuloma.

3.2.4. HIV/Mtb co-infected huNRG mice show depleted hCD4+ T cells and hCD68+
macrophages within lung tissue but not in spleen.

Immunohistochemistry staining of hCD4+ and hCD68+ in the Mtb-only infected huNRG
lung showed the granuloma surrounded by hCD4+ T cells with hCD68+ macrophages
scattered around and throughout the granuloma structure (representative in 1 of 2 TB-only

huNRG mouse; 1 of 2 TB-only huNRG mouse had very low reconstitution of human
88



M.Sc. Thesis — J. Yang; McMaster University — Medical Sciences

immune cells) (Figure 18A, C). In contrast, the co-infected lung had little to no hCD4+ T
cells or hCD68+ macrophages illustrating severe depletion of these immune cells likely
due to HIV (representative of all confirmed co-infected huNRG mice) (Figure 18B, D).
When examining the spleen, the Mtb-only infected huNRG did not show notable pathology
where the only notable feature are likely white pulp regions that are populated with
hCD68+ macrophages that appear to be surrounded by hCD4+ T cells (Figures 19A, C and
20A, C). In the co-infected huNRG mice, splenic granulomas were identified where a well-
organized circular structure was formed (representative in 2 of 3 confirmed co-infected
huNRG mice) (Figure 19B). The illustrated granuloma had a very prominent necrotic core
with severe karyorrhexis (the destructive fragmentation of nuclei) and a high concentration

of Mtb bacilli (Figure 19B, D).
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Figure 18. Visualization of human CD4+ T cells and human CD68+ macrophages in the lung
granulomas of singly Mtb-infected and HIV/Mtb co-infected huNRG mice 4.5 weeks post-Mth
infection.

IHC of hCD4 (10x) of lung granuloma in (A) Mtb-only huNRG and (B) co-infected huNRG mice; hCD4
stained brown. IHC of hCD68 (10x) of lung granuloma in (C) Mtb-only huNRG and (D) co-infected huNRG
mice; hCD68 stained brown. Representative of TB-only (n=1 of 2) and confirmed co-infected (n=3).
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TB-Only Co-Infected
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Figure 19. Visualization spleen pathology of singly Mtb-infected and HIV/Mtb co-infected huNRG
mice 4.5 weeks post-Mtb infection.

H&E stain (10x) of (A) spleen in Mtb-only huNRG and (B) spleen granuloma in co-infected huNRG mice.
Acid fast bacilli stain (10x) of (C) spleen in Mtb-only huNRG and (D) spleen granuloma in co-infected
huNRG mice. Mtb bacilli are stained red. Representative of TB-only (n=2) and confirmed co-infected (n=2
of 3).

In contrast with the co-infected lung, the spleen still had an abundance of both hCD4+ T
cells and hCD68+ macrophages both surrounding the granuloma structure (Figure 20B, D).
The depletion of hCD4+ T cells and hCD68+ macrophages mostly within the lungs may
indicate an effect or mechanism is predominantly occurring within the lungs during co-
infection. Peripheral blood was also assessed using flow cytometry to quantify immune cell

changes. It is notable that one of the huNRG mice in the Mth-only group reconstituted with
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very low levels of human immune cell populations, and as a result may be an outlier within
the data (indicated as the red point in the data; TB-N1 in supplementary table 2) (Figure 21,
Supplementary table 2). As a result, it is difficult to make concrete comparisons between
the groups. However, if the outlier was removed, there may be a potential trend of lower
hCD4+ and hCD8+ T cells and hCD14+ monocytes counts in the co-infected group.
Meanwhile the co-infected (HIV low) huNRG mouse show the highest counts of T cells

and monocytes in peripheral blood.
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Figure 20. Visualization of spleen hCD4+ T cells and hCD68+ macrophages in the spleen of singly
Mtb-infected and HIV/Mtb co-infected huNRG mice 4.5 weeks post-Mtb infection.
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IHC of hCD4 (10x) of (A) spleen in Mtb-only huNRG and (B) spleen granuloma in co-infected huNRG mice;
hCD4 stained brown. IHC of hCD68 (10x) of (C) spleen in Mtb-only huNRG and (D) spleen granuloma in
co-infected huNRG mice; hCD68 stained brown. Immune cell presence is representative of TB-only (n=2)

and confirmed co-infected (n=3).
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Figure 21. Flow cytometry of peripheral blood of TB-only huNRG and co-infected huNRG mice 4.5

weeks post-Mtb infection.
Data are expressed as mean +/- SEM. Mtb only huNRG (n=2), co-infected low HIV viral load huNRG (n=1),
co-infected high HIV viral load huNRG (n=3). Data are expressed as mean +/- SEM. The red point in the TB-

only group corresponds with a poorly engrafted mouse.

3.2.5. HIV/Mtb co-infected HUNRG mice recapitulate human immune cell TB pathology
within the lung and spleen and offer further insight on lung pathology.

Within the core of the co-infected huNRG granuloma, severe necrosis can be identified
with the presence of karyorrhexis (Figure 22A). In areas near the co-infected granuloma,
foamy macrophages are identified which are indicative of pathological immune cell
differentiation and morphology in TB disease (Figure 22B). The co-infected spleen also

harboured multinucleated giant cells, which again indicates more severe pathology during

93



M.Sc. Thesis —J. Yang; McMaster University — Medical Sciences

later stages of disease progression as observed in humans (Figure 22C). Co-infected
huNRG also developed foamy macrophages within the airways/alveolar airspace
accompanied by hyaline in the airspace (Figure 23A). Unlike the foamy macrophages
around granulomas, these airway foamy macrophages are not infected by Mtb as bacilli
were not identified to be localized within the cytoplasm of the foamy macrophages in AFB
staining (Figure 23B). These features were observed also observed less consistently in Mtb-

only infected huNRG mice.

Figure 22. Co-infected huNRG mice show severe TB pathology and recapitulate features observed in
severe human disease 4.5 weeks post-Mtb infection.

(A) H&E stain of severe nuclei fragmentation of cell aggregates in co-infected huNRG (20x). (B) Acid fast
bacilli staining showing Mtb localized within foamy macrophages around lung granuloma tissue of co-
infected huNRG mice (63x); Mtb bacilli are stained red. (C) Multinucleated giant cell within the spleen tissue
of huNRG mice. All figures are representative of n=3 confirmed co-infected huNRG mice.
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Figure 23. Airway foamy macrophages identified in co-infected huNRG lungs near granulomatous
lesion 4.5 weeks post-Mtb infection.

(A) H&E stain of lung airspace near granuloma showing foamy macrophages and hyaline in the airway of
lungs (20x). (B) Acid fast bacilli staining showing no Mtb localization within airway foamy macrophages of
co-infected huNRG mice (40x); Mtb bacilli stained red. Representative of n=3 confirmed co-infected huNRG
mice.

3.2.6. Low-dose intranasally infected Mtb-only huNRG mice did not show significant
pathology at 3 weeks post-infection

One Mtb-only infected huNRG mouse developed a tumour that reached endpoint size at 3
weeks post-Mtb infection and did not reach experimental endpoint. This was likely not due
to Mtb pathogenesis as there were no other physical signs of TB-related illness. Based on
other experiments or during maintenance (prior to experiments) spontaneous tumour
development is expected with huNRG mice. To make the most out of the infected huNRG
mouse, lung and spleen tissue was collected for histology and CFU plating to characterize
bacterial load and pathogenesis at an acute timepoint given the low dose of Mth. Very low
bacterial CFU load was found in the lungs (5.8x102 total CFU) and spleen (6x10? total
CFU). Histological acid fast bacilli (AFB) staining revealed similar findings where no AFB
was identifiable within the lung and spleen sections (Figure 24B). Furthermore, H&E
staining presented with no identifiable granulomatous tissue or severe pathology other than
minor presentation of hyaline indicative of potential pneumonia within the lung (Figure
24A, C). Therefore, it is evident that with a low dose intranasal infection (2.3x103
CFU/mouse) of H37Rv Mth, 3 week post-Mtb infection is likely insufficient time to

observe any significant pathology within huNRG mice.
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Figure 24. Visualization of histopathology in huNRG lung 3 weeks after low-dose Mtb infection.
(A) Scan of whole lung section (H&E stain). (B) Acid fast bacilli stain show absence of Mtb bacilli (10x).
(C) H&E stain of lung air space (5x); arrow indicates presence of hyaline within air space. HUNRG n=1.

Aim 2: Establishing and investigating HIVV/Mtb co-infection in huDRAG-A2 mice

3.2.7. Confirmation of primary HIV-1 infection in huDRAG-A2 mice prior to Mth
infection

To establish HIVV/Mtb co-infection within huDRAG-A2 mice, primary HIV-1 infection was
first established followed by subsequent Mtb infection (Figure 5, Supplementary Table 3).
HuDRAG-A2 mice in the co-infected group were infected with 1x10° TCID50 NL4.3-Bal-

Env HIV-1 via intraperitoneal injection to avoid the use of DMPA. To confirm successful
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HIV infection, plasma was taken at 2 weeks post-HIV infection and viral load was
quantified using RT-gPCR. 3 of 4 huDRAG-A2 mice were well infected with HIV-1 with
1 of 4 unconfirmed (indicated by the *asterisk) as viral load was near the accurate threshold
of the RT-gPCR assay (Table 4). After co-infection with Mtb, this huDRAG-A2 mouse will
be referred to as co-infected (HIV low) huDRAG-A2.

Table 4. HIV-1 Viral load in plasma of huDRAG-A2 mice at 2 weeks post-infection.

Accurate detection threshold is at approximately 10,000 RNA copies/mL. *Successful HIV-1 infection
cannot be confirmed as viral load was below accurate detection threshold.

HTB-D1* 3,909
HTB-D2 38,288
HTB-D3 158,933

3.2.8. HIV/Mtb co-infection in huDRAG-A2 mice significantly increases Mtb bacterial
load within lungs and bacterial dissemination into spleen and liver tissue.

To determine the effect of co-infection on the growth and dissemination of Mtb in
huDRAG-A2 mice, CFU was measured in the lung, spleen, and liver. Co-infected
huDRAG-A2 mice developed significantly higher bacterial burden (p<0.05) within the
lungs at 4 weeks post-Mtb infection. Co-infected huDRAG-A2 mice also developed
significantly higher bacterial load within both the spleen and liver (p<0.05), which indicates

more severe extrapulmonary bacterial dissemination (Figure 25). Re-plating of one lung
97



M.Sc. Thesis — J. Yang; McMaster University — Medical Sciences

sample in the TB-only group is currently in progress as the CFU was so low that titres were
not observed on the dilutions plated (the lowest TB only mouse- was assumed at 1 colony

on lowest dilution plated, thus the actual CFU will be equal to or lower than reported in

Figure 25).
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Figure 25. Mtb bacterial load in tissues of Mtb-only, co-infected huDRAG-A2 mice 4 weeks post-Mtb
infection.

Mtb-only huDRAG-A2 (n=3), co-infected huDRAG-A2 (n=3*) *N number includes the co-infected
huDRAG-A2 mouse with low HIV viral load pre-Mtb infection. Red point indicates co-infected (HIV low)
huDRAG-A2. Data are expressed as mean +/- SEM. p value = * <0.05.

3.2.9. HIV/Mtb co-infection may exacerbate TB pathology in huDRAG-A2 mice.
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Lung and spleen tissues were microscopically examined for histopathology. Lungs of co-
infected huDRAG-A2 mice showed more severe pathology compared to TB-only infected
mice from visual examination. Figure 26 shows the largest granulomas that developed from
the lungs of each group. Quantification of the percent of granulomatous area out of total
lung sections showed a trend of greater overall percent of granulomatous tissue formation
within the co-infected group (Figure 26A). At 10x magnification, foamy macrophages can
be observed in both the TB-only granuloma and co-infected granuloma (Figure 27A, B).
Within the center of the co-infected granuloma, more caseation and cavitation were also
present. AFB staining revealed that in both TB-only and co-infected granulomas, the foamy
macrophages were infected with Mtb as evidenced by the red rod shaped bacilli localized

in the cytoplasm of the foamy macrophages (Figure 27C, D).
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Figure 26. Quantification of granulomatous lung tissue in singly Mtb-infected and HIV/Mtb co-infected
huDRAG-A2 mice 4 weeks post-Mtb infection.

(A) Percent of lung granulomatous tissue; percentage reported as the total area of granulomatous tissue out
of total lung tissue (3 sections of lungs were measured for each sample); quantification performed using
ImageJ software. H&E stain of whole lung sections of (B) Mth-only huDRAG-A2 and (C) co-infected
huDRAG-A2 mice. Whole lungs are selected based on largest granulomas observed in each group.
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Representative of TB-only huDRAG-A2 (n=3) and co-infected huDRAG-A2 (n=3*) *Including the co-
infected (HIV low) huDRAG-A2. Data are expressed as mean +/- SEM.

TB-Only Co-Infected

Figure 27. Visualization of lung granuloma formation, structure, and Mtb localization in singly Mtb-
infected and HIV/Mtb co-infected huDRAG-A2 mice 4 weeks post-Mtb infection.

H&E stain (10x) of lung granuloma in (A) Mtb-only huDRAG-A2 and (B) co-infected huDRAG-A2 mice;
black arrow indicates foamy macrophages. Acid fast bacilli stain (20x) of lung granuloma in (C) Mtb-only
huDRAG-A2 and (D) co-infected huDRAG-A2 mice; black arrow indicates foamy macrophages infected
with Mtb bacteria. Mtb bacilli are stained red. Representative of TB-only huDRAG-A2 (n=3) and co-infected
huDRAG-A2 (n=3*) *Including the co-infected (HIV low) huDRAG-A2.

3.2.10. HIV/Mtb co-infection reduces hCD4+ T cells within blood and tissues of
huDRAG-A2 mice.
To investigate changes in immune cell frequencies, immunohistochemistry was used to

visualize cellularity with the lung and spleen and flow cytometry was used to quantify
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immune cells in peripheral blood and lung. Within TB-only granulomas, an abundance of
hCD4+ T cells and hCD68+ macrophages can be seen around the granuloma structure and
throughout the lung tissue. In contrast, both hCD4+ T cells and hCD68+ macrophages were
depleted in co-infected granulomas and were scarce throughout the lungs (Figure 28B, D).
No notable granuloma lesions or pathology were observed in the spleens of either group.
However, both hCD4+ T cell and hCD68+ macrophage frequencies were again reduced in

the co-infected spleen (Figure 29).
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Figure 28. Visualization of human CD4+ T cells and human CD68+ macrophages in the lung
granulomas of singly Mtb-infected and HIV/Mtb co-infected huDRAG-A2 mice 4 weeks post-Mth
infection.

IHC of hCD4 (10x) of lung granuloma in (A) Mtb-only huDRAG-A2 and (B) co-infected huDRAG-A2 mice;
hCD4 stained brown. IHC of hCD68 (10x) of lung granuloma in (C) Mth-only huDRAG-A2 and (D) co-
infected huDRAG-A2 mice; hCD68 stained brown. Representative of TB-only huDRAG-A2 (n=3) and
confirmed co-infected huDRAG-A2 (n=2).
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Figure 29. Visualization of spleen hCD4+ T cells and hCD68+ macrophages in the spleen of singly
Mtb-infected and HIV/Mtb co-infected huDRAG-A2 mice 4 weeks post-Mtb infection.

IHC of hCD4 (10x) of (A) spleen in Mtb-only huDRAG-A2 and (B) spleen granuloma in co-infected
huDRAG-A2 mice; hCD4 stained brown. IHC of hCD68 (10x) of (C) spleen in Mtbh-only huDRAG-A2 and
(D) spleen granuloma in co-infected huDRAG-A2 mice; hCDG68 stained brown. Representative of TB-only
huDRAG-A2 (n=3) and confirmed co-infected huDRAG-A2 (n=2).

At 2.5 weeks post-Mtb infection, HIV/Mtb co-infected huDRAG-A2 mice had significantly
lower proportions of hCD4+ T cells and higher proportion of hCD8+ T cells in the blood
compared to TB-only infected huDRAG-A2 mice (Figure 30A). No significant differences
were observed in cell counts per mL of blood between the groups when the co-infected
(HIV low) huDRAG-A2 mouse was included (indicated in blue) (Figure 30B). At 4 weeks

post-Mtb infection (experimental endpoint), no significant differences were observed in
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cell counts per mL of blood (Figure 31). Within the lungs, no notable differences in
hCD14+hCD169+hCD209+ alveolar macrophages were observed, but hCD14+hCD169-
hCD209+ interstitial macrophages may show a trend of depletion in co-infected mice if the
co-infected (HIV low) huDRAG-A2 mouse is considered an outlier (Figure 32B). However,
co-infection did significantly reduce the percentage of hCD4+ T cells in the lung compared
to TB-only infected huDRAG-A2 (Figure 32A). Flow cytometry data corroborates
observations in histology illustrating significant depletion of hCD4+ T cells within the lung
tissue of co-infected huDRAG-A2 mice. Total remaining immune cells at 2.5 weeks and 4
weeks post-Mtb infection were compared to pre-experiment levels where a trend of reduced
human immune cells may be observed in the co-infected group (Supplementary figure 2).
However, one Mtb-only infected huDRAG-A2 mouse had an abnormally high pre-
experiment reconstitution level which skewed the calculated percentage and thus may be

misleading.
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Figure 30. Flow cytometry on peripheral blood of singly-Mtb infected and co-infected huDRAG-A2
mice 2.5 weeks post-Mtb infection.

(A) Percent of human immune cells within the blood and (B) number of immune cells per mL of blood in
huDRAG-A2 mice. TB-Only (N = 3) and Co-infected (N=3). Data are expressed as mean +/- SEM, p value

103



M.Sc. Thesis — J. Yang; McMaster University — Medical Sciences

= * <0.05. Blue data points represent co-infected huDRAGA2 mouse with low HIV viral load pre-Mth
infection.
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Figure 31. Flow cytometry of huDRAG-A2 peripheral blood at 4 weeks post-Mtb infection endpoint.
Number of immune cells per mL of blood in huDRAG-A2 mice. TB-Only (N = 3) and Co-infected (N=3).
Data are expressed as mean +/- SEM. Blue data points represent co-infected huDRAGA2 mouse with low
HIV viral load pre-Mtb infection.
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Figure 32. At 4 weeks post-Mtb infection, HIV/Mtb co-infected huDRAG-A2 mice have significantly
lower proportions of hCD4+ T cells in the lung compared to TB-only infected huDRAG-A2.

(A) Percent of human lymphocytes and (B) percent of human macrophages within huDRAG-A2 lung. TB-
Only (N = 3) and Co-infected (N=3). Alveolar macrophages are defined by hCD14+hCD169+hCD209+
markers, interstitial macrophages are defined by hCD14+hCD169-hCD209+ markers. Data are expressed as
mean +/- SEM, p value = * <0.05. Blue data points represent co-infected huDRAGA2 mouse with low HIV
viral load pre-Mtb infection.

3.2.11. HUDRAG-A2 mice develop TB granulomas that provide insight into the
progression of TB lung pathology.

Further histopathology analysis at 20x magnification showed an abundance of foamy
macrophages within a severe granuloma lesion in HIVV/Mtb co-infected HUDRAG-A2 lungs
(Figure 33A). These foamy macrophages appear to range in sizes where larger cells have
more lipid-filled pockets. Circular cavities can also be seen adjacent to foamy macrophage
with some cavities still appearing to contain the nucleus of a cell (Figure 33A). In a lower
magnification (10x), a large line of foamy macrophages and cavity pockets can be seen
near the center of the granuloma, and this may be the beginning stages of the formation of

a large cavitation within the granuloma (Figure 33B).
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Figure 33. Foamy macrophages and necrosis-associated cavities within HIV/Mtb co-infected
huDRAG-AZ2 lung granuloma core 4 weeks post-Mtb infection.

(A) H&E stain of lung granuloma core illustrating foamy macrophages within the core of a severely necrotic
granuloma (20x); black arrows indicates foamy macrophages, blue arrow indicates cavity left behind from
lipid dissolution. (B) Abundance of adjacent foamy macrophages and cavities forming a line (10x); red
double-arrow is next to the line of small cavities and foamy macrophage and indicates the potential region of
tissue cavitation if disease progression continues. Representative of co-infected huDRAG-A2 (n=2%)
*Including the co-infected (HIV low) huDRAG-A2.

AFB staining of co-infected granuloma at 8x magnification illustrates that there are high
concentrations of Mth bacilli localized within the foamy macrophages (Figure 34A), but
Mtb bacilli are in abundance through the entirety of the granuloma as illustrated by a higher
magnification (20x) in an area with fewer foamy macrophages (Figure 34B). The
heterogeneity of granuloma structures was also observed in both co-infected and Mtb-only
infected huDRAG-A2 mice. In particular, granulomas that may represent the different
stages of granuloma formation/development are illustrated by Figure 35. For consistency,
all lung granulomas represented in Figure 35 are of Mtb-only infected huDRAG-A2 mice.
With the combination of H&E and AFB staining, earlier stages of granuloma formation
appear to well-contain the Mtb bacilli, while later stages of granulomas fail to contain the
bacilli resulting in dissemination out of the structure. Immune cells such as hCD4+ T cells
and hCD68+ macrophages also appear more centralized to the granuloma structure in early-
mid stages and in late-stages become more scattered throughout the lung and appear less

involved in the granuloma structure (Figure 35).
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Figure 34. Foamy macrophages within granulomas harbour high loads of Mtb bacteria and necrosis-
associated cavities within HIVV/Mtb co-infected huDRAG-A2 lung granuloma core 4 weeks post-Mth
infection.

(A) Acid fast bacilli stain of co-infected lung granuloma core illustrating high concentration of Mtb localized
within foamy macrophages (8x); black box and lines indicate the area that was magnified. (B) 20x
magnification of necrotic core area without foamy macrophages illustrating the presence of Mtb scattered in
lower concentration. Mtb bacilli stained red. Representative of co-infected huDRAG-A2 (n=3*) *Including
the co-infected (HIV low) huDRAG-AZ2.

Innate “Early” Granuloma Immune “Mid-Stage” Granuloma Disseminated “Late” Granuloma
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Figure 35. Lung Granuloma heterogeneity in singly Mtb-infected huDRAG-A2 mice illustrates
potential developmental stages of Mtb lung granuloma 4 weeks post-Mtb infection.

(A-C) H&E (10x) of lung granulomas; black arrows indicate foamy macrophages within the airway
surrounding granuloma. (D-F) Acid fast bacilli stain (20x) of lung granulomas; Mtb bacilli stained red. IHC
of (G-1) hCD4 and (J-L) hCD68 of lung granulomas (of lung granulomas); hCD4 and hCD68 stained brown.

Chapter 3.3. Aim 3: Elucidate the immunogenicity of adeno-vectored TB vaccines in

generating Mtb-specific immune responses within huNRG and huDRAG-A2 mice

3.3.1. Pilot study investigating the immunogenicity of mucosal and parenteral
administration of TB vaccine (AdCh68Ag85A) in huNRG mice.

A pilot experiment was conducted to investigate T cell responses in AdCh68Ag85A-
vaccinated huNRG mice and to establish methods for future immunogenicity studies.
HUNRG mice were vaccinated with 1x10° PFU chimpanzee adeno-vectored
AdCh68AQ85A using the respiratory mucosal route via intranasal administration (n=3),
and parenteral route via intramuscular injection (n=3). Tissues were collected for in vitro

T cell stimulation with Ag85A peptide pool (1-57), BCG, or PMA/lonomycin as a positive
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control for 24 hours to assess cytokine production (IFN-y, IL-2, and TNF-a) (Figure 6).
One huNRG mouse did not wake up during intranasal infection, and since one main
objective of the study was to investigate antigen-specific responses after respiratory
mucosal vaccination, one huNRG from the unvaccinated control group was moved to the
intranasal immunization group. At 4 weeks post-vaccination, 1 huNRG mouse from both
vaccinated groups neared weight loss endpoint (likely from GvHD) and was sacrificed.
Peripheral blood was collected from all the mice at 4 weeks post-vaccination and stimulated
with Ag85A peptide pool (1-57). However, flow cytometry analysis revealed that the
volume of survival blood (200uL) collected from huNRG mice did not contain enough
human immune cells to yield any informative data on vaccine specific immune responses.
Therefore, at the planned experimental endpoint of 5 weeks post-vaccination, only whole

lung and spleen tissues were collected from huNRG mice (n=2) in all groups.

Due to the final sample size of 2 within all groups, statistical significance could not be
assessed for this experiment. Graphical analysis of lung and spleen tissue under every
stimulation condition showed that the Ag85A peptide pool (1-57) stimulation in particular
did not demonstrate any trends or differences between groups (data not shown). The
PMA/lonomycin condition served as a positive control stimulation condition since it non-
specifically activates T cells for cytokine production [329,330]. Although no trends were
observed between groups with PMA stimulation, T cells within huNRG lung and spleen
were able to produce all three pro-inflammatory cytokines (IFN-y, IL-2, and TNF-a) upon

activation, indicating that they were polyfunctional (Figure 36).
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Figure 36. Percent of human CD4+ and CD8+ T cells producing pro-inflammatory cytokines in
huNRG 5 weeks post-vaccination after PMA/lonomycin stimulation.

24 hours PMA/lonomycin stimulation of huNRG (A) lung and (B) spleen. Data are expressed as mean +/-
SEM. (n=2).

Upon 24 hour stimulation of huNRG lung and spleen cells in the BCG stimulation condition,
both the intranasal and intramuscular vaccinated mice may show a higher trend in
frequencies of IL-2 producing hCD4+ T cells 5 weeks post-vaccination (Figure 37A, B).
Since this was a pilot study, these observations will need to be confirmed with more huNRG
mice to increase samples size as the TB specific immune responses were overall quite low
(< 5%). However, this experiment was able to set the foundation (in establishing methods,
materials, and protocols) for the next study to investigate a more immunogenic TB vaccine

(AdCh68MV).
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Figure 37. Antigen-specific cytokine production by human CD4+ T cell 5 weeks post-vaccination
after BCG stimulation.

Percent of human CD4+ T cells producing pro-inflammatory cytokines after 24-hour stimulation with BCG
within huNRG (A) lung and (B) spleen. Data are expressed as mean +/- SEM.

3.3.2. Investigating the immunogenicity of novel trivalent TB vaccine (AdCh68MV) via
mucosal delivery in generating Mtb-specific immune responses within huNRG and
huDRAG-A2 mice.

The AACh68MYV vaccine (also known as AdCh68Ag85A:rpfB:TB10.4) is a chimpanzee
adenovirus 68-vectored TB vaccine constructed to express three different Mtb antigens
(Ag85A, rpfB, and TB10.4). To investigate the immunogenicity of AdCh68MV, both
huNRG (n=3) and huDRAG-A2 (n=3) mice were vaccinated with 1x10 PFU via intranasal
administration and will be compared to an unvaccinated control from each model (Figure
7). 4 weeks post-infection, animals were sacrificed and BAL, lung, and spleen cells were
stimulated with 5 different conditions (Unstimulated, whole protein pool, BCG, cell filtrate
and crude BCG, and PMA/lonomycin) for 24 hours, with the exception of PMA which was
only stimulated for 6 hours. Multiple stimulation conditions were tested to determine the

ideal Mtb-antigen stimulation for hu-mouse models.

111



M.Sc. Thesis — J. Yang; McMaster University — Medical Sciences

Number of cells per lung or spleen that produced cytokines in the unstimulated condition
were subtracted from every antigen-stimulation condition in order to remove cells that non-
specifically produced cytokines (data represented as frequencies/percent of cytokine
producing cells did not have cytokine producing cells in the unstimulated condition
removed from stimulated conditions). Based on graphical observation, it was evident that
the cell filtrate and crude BCG (hereafter termed CFCB) stimulation is likely the best of
the three antigen stimulation conditions. CFCB was the only condition that was able to
activate substantial and consistent levels of hCD4+ and hCD8+ T cells producing IFN-y
and TNF-a cytokines in both lung and spleen (Figure 38, Supplementary figure 4). None
of the stimulation conditions were able to generate appreciable antigen-specific IL-2
production from either hCD4+ and hCD8+ T cells within the lung and spleen (Figure 38).
Therefore, results hereafter are reported without IL-2 to reduce the skewing of graphs by 0

or very low values.
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Figure 38. Human CD4+ and CD8+ T cell cytokine production under different stimulations

conditions.
Total number of hCD4+ T cells producing pro-inflammatory cytokines after stimulation in (A) whole lung

and (C) spleen for 24 hours. Total number of cytokine producing hCD8+ T cells in (B) whole lung and (D)
spleen. BCG = Bacillus Calmette—Guérin; CFCB = Culture filtrate and crude BCG; TP = Trivalent Protein
Pool (Ag85A, rpfB, and TB10.4 whole protein). Number of cells producing cytokines in the unstimulated
condition were subtracted from each stimulation condition (to remove non-specifically stimulated cells in
each condition). Unvaccinated group (huNRG n=1, huDRAG-A2 n=1); vaccinated huDRAG-A2 group n=3;
vaccinated huNRG group n=3. Data are expressed as mean +/- SEM.

Since in Figure 38 the AdCh68MV vaccinated huNRG and huDRAG-A2 mice both
developed hCD4+ T cells in the lungs that responded to specific Mtb antigens with CFCB
stimulation, we will further examine the results from the CFCB stimulation condition. In
particular, lung hCD4+ T cells in vaccinated huNRG and huDRAG-A2 mice showed higher
trends in frequency and total numbers of cells producing TNF-a compared to the
unvaccinated group (Figure 39A, B). Mtb antigen-specific responses were also observed

(to a lower degree) in hCD8+ T cells. It is notable that the high percentages of IFN-
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producing hCD8+ T cells in the unvaccinated group (Figure 39C) are non-representative
and misleading as they are based on a very low number of cells (Figure 39B). Overall,
despite insufficient sample size to reach statistical significance to compare between
vaccinated and unvaccinated groups, huNRG and huDRAG-A2 mice both show the ability
to generate hCD4+ and hCD8+ T cells in the lungs that produce Mtb antigen-specific

inflammatory cytokine responses.
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Figure 39. Antigen-specific lung hCD4+ and hCD8+ T cell cytokine production after culture filtrate
and crude BCG stimulation 4 weeks post-vaccination.

Percent of lung (A) hCD4+ T cells and (C) hCD8+ T cells that produce pro-inflammatory cytokines after
culture filtrate and crude BCG stimulation for 24 hours. Total number of cytokine producing (B) hCD4+ T
cells and (D) hCD8+ T cells in whole lung where the number of cells producing cytokines in the unstimulated
condition were subtracted from CFCB stimulated cells (to remove non-specifically stimulated cells in each
condition). Unvaccinated group (huNRG n=1, huDRAG-A2 n=1); vaccinated huDRAG-A2 group n=3;
vaccinated huNRG group n=3. Data are expressed as mean +/- SEM. Note: percent of cytokine producing
cells in unstimulated conditions were not subtracted from percent of cytokines produced by stimulated

conditions.
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Within the spleen of AACh68MV vaccinated huNRG and huDRAG-A2 mice, similar
observations were made where vaccinated hu-mice generated Mtb antigen-specific hCD4+
T cells after CFCB stimulation (Figure 40). Vaccinated HUDRAG-A2 mice may also be
showing a higher trend of antigen-specific TNF-a producing hCD4+ T cell frequencies
compared to vaccinated huNRG mice (Figure 40A). On the other hand, vaccinated huNRG
mice may show a higher trend of total counts of antigen-specific TNF-a producing hCD8+
T cells (Figure 40D). Again, despite insufficient sample size to reach statistical significance
for comparisons between vaccinated and unvaccinated groups, both huNRG and huDRAG-
A2 mice show the ability to generate hCD4+ T cells in the spleen that produce Mtb antigen-

specific TNF-a responses.
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Figure 40. Antigen-specific spleen hCD4+ and hCD8+ T cell cytokine production after culture
filtrate and crude BCG stimulation 4 weeks post-vaccination.

Percent of spleen (A) hCD4+ T cells and (C) hCD8+ T cells that produce pro-inflammatory cytokines after
culture filtrate and crude BCG stimulation for 24 hours. Total number of cytokine producing (B) hCD4+ T
cells and (D) hCD8+ T cells in whole spleen where the number of cells producing cytokines in the
unstimulated condition were subtracted from CFCB stimulated cells (to remove non-specifically stimulated
cells in each condition). Unvaccinated group (huNRG n=1, huDRAG-A2 n=1); vaccinated huDRAG-A2
group n=3; vaccinated huNRG group n=3. Data are expressed as mean +/- SEM. Note: percent of cytokine
producing cells in unstimulated conditions were not subtracted from percent of cytokines produced by
stimulated conditions.

In the literature, different clones of co-stimulatory antibodies (hCD28, hCD49d) were used
to supplement stimulation conditions [104]. The co-stimulatory antibodies used in our lab
are more cost-effective options than those used by Yao et al. 2017, but to determine if this
may affect the ability of the cells to respond, the two different co-stimulatory antibodies
supplementations were compared. CFCB stimulation conditions were supplemented with
in-lab established hCD28 and hCD49d antibody clones and compared to CFCB
supplemented with hCD28 and hCD49d antibody clones used by Yao et al. 2017 (hereafter
termed Y-CFCB condition). Within spleen tissue, no notable differences were observed
between CFCB and Y-CFCB in frequencies of cytokine producing hCD4+ and hCD8+ T
cells (Figure 41A, C). No notable differences were observed between CFCB and Y-CFCB
in total cell counts of TNF-a producing hCD4+ and hCD8+ T cells, as there may be one
outlier skewing the mean (Figure 41B, D). However, there may be a difference in producing
antigen-specific IFN-y response in hCD8+ T cells, as CFCB stimulation appear to show a
trend of more IFN-y producing hCD8+ T cells in the unvaccinated group than Y-CFCB
stimulation (Figure 41D). Overall, no significant differences can be concluded from the use
of different co-stimulatory antibody clones in this study, but further comparisons with a

large sample size may be required for confirmation.
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Figure 41. Comparison between the supplementation of in-lab co-stimulatory antibodies versus co-
stimulatory antibodies used by Yao et al. 2017 in the culture filtrate and crude BCG stimulation
condition.

Percent of spleen (A) hCD4+ T cells and (C) hCD8+ T cells that produce pro-inflammatory cytokines after
culture filtrate and crude BCG stimulation supplemented with different co-stimulatory antibodies for 24 hours.
Total number of cytokine producing (B) hCD4+ T cells and (D) hCD8+ T cells in whole spleen where the
number of cells producing cytokines in the unstimulated condition were subtracted from CFCB/Y-CFCB
stimulated cells (to remove non-specifically stimulated cells in each condition). CFCB = culture filtrate and
crude BCG supplemented with in-lab costimulatory antibodies; Y-CFCB = culture filtrate and crude BCG
supplemented with costimulatory antibodies used by Yushi Yao et al. 2017. Unvaccinated group (huNRG
n=1, huDRAG-A2 n=1); vaccinated huDRAG-A2 group n=3; vaccinated huNRG group n=3. Data are
expressed as mean +/- SEM. Note: percent of cytokine producing cells in unstimulated conditions were not
subtracted from percent of cytokines produced by stimulated conditions.
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Chapter 4. DISCUSSION

Chapter 4.1. Develop and compare current- and next-generation humanized mouse

models with human immune cells capable of sustaining both HIV and TB infections.

HLA-typing of HSC samples yielded approximately 15.5% to be HLA-DRB1*04:01
positive and 47.8% to be HLA-A*02:01 positive (Table 1). This frequency is as expected
within  the European Caucasian population as the HLA allele database

(http://www.allelefrequencies.net/hla.asp) reports allele phenotype/population frequencies

of approximately 16.8% and 47.5%, respectively. Given these proportions, around 8% of
double positives are expected, and based on results, 7% was double positive. Although
these results align well with what is reported within the HLA databases, it is important to
note that our UCB samples were (and continue to be) obtained from the McMaster
University Children’s Hospital based in Hamilton Ontario. The population of those
donating UCB samples in Hamilton is unlikely to all be European Caucasian; since
demographics data were not collected from UCB donors, the rate of positive samples in
future testing can be expected to vary. Due to the COVID-19 pandemic, samples received
by the McMaster Children’s Hospital labor and delivery ward became limited. This meant
it was necessary to maximize every double HLA-positive sample to engraft as many
DRAG-A2 mice as possible. Multiple breeding pairs of DRAG-A2 mice were set up around
similar times and litters would be weaned and kept until between 6-8 weeks of age to
engraft with double-positive HSCs. This ensures that each thawed sample would have a

larger number of mice to engraft. Although more DRAG-A2 mice can be engrafted using
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the tail vein injection method as adults, each mouse would consequently receive fewer
HSCs. This is likely contributing to the decreased number of successfully engrafted mice
when compared to humanizing mice as newborns (Supplementary Table 1). An average
litter usually yields 7-12 newborns to engraft, and around 20 mice were pooled for
engraftment as adults. The main advantage of engrafting mice as adults is the ability to
choose the sex of mice to engraft, and having a larger age range of engraftment window
that allow for increased numbers of mice engrafted per sample. For instance, female mice
are preferred as we perform intravaginal infections for most of our HIV and HIV/Mtb co-
infection studies. As a result, this method may still yield higher numbers of female hu-mice
despite having fewer successfully engrafted mice in total. Even though we found that we
can successfully engraft DRAG-A2 mice using the adult tail vein engraftment method, it
was evident that sample size and number of HSCs to engraft are still critical factors to

ensure high success rate.

As a part of this project, the current-generation huNRG model and next-generation
huDRAG-A2 models were established and compared. HUDRAG-A2 mice developed
significantly higher levels of hCD14+ monocytes and hCD3+ T cells (in particular, hCD4+
T cells) in peripheral blood upon intrahepatic engraftment of HSCs as newborns (Lepard
and Yang, 2022; Viruses - in review). Higher engraftment of hCD4+ T cells was expected
as previous studies using a similar model termed huDRAGA had observed similar findings
[270]. However, hCD14+ monocytes were not previously compared, and may be an

additional reconstitution improvement of the huDRAG-A2 model. The capability of the
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huDRAG-A2 mice to develop more robust levels of both T cells and monocytes illustrated
their potential in studying HIV and TB, where both aforementioned human immune cells
are heavily involved in host-pathogen responses. As part of our initial characterization of
our models, we were also able to show that hCD4+ T cells from huDRAG-A2 mice could
differentiate into the Th17 subset and produce hIL-17 (Figure 8). This can be an important
subset for HIV mucosal immunity investigations and thus further illustrates the suitability
of huDRAGAZ2 mice for studies involving HIV and elucidating the role of Thl7 in the

context of HIV-infection [331].

Human NK cells are largely absent in many humanized mouse models, and yet are
important to innate immune responses to many pathogens as well as the functionality of
therapeutics such as monoclonal antibodies. Therefore, we characterized a newly available
(The Jackson Laboratory) transgenic strain of NSG mice that express human IL-15 (NSG-
hIL15), a cytokine necessary for NK cell differentiation, expansion and function
[268,328,332,333]. Although NSG-hIL15 background mice are commercially available
and do not require further breeding to generate allele homozygosity of the IL-15 transgene,
a genotyping protocol was established to confirm the expression of the transgene prior to
HSC engraftment. Either the NSG or NRG background can be a good negative control for
the genotyping gPCR as they do not express any transgenes. However, other different
strains of immunocompromised mice expressing transgenes (NRG-A2 and DRAG) were
also tested as negative controls to see if human transgene expression would affect

genotyping results. The genotyping protocol developed was efficacious at identifying the
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correct mouse transgene (Figures 9 & 10). To humanize and characterize these mice, HSCs
were engrafted via intrahepatic injection in newborn NRG and NSG-hIL15 mice. While
huNRG mice are not the ideal engraftment control for an NSG transgenic strain, they were
still used as we did not have access to huNSG mice at the time. However, huNRG mice are
still valid control as they show very similar immune reconstitution profiles as huNSG mice
[261]. Both huNRG and huNSG-hIL15 mice developed human T cell populations (Figure
11). However, huNSG-hIL15 mice developed significantly higher percentage and absolute
counts of hCD56+CD3- NK cells at 16 weeks post-engraftment whereas in huNRG mice,
this population was nearly absent (Figure 12). HUNSG-hIL15 mice developed an average
of approximately 2.5x10* NK cells per mL of blood which is a substantial population even
when compared to humans [334]. Next steps would be to investigate the functionality of
the human NK cells produced by the model, but this data still illustrates the potential for

huNSG-hIL15 mice to be used in NK cell-related studies.

Chapter 4.2. Characterizing HIVV/Mtb co-infection immune responses and pathology

within huNRG mice and huDRAG-A2 mice

4.2.1. HIV/Mtb co-infection immune responses and pathology within huNRG mice

There are 2 likely clinical scenarios in the context of HIV/Mtb co-infections where an
individual can either be infected first by HIV followed by a co-infection with Mtb, or
establish a primary Mtb infection followed by HIV. This project focused on the first

scenario involving primary HIV infection in humanized mice followed by subsequent Mth
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infection. This case would model scenarios such as HIV-positive newborns or individuals
that have established HIV infections prior to TB infection. Prior to developing models of
HIV/Mtb co-infection in huNRG and huDRAG-A2 mice, both hu-mice models were first
demonstrated to well-recapitulate HIVV-1 and Mtb infections alone (Lepard and Yang, 2022;

Viruses - in review).

In huNRG mice, the Mtb infection-only group (n=3) and HIVV/Mtb co-infected group (n=4)
were compared (Figure 4). As the first co-infection experiment conducted in the lab, we
aimed to establish primary HIV-1 infection by vaginal mucosal infection, which is one of
the most common methods of transmission. 3 of 4 huNRG mice sustained substantial
plasma viral loads by 2 weeks post-infection, while 1 of 4 huNRG had viral load that was
near the detection threshold (~10,000 RNA copies/mL) and thus successful HIV infection
could not be confirmed prior to Mtb infection (Table 2). This indicates that the animal may
be harbouring very low levels of HIV in the plasma, or that HIVV-1 has mostly become pro-
viral and are residing within cells, or they may not be successfully infected with HIV.
Nevertheless, all the mice were co-infected with Mtb at 3.5 weeks post-HIV infection as
we wanted to model established but not chronic HIV-1 infection in our initial co-infection
studies. Plasma samples taken at later timepoints (post-Mtb infection) will be used to
determine if the unconfirmed huNRG mouse was indeed HIV-infected. However,
containment level 3 protocols are still pending to perform RNA extractions for RT-gPCR.
If the huNRG is later confirmed to be uninfected, it will be removed from all analyses as it

would not fit either the Mtb-only or co-infected group. Both the TB-only and co-infection
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groups were infected with low-dose 1x10° CFU/mouse (actual dose = 2.3x10° CFU) of
H37Rv Mtb intranasally. We predicted that lower doses of H37Rv are likely necessary in a
co-infection model as primary HIV infection may exacerbate disease and progress to
endpoint earlier. An even lower intranasal dose of H37Rv (2.5x102 CFU/mouse)
demonstrated successful infection using the NSG-BLT model [320], and thus we estimated
that 1x10% CFU/mouse is likely neither too high to induce rapid disease progression upon
co-infection nor too low that Mtb fails to establish a productive infection in the lower

respiratory tract.

Starting at 4 weeks post-Mtb infection, huNRG mice in both groups (especially the
HIV/Mtb co-infected group began losing weight rapidly (Supplemental Figure 1), and thus
sacrifice and experimental endpoint was planned to be 4.5 weeks post-Mtb infection. With
1 mouse failing to reach endpoint in the TB-only group, there are n=2 remaining in the
group at experimental endpoint. CFU counts revealed that both the TB-only and co-
infection group sustained very high bacterial loads (between 8 to 9 log CFU) within the
lungs and high levels of Mtb dissemination to spleen and liver tissue with no statistically
significant differences between the two groups (Figure 15). It was expected that primary
HIV infection exacerbate TB pathology within the lungs and as a result increases bacterial
load/burden [320]. However, we speculate that there may be two main reasons for not
observing significant differences between the groups. First, both groups may have already
progressed to severe pathology at experimental endpoint, and any difference in the

rapidness of progression may have been missed. Another reason for the unexpected
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development of substantial bacterial load despite receiving a low infection inoculum may
be due to the pre-treatment of DMPA prior to HIV-1 infection. Upon post-hoc literature
review, we found that studies have demonstrated a measurable negative effect of
medroxyprogesterone acetate (MPA), also known as DMPA, on immune cell responses to
Mtb containment [335,336]. DMPA can increase Treg cell activity while downregulating
cytotoxic T cell activities [335]. Therefore, despite the low dose of Mtb, the TB-only group
may have exacerbated disease progression due to the potential confounding factor of the
administration of DMPA resulting in higher Mtb load in the lungs comparable to the co-
infected group. This finding prompted us to avoid the use of DMPA in the later co-infection
experiment with hu-DRAG-A2 mice by administering HIV-1 infection via intraperitoneal

injection.

Tissue histology and immunohistochemistry offered more insight to disease pathology
within the lung and spleen. Despite showing similar bacterial load within the lungs, H&E
Staining revealed that co-infected granulomas may develop more central caseating necrosis
compared to the TB-only lung granulomas (Figure 16). The co-infected granulomas
displayed more features of “necrotic granulomas” where the central necrotic core (light
pink and fluid-like) and Mtb bacilli that appeared to be uncontained by the immune cell
aggregates surrounding the structure (Figure 17). Immunohistochemistry staining showed
that while the granulomas of TB-only huNRGs were surrounded by a ring of hCD4+ T cells
accompanied with hCD68+ macrophages scattered throughout the granuloma, both hCD4+

T cells and hCD68+ macrophages were almost completely absent throughout the lungs of
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co-infected huNRG mice (Figure 18). This may be due to HIV directly depleting the T cells
and macrophages, which are both target cells of HIV. Although, the depletion of hCD4+ T
cells is expected as HIV infection can kill hCD4+ T cell by pyroptosis or apoptosis [337],
macrophages do not typically undergo cell death as readily since they act as viral reservoirs
with altered functionality [338]. For instance, functionality such as phagocytosis of alveolar
macrophages can be impaired during HIV infection [339], but mechanisms that lead to
either cell depletion or downregulation of hCD4 and hCDG68 cell markers require further
investigation. Furthermore, it is notable that hCD4+ T cell depletion within the lungs was
more prominent than that in the spleen (Figure 18B & 20B). This may offer additional
evidence that hCD4+ T cells are preferentially depleted within the lungs, as a recent study
demonstrated rapid loss of lung interstitial CD4+ T cells in the first weeks post-HIV
infection [217]. This has great implications in subsequent pulmonary opportunistic

infections such as potential increased susceptibility to Mtb infections.

Co-infected HUNRG mice also presented with granuloma pathology consistent with
humans. Granulomatous lesions showed large sections of severe karyorrhexis (the
destructive fragmentation of nuclei), foamy macrophages around granulomatous tissue that
harbour Mtb bacilli, and airway foamy macrophages that were present around the airways
of severe granuloma lesions (Figure 22 & 23). Interestingly, the foamy macrophages in the
airway/alveoli were not infected with Mtb (Figure 23B). The observation of foamy
macrophages within the airways was characterized within rats [340] and other hu-mice as

foamy alveolar macrophages [321]. Similar to our observations, the foamy alveolar
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macrophages within the hu-mice also did not harbour Mtb bacilli [321]. We hypothesize
that based on the fact that they were not infected with Mtb, they could not have migrated
from the lung parenchyma or phagocytosed Mtb in the parenchyma and/or the airway.
Therefore, these foamy alveolar macrophages may originate from alveolar macrophages
that were initially uninfected but continue to reside within the airway. Upon development
of severe pathology within the lungs, lipid bodies may be released into the airways which
these uninfected alveolar macrophages uptake and subsequently develop more lipid
vacuoles and eventually develop the foamy macrophage morphology [41,341]. Overall,
these features display huNRG mice as a good hu-mouse model to recapitulate and

investigate human TB and granuloma pathology.

4.2.2. HIV/Mtb co-infection immune responses and pathology within huDRAG-A2 mice

To investigate HIV/Mtb co-infection in huDRAG-A2 mice, primary HIV infection was
established using intraperitoneal injection of HIV-1 to avoid the use of DMPA (Figure 5).
It was evident based on the huNRG co-infection study and the literature that DMPA is
likely a factor that can exacerbate Mtb disease progression and pathogenesis [335,336],
resulting in minor differences in lung bacterial load between the co-infected and TB-only
groups. Similar to the huNRG co-infection study, productive HIV infection was confirmed
at 2 and 3 weeks post-HIV infection where 1 mouse in the co-infected group had low
plasma HIV viral load and thus successful infection could not be confirmed. Upon low-
dose 1x10° CFU/mouse (actual dose = 2.3x10° CFU/mouse) intranasal H37Rv Mth

infection, respiration was stopped in 1 of 4 huDRAG-A2 mice from the TB-only group and
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the animal did not wake up from the intranasal administration. Normal protocols for
intranasal infection were followed in the CL3 facility, but we have noted the sensitivity of
humanized mice to anesthetics as previous problems with intranasal fluid intake and animal
recovery post-isoflurane anesthesia was observed. Based on experience and observations,
hu-mice appear to have weaker respiration (lower respiratory force) when compared to their
non-humanized counterparts. For instance, huNRG mice would not inhale fluid boluses on
the nares as well as NRG mice. During intranasal administration, liquids/fluids applied on
the nares of hu-mice appear to pool as respiration slows/stops and would require
adjustments to open the mouth and reintroduce respiration. BALB/c mice and non-
humanized mice in our experience were capable of intaking larger volumes of fluid and
respiration rarely stops when fluid is applied to the nares. We hypothesize that this may be
caused by the irradiation during the humanizing process leading to damage to lung structure
or cells responsible for maintaining lung surface tension resulting in weaker inspiration

[342-344].

Flow cytometry analysis at 2.5 weeks post-Mtb infection (6 weeks post-HIV infection)
showed that co-infected huDRAG-A2 mice had significantly lower frequencies of hCD4+
T cells in peripheral blood compared to the TB-only infected group (Figure 30). Since
hCD4+ T cells are directly targeted and killed by HIV-1, this depletion is likely HIV-
mediated and is consistent to observations in HIV/Mtb co-infected humans where hCD4+
T cell counts are significantly reduced compared to TB patients [202]. At the same time,

co-infected huDRAG-A2 mice also had significantly higher frequencies of hCD8+ T cells

127



M.Sc. Thesis — J. Yang; McMaster University — Medical Sciences

in the peripheral blood (Figure 30A). The increase in hCD8+ T cell frequency could partly
be due to lower hCD4+ T cell counts leading to a higher ratio of hCD8+ T cells since the
frequencies are calculated as percentages of hCD3+ T cells. However, not only are hCD4+
T cells heavily involved in the containment of TB granulomas and dissemination, hCD8+
T cells can also play an important role in disease control, especially in more chronic stages
of disease [345,346]. Therefore, another explanation for a higher proportion of hCD8+ T
cells may be increased involvement and recruitment to help with containment of the
infection and eliminate infected cells [346]. Since hCD8+ T cells also play an important
role in controlling HIV disease progression, functionality of CD8+ T cell may be another

direction for future investigations in the context of both HIV and TB [347].

At 4 weeks post-Mtb infection (7.5 weeks post-HIV infection), both flow cytometry and
immunohistochemistry of lungs also revealed significant depletion of hCD4+ T cells in co-
infected hu-DRAG-A2 mice when compared to the single-TB infection group (Figure 28
& 32). This finding is consistent with another recent co-infection study using SIV/Mtb co-
infection in rhesus macaques where co-infected animals showed rapid depletion of
granuloma CD4+ T cells [348]. Although no significant differences in immune cell counts
in peripheral blood were observed, it appears that the co-infected (HIV low) huDRAG-A2
mouse could be an outlier where cell counts were substantially higher than other co-infected
huDRAG-A2 mice for every immune cell type. A trend of fewer total immune cells in the
co-infected group may be observed if this animal (represented as a blue point) was excluded

from the analysis (Figure 31). Upon approval of Containment Level 3 protocols, we will
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be confirming HIV infection at later timepoints (post-Mtb infection) in this mouse, and
quantify the HIV plasma viral load in all mice within the experiment to determine if co-
infection affects levels of HIV-1 in the plasma. It is also notable that the co-infected (HIV
low) huDRAG-A2 mouse reconstituted with extremely high human immune cell counts

pre-experiment (Supplementary Table 3).

In addition to hCD4+ T cell depletion within the lungs and blood, co-infected huDRAG-
A2 mice also developed significantly higher lung bacterial burden and extrapulmonary
dissemination into spleen and liver (Figure 25); a potential trend of more granulomatous
tissue with more caseating necrosis in the lungs was also observed when compared to the
TB-only group (Figure 26). Additionally, granulomas in co-infected mice harbour an
abundance of foamy macrophages that were infected with Mtb bacilli, while only the largest
granuloma found within TB-only mice contained foamy macrophages (Figure 27, & 34).
Interestingly, co-infected granulomas in huDRAG-A2 mice also formed small cavities
within necrotic regions with severe karyorrhexis and around foamy macrophages (Figure
33). We hypothesize that the necrotic foamy macrophages release extensive amounts of
lipid bodies and create a pocket/space of lipids, and upon the dissolution of these lipid
pockets, the small cavities remain [349,350]. This is based on the observations in Figure
33 that foamy macrophages have a distinct nucleus and lipid filled vacuoles, while some of
the pockets do not have a nucleus with just lipid vacuoles/bubbles, and other pockets only
contains a dark nucleus [41,351-353]. Furthermore, we hypothesize that as TB disease

progresses, many more of these small pocket cavities will develop and eventually
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contribute to the formation of large cavitation within the granulomas [354]. This can
contribute to bacterial dissemination and release of Mtb bacilli into the airspace and
subsequent transmission of Mtb to other individuals [62,352]. It is also notable that these
foamy macrophages harbour a high concentration of Mtb bacilli when observed at a lower
magnification Figure 34. This indicates foamy macrophages may be a large pool of Mth
reservoir especially during chronic infection [341]. Finally, bronchial occlusion was also
observed within the lungs of a HIV/Mtb co-infected huDRAG-A2 mouse at 4 weeks post-
Mtb infection (Supplementary figure 3). This is consistent with the bronchial
occlusion/obstruction observed in a huNSG-BLT model at 5 weeks post-Mtb infection in
co-infected huNSG-BLT mice [320], and approximately 7 weeks post-infection in Mtb-
only infected huNSG-BLT mice [316]. Since bronchial occlusion can be considered more
severe/advanced lung pathology as it is only observed at 7 weeks post-infection in Mtb-
only infected hu-mice [316], the observation of bronchial occlusion in our co-infected hu-
mice 4 weeks post-Mtb infection may also demonstrate more rapidly exacerbated lung
pathology. Overall, these features illustrates the ability for both the huNRG and huDRAG-

A2 models to recapitulate advanced TB pathology.

HUDRAG-A2 mice developed heterogenous granulomas upon Mtb infection and may
provide some additional insight specifically into granuloma formation and development.
These observations were made in Figure 35 where potential stages of granuloma formations
were illustrated and hypothesized. These images were all obtained from the Mtb-only group

of huDRAG-A2 mice. 4 week after low dose Mtb-infection, innate (or early stage)
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granulomas can be seen where an initial aggregation of immune cells, in particular hCD68+
macrophages and some hCD4+ T cells infiltrate the local region to contain the infection.
Macrophages were concentrated at the very center of the granuloma structure while hCD4+
T cells are more frequent in the granuloma periphery (Figure 35G & J). In this early stage
granuloma, Mtb bacilli appear to be very well contained within the structure. The next stage
of granuloma observed may be considered and termed the “immune” granuloma due to the
prolific recruitment of adaptive immune cells [45]. Notable differences include the
significant hCD4+ T cell recruitment to the granuloma structure and the formation of an
organized halo/ring around the granuloma (Figure 35H). In this particular granuloma,
hCD68+ macrophages appear to be less involved in the containment of Mtb as they are
more scattered in the granuloma periphery (Figure 35K). This may indicate that further cell
differentiation has already occurred due to Mtb infection, or that the hCD68 markers were
downregulated in the granuloma specifically, since hCD68+ macrophages were still present
and scattered throughout the rest of the lung. With a depletion of classical hCD68+
macrophages, this may mark the beginning of more severely pathological granulomas
developing. In the late-stage granuloma (or termed here: the disseminated granuloma),
development of foamy macrophages occurs and the structure fails to contain Mtb bacilli, as
Mtb can be identified outside of the poorly-formed granuloma structure (Figure 35C).
Interestingly, foamy alveolar macrophages can also be identified in the airway near the
periphery of the granuloma structure. This further supports the aforementioned hypothesis
that alveolar macrophages may be phagocytosing lipid body secretions that are released

into the airway from granuloma lesions and eventually become foamy alveolar
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macrophages. In the late-stage granuloma the organization of hCD4+ T cells surrounding
the granuloma was also lost, and hCD68+ macrophages are no longer concentrated within
the granuloma (Figure 351 & L) [348]. Furthermore, neither the foamy macrophages within
the granulomas nor the foamy alveolar macrophages within the airway express hCD68
(Figure 35L). This illustrates that hCD68 is not the ideal marker to identify foamy
macrophages, and other markers such as CD36 (scavenger receptor), CD163 (scavenger
and M2-activation marker), or CD205 (DC-associated marker), may be better surface
markers to help with identification and quantification of these highly differentiated cells
[355-357]. In particular, CD205 may be useful for identifying Mtb-infected foamy
macrophages, while alternatively-activated CD163+ macrophages may be
induced/polarized by HIV-1 [357,358]. Therefore, identification of these marker may also
provide more insight on HIV and Mtb host-pathogen interactions in vivo. A limitation to
the data thus far is the fact that the potential contributions of any remaining poorly-
functioning mouse macrophages along with other human cell subtypes have not been
characterized. In future investigations, we will be using the Multiplexed lon Beam Imager

(MIBI) Scope to identify and better characterize the cells involved in granuloma formation.

Chapter 4.3. Elucidating the immunogenicity of adeno-vectored TB vaccines in huNRG

and huDRAG-A2 mice.
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Currently, the only approved vaccine against TB is the BCG vaccine. However, the efficacy
of BCG vaccination has been demonstrated mostly for early childhood protection where
older children and adults are still largely unprotected and it is rarely used in PLWH [359].
HIV/Mtb co-infection further complicates matters in studying efficacy and in elucidating
immune responses to TB vaccination. In the clinical setting, PLWH may require different
vaccination strategies that are both safe and effective given their immunocompromised
status, and yet they are usually not included in TB vaccine clinical trials even though they
are one of the most vulnerable groups to this disease [360]. The development of vaccines
from basic science and through the clinical phase trials requires extensive funding, time,
and resources. Therefore, establishing a pre-clinical in vivo model to investigate human
immune cell responses to TB vaccines in those with and without HIV is a critical step to
advancing the development of effective vaccines for TB infection, especially for PLWH.
The Xing lab at McMaster University (Hamilton, ON) has made considerable progress in
the development of adenoviral-vectored TB vaccines. A successful phase one clinical trial
of the human type 5 adenovirus expressing Ag85A (an immune dominant Mtb antigen)
(AdHU5AQ85A) demonstrated safety and immunogenicity as primary and booster
vaccinations against Mtb infection [102,103]. AdHU5Ag85A was also administered in
humanized mice showing protection against TB and improved pathogen-specific T cell
responses [104]. Moreover, the development of a novel chimpanzee based AdCh68Ag85A
expressing the same antigen showed enhanced immunogenicity and efficacy, especially
following respiratory mucosal (intranasal) administration when compared to their human

adeno-vector counterpart [105,106]. These findings illustrate the potential of using
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humanized mice to further elucidate the generation of antigen-specific T cell responses in
vivo for the more immunogenic chimpanzee-based AdCh68Ag85A vaccine (unpublished

data, Dr. Zhou Xing Lab).

In this project, we demonstrated that the AdCh68Ag85A vaccine may be capable of
generating T cell IL-2 responses to Mtb-antigens in huNRG mice upon stimulation with
live BCG (Figure 37). Lung and spleen cells stimulated for 24 hours non-specifically by
PMA/lonomycin also showed that the human CD4+ and CD8+ T cells in huNRG mice
were polyfunctional and able to produce human pro-inflammatory cytokines such as IFN-
v, IL-2, and TNF-o (Figure 36). This also served as a positive control for the
methods/protocol of our T cell stimulation experiment, and indicated that the protocol was
functional. Therefore, our observation that the Ag85A peptide pool (1-57) stimulation
condition did not generate antigen-specific responses is likely due to factors other than
errors within the stimulation protocol. For instance, 24 hour stimulation may be an
insufficient amount of time for the antigen presenting cells (APCs) to process and present
antigens from the specific Ag85A peptide pool (1-57) to activate enough T cells to observe
differences. Additionally, we observed from this experiment that the 24-hour stimulation
with PMA/lonomycin caused extensive cell death, and the stimulation timepoint may be
further optimized for future experiments if non-specific responses are an outcome for the
study. A later optimization experiment showed that 6 hours of PMA/lonomycin stimulation
is able to reduce cell death and increase T cell frequencies while still maintaining high

levels of cytokine production (Supplementary figure 5). Therefore, it can be concluded that
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time points between 6 to 24 hours can be used for PMA/lonomycin stimulation, but
timepoints closer to 6 hours can improve cell viability if desired, especially when direct
comparisons are to be made with the PMA/lonomycin stimulation condition. Although
larger samples sizes will be required to make further conclusions from the AdCh68Ag85A
pilot study, this study has still greatly informed the methods and protocols for one of the
main aims of this project; to investigate immunogenicity of an even more novel adenoviral-

vector based trivalent vaccine AAdCh68MV.

The AdCh68MV vaccine (also known as AdCh68Ag85A:rpfB:TB10.4) is another
chimpanzee adenovirus 68-vectored TB vaccine constructed to express three different Mth
antigens (Ag85A, rpfB, and TB10.4). This vaccine was designed by the Xing Lab
(McMaster University, Hamilton, ON) and takes into consideration many of the ideal
features within a vaccine platform (as discussed in Chapter 1.1.6.). RpfB is a protein
involved in resuscitating Mtb from dormancy associated with chronic infection, while
TB10.4 is a Mtb virulence factor mostly associated with early/acute infection [318,361,362].
These additional antigens are added with the goal of targeting the different life-stages that
Mtb can undergo in vivo, and thus provide a more comprehensive repertoire of targets when
immune cells are primed [363]. As a result, this strategy may be the key to inducing longer-

lasting immune memory after vaccination.

To investigate the immunogenicity of AdCh68MV, both huNRG (n=3) and huDRAG-A2

(n=3) mice were vaccinated with 1x107 PFU via intranasal administration. 4 weeks post-
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infection, lung and spleen cells were processed and stimulated with 5 different conditions
(Unstimulated, whole protein pool, BCG, cell filtrate/crude BCG, and PMA/lonomycin)
(Figure 7). Multiple antigen-stimulation conditions were tested to determine what the best
condition would be to induce human immune cell responses from a humanized mouse
model. Based on the results in Figure 38, culture filtrate in combination with crude BCG
(CFCB) was the only condition that consistently produced appreciable antigen-specific
cytokine responses within both the lung and spleen. Therefore, cytokine responses were
further examined in samples stimulated by CFCB, and this condition should be considered
for use in future in vitro stimulation experiments. Upon CFCB antigen-stimulation, hCD4+
T cells in both lung and spleen of vaccinated huNRG and huDRAG-A2 mice demonstrated
trends of higher frequencies and total numbers of cells with the ability to produce Mtb
antigen-specific TNF-a responses (Figure 39 & 40). Albeit responses produced by hCD8+
T cells demonstrated similar trends within both the lung and spleen of vaccinated huNRG
and huDRAG-A2 mice, there are fewer total numbers of cytokine producing hCD8+ T cells
in both tissues (Figure 39B, D & Figure 40B, D). This is expected as similar results were
seen after mucosal administration of the AdHU5Ag85A in huNRG mice showed higher
number of responding hCD4+ T cells [104]. In both lung and spleen, antigen-specific IFN-
y responses appear to be inconsistent as hCD8+ T cells in unvaccinated hu-mice also
produced substantial levels of IFN-y upon antigen-stimulation (Figure 40C, D). On the
other hand, little to no IFN-y responses were generate by hCD4+ T cells in both vaccinated
and unvaccinated groups within the spleen (Figure 40A, B). A limitation to our humanized

mouse model may be the relatively low human myeloid populations which are largely
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APCs within huNRG and huDRAG-A2 [364,365]. Given low numbers of APCs to process
and present Mtb antigens to the T cells of interest, both number of cells and amount of time
for antigen presentation may be insufficient to generate T cell responses to show significant
differences between groups in different conditions. Finally, it is notable that despite
relatively lower antigen-specific responses, hCD4+ and huCD8+ T cells in the lungs of
both - huNRG and huDRAG-A2 mice were polyfunctional upon non-specific
PMA/ionomycin stimulation as high levels of at least 2 of IFN-y, IL-2, and TNF-a were

produced (Supplementary figure 6).

All stimulation conditions were supplemented with human CD28 and CD49d co-
stimulatory antibodies which assists in the activation of T cells in this model due to the low
numbers of APCs [104]. However, the antibodies used in our experiments were different
clones than those used by Yao et al. 2017 and may yield differences in co-stimulation. This
was tested in the spleen within the CFCB condition supplemented with the in-lab antibodies
compared to CFCB supplemented by antibodies used by Yao et al. 2017 (termed Y-CFCB
condition). No notable differences were observed other than in the total counts of IFN-y
producing hCD8+ T cells where non-specific stimulation may have been reduced in the Y-
CFCB condition (as unvaccinated mice did not produce significant cytokine responses)
(Figure 41D). Overall, no significant concluded could be made from this test as larger
sample sizes will be required for confirmation of any differences that may warrant the
change in the use of Y-CFCB rather than CFCB supplemented with in-lab co-stimulatory

antibodies.
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Chapter 5. CONCLUSIONS & FUTURE DIRECTIONS

In this project, we have established the huNRG, huNSG-hIL15, and huDRAG-A2
models that are capable of producing substantial numbers of human immune cell
populations for infectious diseases research. The next generation huNSG-hIL15 mice
developed significantly higher levels of human CD56+CD3- NK cells at 16 week post-
engraftment compared to the current generation huNRG mice. While the next-generation
huDRAGAZ2 mice reconstituted with higher total numbers of hCD4+ T cells, hCD19+ B
cells, and monocytes at 12 weeks post-engraftment compared to the current generation
huNRG mice. Additionally, the huDRAGA2 mice were also capable of producing
functional Th17 cells upon stimulation. In future experiments, huNSG-hIL15 mice will be
compared to better controls (huNSG mice rather than huNRG mice) where further NK cell

functionality testing would also be investigated using cytotoxicity assays.

After successfully establishing HIV and Mtb infections alone, it was evident that both
huNRG and huDRAGAZ2 mice were able to recapitulate hallmark pathological feature of
HIV and TB disease and thus allowed for the models to be used for HIVV/Mtb co-infection
studies. In huNRG mice, both co-infected and Mtb-only infected mice showed severe TB
pathology and high bacterial burden in the lungs along with high bacterial dissemination
into spleen and liver at 4.5 weeks post-Mtb infection. Although co-infected huNRG mice

may show trends of higher lung pathology and spleen bacterial load, the negative effects of

138



M.Sc. Thesis — J. Yang; McMaster University — Medical Sciences

DMPA on immune cell control of Mtb may have exacerbated disease progression in both
groups confounding any differences observed between the groups. However,
immunohistochemistry showed notable depletion of hCD4+ T cells within co-infected
huNRG lungs, likely due to HIV killing the cells and/or downregulating hCD4 markers and
function. Co-infected huNRG mice also presented various human-like pathology
characteristics such as the development of necrotic cores with severe karyorrhexis and Mtb-
infected foamy macrophages in granulomatous tissue, as well as multinucleated giant cells
within the spleen. After generating more huNRG mice, a future co-infection experiment in
huNRG mice could be repeated where primary HIV-1 infection is established with

intraperitoneal infection (rather than intravaginal infection) to avoid the use of DMPA.

HIV/Mtb co-infection in huDRAG-A2 mice resulted in significantly higher bacterial
burden within the lungs and increased extrapulmonary dissemination into spleen and liver
when compared to Mtb-only infected huDRAG-A2 mice. HIV/Mtb co-infection also led to
a trend of greater total areas of granulomatous lesions within the lungs along with
significantly depleted frequencies of hCD4+ T cells at the 4 week experimental endpoint
post-Mtb infection. Frequencies of hCD4+ T cells in peripheral blood was already
significantly lower in the co-infected group at 2.5 weeks post-Mtb infection likely due to
HIV-1 depletion, while hCD8+ T cell frequencies were significantly higher. Co-infected
huDRAG-A2 mice also recapitulated many aspects of human-like pathology within the
lungs such as displaying severe necrosis with foamy macrophages undergoing lipid

dissolution. These foamy macrophages were highly concentrated with Mtb bacilli and may
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be large source of Mtb bacterial reservoir during later stages of infection. Moreover, low
dose intranasal Mtb infection was able to generate heterogenous granulomas in both Mtb-
only and co-infected huDRAG-A2 mice. These observations have led to our hypotheses of
possible appearances, structures, and pathologies within granulomas at different stages of
granuloma development illustrated by histology and immunohistochemistry images.
Finally, other human-like features of pathology such as bronchial obstruction and foamy
alveolar macrophages within the airway was also observed within the lungs of both co-

infected huNRG and huDRAG-A2 mice.

Results from our vaccine immunogenicity studies showed that both huNRG and huDRAG-
A2 mice are capable of producing polyfunctional hCD4+ and hCD8+ T cells. Mice
immunized mucosally with the trivalent AdCh68MYV vaccine showed trends of higher Mtb
antigen-specific hCD4+ T cell responses in the lungs and spleen, where culture filtrate with
crude BCG appeared to be the best stimulation condition. Some trends of increased antigen-
specific hCD8+ T cell responses were also observed in immunized mice, but require larger

sample sizes to confirm these trends.

One main step beyond this project will be staining and scanning tissues from both the
huNRG and huDRAG-A2 co-infection studies using the Multiplexed lon Beam Imager
Scope (MIBIScope) to better visualize characterize lung pathology, granuloma structure,
and immune cell composition within granulomas. Since the MIBI scope technology is

capable of multicolor viewing of over 40 different markers simultaneously, a much more
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detailed visualization of whole lung sections and granuloma lesions is possible. Changes
associated with HIV co-infection such as phenotypic expression, cell types/differentiation,
and cellular interactions can be observed. For instance, despite the lack of two major cell
types (hCD4+ T cells and hCD68+ macrophages) that form classical granulomas in the co-
infected huNRG and huDRAG-A2 mice, the granuloma structures were still present. The
clearer imaging would provide insight on other cell types (alveolar and interstitial
macrophages, giant cells, dendritic cells, NK cells, neutrophils, etc.) that may be
contributing to the structure formation/maintenance and potentially also leftover non-

functional mouse immune cells such as macrophages.

Upon validation of containment level 3 protocols and procedures, plasma HIV-1 viral load
in co-infected huNRG and huDRAG-A2 mice will be quantified using RT-gPCR and
correlated with Mtb bacterial load and disease severity. Cytokine analysis can be performed
on plasma samples collected at the same time points for further insight on systemic immune
responses during co-infection compared to Mtb-single infection. Once more hu-mice are
generated, additional groups for the co-infection study can be supplemented such as a group
infected with HIV-only collecting samples at identical timepoints to be compared to the co-

infected group.

The immunogenicity of the trivalent AdCh68MV vaccine in huNRG and huDRAG-A2
mice show potential in the vaccine inducting protection against Mtb infection. A vaccine

protection study immunizing huNRG mice with AdCh68MV has been completed and is
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currently awaiting results. This data would not only provide insight on the efficacy of
AdCh68MYV in Mtb protection, but also further illustrate hu-mice as potential strong

candidates for pre-clinical testing of vaccines and therapeutics.

Long term future directions from this project include investigations in granuloma
microenvironments during HIV/Mtb co-infection. Transcriptomic analyses of heavily
involved immune cells such as T cells and macrophages may help with fully elucidating
specific mechanisms and pathways of immune responses during co-infection. Furthermore
other models may be developed using our current and next-generation hu-mice such as
modelling ART-controlled HIV-infection (common clinical presentations of PLWH) prior
to TB immunization to determine safety and efficacy of a vaccine within a more clinically
representative scenario in vivo. Finally, the scenario in HIV/Mtb co-infection where the
host is initially infected with Mtb and is subsequently exposed to HIV is also a viable future
step for investigation following similar experimental techniques and methodologies as
described in this project. Overall, the utility of both huNRG and huDRAG-A2 mice can
extend beyond the in vivo investigation of HIV and/or TB, as these models may also be
suitable for widespread use in other infectious disease, cancer, and other long term/chronic

human disease studies.

Chapter 6. SUPPLEMENTAL MATERIALS:

Supplementary Table 1.
Cord blood samples used for humanizing NRG and DRAG-A2 mice, and success rate of humanization given
intrahepatic newborn and intravenous adult HSC-engraftment methods.
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Cord blood
sample #

DR4- DR4- DR4- DR4- DR4- DR4-

HLA type DR4+A2+ DRA+A2+ DR4+A2+ — 5" “5F “0% SO T Ao

Mouse
ENRMEN DRAG- DRAG-  DRAG-  \poe NRe NRG NRG  NRG  NRG
A2 A2 A2
engrafted
Engraftment IH, IH, IH, IH, IH, IH, IH,
Method newborn IV, adult IV, adult newborn newborn newborn newborn newborn newborn
Success 6/6 10/21 9/18 9/9 4/8 9/9 3/7 6/7 11/12
rate (100%)  (47.6%) (50%)  (100%) (50%) (100%) (42.8%) (85.7%) (91.7%)

Supplementary Table 2.
Pre-experiment engraftment for huNRG used in the HIV/Mtb co-infection experiment. *Co-infected (HIV
low). All huNRG mice used were female.

Baseline (Pre-Experiment)
#hCD45 #hCD3 #hCD4 #hCD8 #hCD19 #hCD14
P
- Mouse ID %hCD45 /mL %hCD3 oL %hCD4 L %hCD8 oL %hCD19 mL %hCD14 JmL

TB-N1 27 11,040 98.20 10,841 60.50 6,559 31.40 3,404 2.50 280 0.00
TB-N2 48.03 122,720 53.70 65,901 43.30 28,535 44.30 29,194 40.80 50,070 297 3,645
Average 2538 66,880 75.95 38,371 51.90 17,547 37.85 16,299 21.65 25,175 149 1,823
HTB-N1 16.88 32,800 68.00 22,304 67.90 15,144 23.30 5,197 25.20 8,266 427 1,401
HTB-N2* 63.49 151,560 52.10 78,963 66.80 52,747 25.00 19,741 45.00 68,202 1.29 1,955

HIV/Mth Co-
infected

N=4 HTB-N3 18.14 16,480 95.90 15,804 7220 11411 22.30 3,524 120 199 0.00
HTB-N4 822 23,240 79.90 18,569 4980 9,247 43.80 8,133 14.30 3323 052 121
Average 26.68 56,020 73.98 33,910 64.18 22,137 28.60 9,149 21.43 19,998 152 869

Supplementary Table 3.
Pre-experiment engraftment for huDRAG-A2 used in the HIV/Mtb co-infection experiment. *Co-infected
(HIV low). All huDRAG-A2 mice used were female.
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Baseline (Pre-Experiment)
#hCD45 #hCD3 #hCD4 #hCD8 #hCD19 #hCD14

Mouse ID %hCD45 ol %hCD3 mL %%hCD4 JmL. %hCDE fmL %hCD19 JmL %hCD14 fmiL.
TB-D1 3.03 42,640 31.50 13,440 60.10 8,080 28.00 3,760 6.38 2,720 6640 28,320
TB-D2 46.00 380,000 57.60 218,800 82.50 180,600 462 10,100 0.26 1,000 10.50 39,800
TB-D4 10.00 34,900 26.60 9,300 60.20 5,600 26.90 2,500 3in 1,300 69.60 24,300
Average 19.68 152,513 3857 80,513 67.60 64,760 19.84 5453 345 1,673 4883 30,807
HTB-D1* B.14 49,360 25.00 12,320 60.40 7,440 27.30 3,360 6.00 2,960 77.10 38,080
HTB-D2 1370 56,160 1720 9,680 57.00 5,520 26.40 2,560 4.84 2,720 76.20 42,800

HIV/Mth Co-

infected
N=3

HTB-D3 1440 60,600 64.70 39,200 56.60 22,200 36.20 14,200 3.96 2,400 48.50 29,400
Average 12.08 55373 35.63 20,400 58.00 11,720 29.97 6,707 4.93 2,693 67.27 36,760

115+
110+
1054

ight

-
o
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-~ TB-Only
-# Co-Infected
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(HIV low)

% of Starting We
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0 7 14 21 28 35 42 49 56 63
Days Post-HIV Infection

Supplementary Figure 1. Weight loss in huNRG mice infected with Mth-only and co-infected with
HIV and Mtb.

Individual weights of huNRG mice are plotted as percent of initial starting weight (on the day of HIV-1
infection).

144



M.Sc. Thesis —J. Yang; McMaster University — Medical Sciences

=

B)

Percent of Inmune Cells Remaining in Plasma 2.5 Weeks Post-Mth Percent of Inmune Cells Remaining in Plasma 4 Weeks Post-Mth
- 5004 = 300+
£ g .
§ 5
E 400 L] E PO L]
£ 200 ¢ TB-Only
‘s 3004 * ® " ® Colnfected
% &
& 200~ . ‘. 2
=
S . - H 100+ .
1004 . . & -
L] - .

Supplementary Figure 2. Human immune cells remaining in Mtb-only and co-infected huDRAG-A2
mice at 2.5 weeks and 4 weeks post-Mtb infection.

Percent of human immune cells remaining within peripheral blood at (A) 2.5 weeks post-Mtb infection and
(B) 4 weeks post-Mtb infection (experimental endpoint). Percentage calculated by dividing total numbers of
cells/mL of peripheral blood at 2.5 or 4 weeks post-Mth infection by total numbers of cells/mL pre-experiment.
TB-Only (n=3) and Co-infected (n=3). Blue data points represent co-infected huDRAGA2 mouse with low
HIV viral load pre-Mtb infection. Data are expressed as mean +/- SEM.

Supplementary Figure 3. Bronchial occlusion in the lungs of co-infected huDRAG-A2 mouse at 4 weeks
post-Mtb infection.

(A) H&E stain visualizing bronchial occlusion in co-infected huDRAG-A2 lung at 4x magnification, and (B)
at 20x magnification (n=1).
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Supplementary Figure 4. Percent of hCD4+ and hCD8+ T cell cytokine production under different
stimulations conditions.

Percent of cytokine producing hCD4+ T cells after stimulation in (A) lung and (C) spleen for 24 hours.
Percent of cytokine producing hCD8+ T cells in (B) lung and (D) spleen. Unstimulated = Unstimulated
control condition; BCG = Bacillus Calmette—Guérin; CFCB = Culture filtrate and crude BCG; TP = Trivalent
Protein Pool (Ag85A, rpfB, and TB10.4 whole protein). Unvaccinated group (huNRG n=1, huDRAG-A2
n=1); vaccinated huDRAG-A2 group n=3; vaccinated huNRG group n=3. Data are expressed as mean +/-
SEM. Note: percent of cytokine producing cells in unstimulated conditions were not subtracted from percent
of cytokines produced by stimulated conditions.
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Supplementary Figure 5. Human CD4+ and CD8+ T cells are polyfunctional upon 6-hour
PMA/lonomycin stimulation.

Percent of lung (A) hCD4+ T cells and (C) hCD8+ T cells that produce pro-inflammatory cytokines after
PMA/lonomycin stimulation for 6 hours. Total number of cytokine producing (B) hCD4+ T cells and (D)
hCD8+ T cells in whole lung where the number of cells producing cytokines in the unstimulated condition
were subtracted from PMA/lonomycin stimulated cells (to remove non-specifically stimulated cells in each
condition). Unvaccinated group (huNRG n=1, huDRAG-A2 n=1); vaccinated huDRAG-A2 group n=3;
vaccinated huNRG group n=3. Data are expressed as mean +/- SEM. Note: percent of cytokine producing
cells in unstimulated conditions were not subtracted from percent of cytokines produced by stimulated
conditions.
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Supplementary Figure 6. Comparing in vitro stimulation of PMA/lonomycin for 6 hours versus 12
hours.

(A) PMA/lIonomycin stimulation for 6 hours show a trend of higher hCD3+ T cell viability in spleen than
stimulation for 12 hours in huNRG mice (n=3). (B) High percentages of T cells still produce pro-
inflammatory cytokines after stimulation with PMA/lonomycin for 6 hours within huNRG lung and spleen.
Data are expressed as mean +/- SEM.

Supplementary Figure 7. Immunohistochemistry of non-humanized mouse negative control.
Non-humanized NRG mouse lung (A) hCD4+ and (B) hCD68+ IHC negative controls at 10x magnification;
both hCD4 and hCDG68 are stained brown.
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