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Lay abstract  

Human immunodeficiency virus (HIV) and tuberculosis (TB) are infectious diseases that 

affect millions of people worldwide every year. The greatest cause of death in people living 

with HIV is co-infection with TB and HIV-positive individuals are much more likely to get 

TB. Humanized mouse (hu-mouse) models possess human immune cells for HIV to infect 

and are useful for studying HIV. Our goal is to create hu-mouse models of HIV, TB and 

HIV/TB co-infection that will allow us to study how these diseases interact. We are 

currently developing a traditional hu-mouse model (known as NRG), as well as an 

improved next-generation model (known as DRAG-A2) with a more functional immune 

system. Both models have been successfully infected with HIV or TB. Only DRAG-A2 

mice were able to make antibodies against HIV. The improved DRAG-A2 model will 

enable future studies on HIV, TB and co-infection, which continue to be understudied 

global problems.  
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Abstract  

Currently, there are 38 million people living with human immunodeficiency virus (HIV-1) 

worldwide and there were 680,000 HIV-related deaths in 2020 alone. The greatest cause of 

mortality in people living with HIV (PLHIV) is infection with opportunistic pathogens such 

as tuberculosis (TB), which accounts for one third of HIV-related deaths. PLHIV are 20 

times more susceptible to TB and co-infection leads to significantly worsened outcomes in 

terms of both diseases. Humanized mouse (hu-mouse) models, which possess human 

immune cells for HIV to infect, have been useful for HIV research. Our aim is to create hu-

mouse models of HIV, TB and co-infection to investigate disease progression, immune 

responses, therapeutics, prevention and vaccination. NOD-Rag1null-IL2rgnull (NRG) mice 

are highly immunocompromised mice that are traditionally used to generate hu-mouse 

models. We are also developing NRG mice that are transgenic for human HLA-DR4 and 

HLA-A2 (DRAG-A2) and similar mice have been reported to have improved immune 

responses. NRG and DRAG-A2 mice were humanized with hematopoietic stem cells 

obtained from human umbilical cord blood. DRAG-A2 mice had significantly higher 

engraftment success rates (defined as the percentage of mice with >10% hCD45+) as well 

as higher overall CD45+ leukocyte, CD4+ T cell, CD19+ B cell and CD14+ monocyte 

reconstitution in the blood compared to huNRGs. huNRG mice were permissive to 

infection with JR-CSF or NL4.3-Bal-Env HIV-1 intravaginally or systemically. huDRAG-

A2 mice were also infected intravaginally with NL4.3-Bal-Env HIV-1. huDRAG-A2 mice, 

but not huNRGs, produced HIV-specific IgG, indicating improved immune responses.  

huNRG mice were infected intranasally with mCherry-Erdman, YFP-H37Rv or H37Rv 
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Mtb. huDRAG-A2 mice were also infected with H37Rv. Human immune cell involvement 

and human-like granuloma formation was observed using flow cytometry and 

immunohistopathology. These findings show that the DRAG-A2 model may be optimal for 

investigating HIV, TB and co-infection, which continue to be serious global health 

concerns.  
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1. INTRODUCTION: 

1.1. HIV/AIDS: 

1.1.1. A brief introduction to HIV: 

Human immunodeficiency virus (HIV), a lentivirus of the retroviridae family, is the cause 

of acquired immunodeficiency syndrome (AIDS) in humans. This disease is characterized 

by the deterioration of the immune system and an increased susceptibility to opportunistic 

infections and certain cancers (Barré-Sinoussi et al., 1983; Gallo et al., 1983). HIV 

continues to be a worldwide health problem, with an estimated 37.7 million people 

currently living with HIV (WHO, 2020a). Although the majority of these cases occur in 

Sub-Saharan Africa, HIV and AIDS heavily affect vulnerable people across the globe 

(WHO, 2020a). Since it was first observed in 1981 following an outbreak of rare 

Pneumocystis pneumonia and Kaposi’s sarcoma in homosexual men in the United States, 

HIV has claimed the lives of an estimated 36 million people, with 680,000 deaths and 1.5 

million new infections in 2020 alone (WHO, 2020a). In 1983, HIV (then known as human 

T-lymphotropic virus type 3 or  lymphadenopathy-associated virus) was isolated from 

patients with AIDS and identified as the cause of AIDS by two independent research 

groups, led by Drs. Françoise Barré-Sinoussi and Luc Montagnier and Dr. Robert Gallo, 

respectively (Barré-Sinoussi et al., 1983; Gallo et al., 1983). In fact, Drs. Barré-Sinoussi 

and Montagnier were co-recipients of the 2008 Nobel Prize in Physiology or Medicine for 

their role in the discovery of HIV. Although there is currently no known cure for HIV, 

antiretroviral therapies (ART) have greatly extended the lifespan of people living with HIV 
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(PLHIV) since their first use as an effective treatment for HIV/AIDS in 1995 (Gulick et al., 

1997; Hammer et al., 1997; Moore & Chaisson, 1999).  

ART is able to control HIV replication effectively and has allowed PLHIV to have a 

relatively normal quality of life, although there are still significant medical and social 

impacts (Brechtl et al., 2001; Call et al., 2000; Hays et al., 2000). However, if left untreated, 

AIDS will usually develop within an average of 10 years from the time of initial infection, 

with death occurring generally within 2 years of progression to the AIDS stage of disease 

(eART-linc collaboration et al., 2008; Zwahlen & Egger, 2006). Unfortunately, only an 

estimated 67% of PLHIV worldwide currently have consistent access to ART (UNAIDS, 

2020). The development of an effective vaccine against HIV has been unsuccessful so far 

for many reasons. Primarily, natural mechanisms for eradicating HIV infection are poorly 

understood and as such the optimal mechanisms by which vaccine-induced immunity can 

be generated are not known (Fourcade et al., 2018; Hsu & O’Connell, 2017; Johnston & 

Fauci, 2011). Findings from previous unsuccessful vaccine trials indicate generating both 

robust humoral and cellular responses will be important for protection (Fong et al., 2018; 

Mascola et al., 1996; Thongcharoen et al., 2007; West et al., 2011). Another limiting factor 

is the genetic variability seen in HIV caused by a high rate of mutations per replication 

cycle combined with a high replication rate (Korber et al., 2001). This leads to considerable 

variability between the amino acid composition of the envelope proteins of different strains 

and subtypes of HIV, resulting in difficulties in identifying an appropriate molecular target 

that would offer protection from all strains of the virus (Gaschen et al., 2002).  
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1.1.2 Transmission of HIV: 

There are two strains of the HIV virus, HIV-1 and HIV-2, although HIV-1 is responsible 

for the vast majority of cases (>95%) of HIV infection and AIDS worldwide (Gilbert et al., 

2003). HIV-2 is similar, but genetically distinct from HIV-1, and is more difficult to 

transmit and is thus primarily localized to certain regions in West Africa (Ingole et al., 

2013; Andersson et al., 2000). For these reasons, HIV-1 is the focus of most HIV and AIDS 

research. Transmission of HIV can occur following contact with bodily fluids (blood, 

seminal/vaginal/rectal fluids, placental blood, etc.) of a PLHIV (Klimas et al., 2008). This 

primarily occurs through sexual transmission but may also occur following use of 

contaminated needles or receiving contaminated blood products. Male-to-female sexual 

transmission is more commonly seen in heterosexual intercourse compared to female-to-

male transmission, due to physiological differences in the reproductive tract (increased 

target cells and reduced epithelial barrier integrity in the vaginal mucosa compared to the 

penis) and social disadvantages caused by gender inequality (Hladik & McElrath, 2008; 

Shaw & Hunter, 2012). As a result, women are disproportionally affected, with 53% of 

PLHIV being women and girls in 2020 (UNAIDS, 2020). Receptive anal intercourse has 

also been shown to have an increased risk for HIV transmission per individual act and as 

such, homosexual men also make up a significant portion of HIV infections worldwide 

(Hladik & McElrath, 2008).  
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1.1.3. Pathogenesis and replication cycle of HIV: 

The primary stages of HIV-1 infection are usually asymptomatic but the virus is replicating 

rapidly as the virus disseminates throughout the blood and lymphoid tissues (Naif, 2013). 

If symptoms do appear, they are similar to a mild flu and can include fatigue/weakness, 

fever, weight loss, swelling of the lymph nodes, skin rashes and diarrhea lasting 

approximately 2 weeks (Klimas et al., 2008). HIV-1 targets CD4+ T cells primarily, but 

can also infect macrophages and dendritic cells as they can also express the HIV-1 co-

receptors CCR5 or CXCR4 (Bleul et al., 1997; Dalgleish et al., 1984; Klatzmann et al., 

1984; Naif, 2013). The HIV-1 virion enters the cell by using the gp120 envelope protein 

on its surface to bind to the CD4 receptor, and then undergoes a conformational change, 

allowing it to also bind to the co-receptor (CCR5 or CXCR4) on the surface of the target 

cell (Dragic et al., 1996; Feng et al., 1996; Mcdougal et al., 1986). In fact, the two major 

subtypes of HIV-1 can de differentiated based on whether they utilize the CXCR4 or the 

CCR5 co-receptor to gain entry to the cell for infection (Moore et al., 1997). X4-tropic 

strains of HIV-1 utilize the CXCR4 co-receptor found on T lymphocytes in various stages 

of activation and maturity and as such, they are known as T-tropic (Feng et al., 1996). 

Conversely, the CCR5 co-receptor is primarily found on activated T cells and macrophages 

and as such, are known as M-tropic (Alkhatib et al., 1996; Deng et al., 1996; Dragic et al., 

1996). R5 variants are the predominant strains found in humans, encompassing between 60 

and 80% of all strains sequenced (Ferrer et al., 2014; Moyle et al., 2005). X4 variants were 

identified in about 20% of the tested individuals and dual-tropic strains that can use either 

co-receptor for entry are also found in a portion of individuals although prevalence varies 



M.Sc. Thesis - M. Lepard; McMaster University – Medical Sciences 

5 
 

between populations as R5 strains can acquired the ability to use the CXCR4 co-receptor 

as well over time (and vice-versa, although this is less common) (de Mendoza et al., 2007; 

Ferrer et al., 2014). Infection with an R5 strain is generally associated with lower viral loads 

and less severe T cell depletion compared to X4 strains, likely as the CCR5 co-receptor is 

expressed on only a small portion of all T cells, while CXCR4 is found on almost all T cells 

(Grivel & Margolis, 1999; Tersmette et al., 1989). Disease progression is often associated 

with the evolution of the virus’ ability to use the CXCR4 co-receptor for infection, as these 

are expressed on a wider subset of T cells (Berkowitz, Alexander, et al., 1998; Berkowitz, 

Beckerman, et al., 1998; Scarlatti et al., 1997; Tersmette et al., 1989). These viruses can 

become dual-tropic (able to use either CCR5 or CXCR4) or progress to a predominantly 

X4-strain of HIV-1.  

Following the binding of the co-receptor with the envelope protein, the transmembrane 

protein, gp41, is able to penetrate the plasma membrane of the target cell (Freed et al., 1990; 

Gomez & Hope, 2005). The extracellular portion of the gp41 protein then collapses into a 

hairpin loop, bringing the virus into close proximity with the target cell and initiating a 

process known as fusion (Muñoz-Barroso et al., 1998, 1999). The HIV-1 virion then injects 

its genetic material into the target cell, including single-stranded RNA, reverse transcriptase 

(RT), integrase, protease and various other enzymes (Gomez & Hope, 2005). Once inside 

the target cell, HIV-1’s single-stranded RNA is converted by reverse transcriptase into 

double-stranded DNA, known as cDNA, which is then transported into the nucleus of the 

cell and integrated into the host’s cellular DNA by the integrase enzyme  (Ferguson et al., 

2002; Hu & Seeger, 1996). HIV-1 uses the host cells’ DNA replication machinery to 
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transcribe its own viral genome into mRNA, which is then translated into the Gag-Pol 

polyprotein (Gomez & Hope, 2005; Shehu-Xhilaga et al., 2001). These immature HIV-1 

virions build up along the host’s cellular membrane, where they are activated by the 

protease enzyme into mature virions (Zennou et al., 1998). This buildup of virions 

eventually results in lysis of the host cell and release of the virions into the surrounding 

environment; where they go on to infect and kill further CD4+ T cells (Ferguson et al., 

2002; Gomez & Hope, 2005). Following several weeks of the acute phase of the infection, 

there is a period of clinical latency established where the virus can lay dormant for up to 

decade without the individual developing any symptoms of immunodeficiency. In most 

cases, the CD4+ T cell counts will eventually drop as the disease progresses and viral 

replication persists (Cary et al., 2016; Naif, 2013). Once the CD4+ T cell count is depleted 

to 200 cells/uL or less in the blood the individual in considered to have progressed to the 

AIDS stage of the disease (García et al., 2004; Naif, 2013). This stage is characterised by 

an increased susceptibility to various infections, such as tuberculosis, some forms of 

pneumonia and meningitis, and certain rare types of cancer, commonly Kaposi’s sarcoma, 

aggressive forms of non-Hodgkin’s lymphoma and cervical cancer and ultimately results 

in death (Moylett & Shearer, 2002).  

Although CD4+ T cells are the primary target of HIV-1, infection of monocytes, 

macrophages and dendritic cells is also possible (Naif, 2013). Dendritic cells are potent 

antigen-presenting cells (APC) and may be among the cells infected by HIV-1 following 

initial mucosal exposure (Cunningham et al., 2013). The infection of dendritic cells 

themselves is likely non-productive, but is thought to be contribute to the dissemination of 
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the virus from the mucosa into the periphery (Wu & KewalRamani, 2006). The infected 

dendritic cells travel to the lymph nodes, where they interact with and infect CD4+ T cells, 

thereby spreading the virus (Manches et al., 2013; Wu & KewalRamani, 2006). The 

antigen-presenting ability of HIV-infected dendritic cells is also thought to be impaired, 

which likely further contributes to the inefficient expansion of T cell responses observed 

following HIV infection (Loré & Larsson, 2003). Macrophages are long-lived cells that 

infiltrate almost every tissue in the body and as such HIV-1 infection is able to persist in 

these cells in the form of integrated proviral DNA without causing rapid cell death (Carter 

& Ehrlich, 2008; Castellano et al., 2019). This is thought to contribute to the chronic, life-

long nature of the infection, as well as the long periods of clinical latency following 

infection, as these macrophages act as a persistent viral reservoir for HIV within the host 

(Baxter et al., 2014; Carter & Ehrlich, 2008). Infection of macrophages is thought to occur 

primarily as a result of engulfing HIV-infected T cells, which allows the virus entry into 

the macrophages cell wall (Baxter et al., 2014). However, using a myeloid-only humanized 

mouse model, tissue macrophages have been shown to sustain HIV-1 infection in the 

absence of T cells, indicating macrophages can be directly infected by either cell-free HIV 

or other cell-to-cell spread (Honeycutt et al., 2016, 2017). Infection of various macrophage 

populations has been associated with increased inflammation and immune activation, as 

well as the impairment of phagocytic clearance of pathogens resulting in increased 

susceptibility to co-infection (Booiman et al., 2017; Corleis et al., 2019; Cribbs et al., 2015).  

 



M.Sc. Thesis - M. Lepard; McMaster University – Medical Sciences 

8 
 

1.1.4. Current treatment for HIV: 

The ability to control HIV replication with ART has contributed to the dramatic increase 

in lifespan and improvement in quality of life of PLHIV in recent years.  There are four 

major classes of ART drugs, often used in combination, that function by blocking viral 

replication at different stages of the virus replication cycle. The first class includes entry 

inhibitors such as CD4 or CCR5 binding inhibitors or fusion inhibitors which prevent the 

virus from gaining entry to the cell and thus blocking replication as the cell’s host 

machinery is required for viral replication (Briz et al., 2006; Reeves et al., 2002). The 

second class includes nucleoside and non-nucleoside reverse-transcriptase inhibitors 

(NRTI and NNRTI), as well as nucleotide reverse-transcriptase inhibitors (NtRTI), which 

all act as inhibitors of reverse transcriptase, preventing the essential transcription of viral 

RNA into DNA (Akanbi et al., 2012; Feng et al., 2009; Grobler et al., 2007). Thirdly, 

integrase inhibitors act to block the integration of viral DNA into the host DNA and 

effectively block further spread of the infection (Kessl et al., 2012; Messiaen et al., 2013). 

Finally, protease inhibitors block the activity of the virus’ protease enzyme and thus inhibit 

the cleavage of precursor proteins and virion maturation (Cígler et al., 2005). Current 

medical recommendations are for all patients to be prescribed an ART regiment 

immediately following diagnosis and then maintained for the duration of their lifetime to 

prevent relapse (WHO, 2019). Approved regimens generally include an integrase inhibitor 

and up to two nucleoside reverse transcriptase inhibitors, which have been shown to 

reduced viral load to below detectable levels within 6-12 months of treatment initiation in 

approximately 80% of patients when taken as prescribed (Bonora et al., 2009; Currie et al., 
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2009; Ocheretyaner et al., 2019; Ottop et al., 2020; Wolff et al., 2017). There are currently 

almost 30 FDA-approved ART drugs and as such therapies are often customized based on 

individual medical history, drug susceptibility and adverse events. Currently, the mostly 

commonly recommended initial ART regimens generally include either tenofovir (a 

NtRTI) plus emtricitabine or lamivudine (both NRTIs), or abacavir (also a NRTI) plus 

lamivudine, with either efavirenz (a NNRTI), ritonavir-boosted atazanavir (a protease 

inhibitor), raltegravir or dolutegravir (both integrase inhibitors) as the third agent (De 

Clercq, 2006; Deeks & Perry, 2010; Gallant et al., 2017; Gallant et al., 2006; Montaner et 

al., 2015; Trottier et al., 2017). Each drug may be prescribed separately, or in single-pill 

combinations, such as Truvada (tenofovir/ emtricitabine), Triumeq 

(abacavir/dolutegravir/lamivudine) and Atripla (tenofovir/emtricitabine/efavirenz), for 

convenience. ART has also been successfully used as an HIV prophylaxis to prevent the 

establishment of the infection either pre- or post- exposure (PrEP and PEP, respectively) 

(Grant et al., 2010; Okwundu et al., 2012). When taken as prescribed, these drugs can 

effectively reduce the risk of contracting HIV by up to 80% following a suspected exposure 

(Bosco et al., 2019; Celum et al., 2019; Choopanya et al., 2013; Fonner et al., 2016; Janes 

et al., 2018; Johnson et al., 2019; Pinto & Carvalho, 2018; Pinto et al., 2019). 

1.2 Tuberculosis: 

1.2.1 A brief introduction to TB: 

Tuberculosis (TB) is the leading cause of communicable disease and death worldwide, with 

an approximate 10 million new cases of active disease and 1.5 million deaths each year 
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(WHO, 2020b). TB is an infectious disease caused by Mycobacterium tuberculosis (Mtb) 

bacteria. Globally, one quarter of the world’s population is thought to be infected with Mtb 

(WHO, 2020b). A small percentage of infected individuals are able to clear the infection 

completely without developing either active or latent TB, however these mechanisms are 

poorly understood as this phenomenon is difficult to identify and study in humans as they 

never display symptoms of TB (Morrison et al., 2008; Verrall et al., 2020). Approximately 

90% of all cases do not go on to develop active pulmonary TB. Instead, the infection 

becomes latent and is not symptomatic or transmissible during this stage. About 5-10% of 

latent TB cases will reactivate at some point during the individual’s life and cause disease, 

which is characterized by cough, bloody mucus, weight loss, fatigue and fever (WHO, 

2020b). If left untreated, active TB results in death in approximately 50% of cases (Bozzano 

et al., 2014). Unfortunately, treatment can be difficult to access for particularly 

impoverished populations as it involves long-term administration of multiple antibiotics 

that are known to have high toxicities and can cause severe side effects, which results in 

reduce treatment compliance. Additionally, the only vaccine currently commercially 

available is the BCG vaccine, which has shown variable efficacy at reducing the risk of 

pulmonary and disseminated TB during childhood and into adult age (Mantilla-Beniers & 

Gomes, 2009; WHO, 2018).  

BCG is a live attenuated form of Mycobacterium bovis (the causative agent of TB in cows) 

and was first used as a vaccine against TB in humans in 1921, although its use wasn’t 

adopted on a large scale until after World War II (Fine, 1989).  Efficacy has been reported 

as ranging from 30 to 80% protection against pulmonary TB in children and variability 
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between different geographical regions is high (Colditz et al., 1994; Hart, 1967; Ponnighaus 

et al., 1992; Sutherland & Springett, 1987). Although, the BCG vaccine is not commonly 

used in adult populations due to significantly lower efficacy rates, it may be considered in 

select populations at high-risk of exposure (healthcare workers, prison workers, those living 

in the same household as someone with active TB) in regions where drug-resistant strain 

are prevalent (Brett & Severn, 2020; Faust et al., 2019). Traditionally, the BCG vaccine is 

given intradermally. However some recent non-human primate (NHP) studies have 

indicated that intravenous (IV) or mucosal administration may offer enhanced protection 

against pulmonary TB in macaques following Mtb challenge (Darrah et al., 2020; 

Vierboom et al., 2021). The mechanisms by which these improved responses are generated 

are not well understood but are thought to be a result of improved trained innate immunity 

and mucosal responses compared to intradermal administration, which likely results in 

improved early clearance of the infection (Darrah et al., 2020; Vierboom et al., 2021).  

1.2.2 Current struggles in developing TB vaccines: 

There are currently several novel vaccine candidates currently in various stages of 

development, with 14 candidates currently being investigated in clinical trials (WHO, 

2021). One of the major limiting factors in the development of new vaccines has been a 

lack of reliable correlates of protection (Bhatt et al., 2015). In the case of most pathogens 

that have had successful vaccines developed against them, serum levels of circulating 

neutralising antigen (Ag)-specific antibodies can be used as an accurate measure of 

protection against subsequent infection as these antibodies play an important role in 
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fighting the infection (Plotkin, 2010). Conversely, the role of antibodies in protection 

against Mtb infection is unclear as B cell-deficient mouse and NHP models of TB show 

only modest susceptibility to Mtb infection compared to the dramatic impairment seen in T 

cell-deficient models (Chan et al., 2014; Green et al., 2013; Maglione et al., 2007; Phuah 

et al., 2016; Vordermeier et al., 1996). However, B cells have been found within the 

granulomatous tissues, are thought to contribute to the inflammatory milieu of the 

granuloma and Mtb-specific antibodies have been detected in the blood and lungs of 

latently infected individuals, indicating their role is not unimportant (Li et al., 2017; 

Maglione et al., 2007). As a result, T cell-specific correlates of protection are generally 

preferred for TB, although they are more difficult to quantify compared to antibody 

responses and the differences in inflammatory cytokine profiles between exposed and 

uninfected individuals are poorly characterised (Day et al., 2011, 2013; Kagina et al., 2010). 

Other potential correlates of protection are currently being explored but remain in 

experimental use due to limitations in feasibility and reliability, including differences in 

gene expression within granulomatous tissues of a NHP model of TB that was associated 

with improved BCG-induced protection following infection (Mehra et al., 2013).  

1.2.3 Mtb evades phagocytosis and replicates within macrophages: 

Mtb is transmitted by aerosols generated by individuals with active TB disease, usually by 

coughing, sneezing, speaking or spitting. The necessary dose of Mtb bacteria for infection 

is very low, which facilitates spread of the disease (Nicas et al., 2005). Following exposure, 

the Mtb bacteria travels along the airway until it reaches the alveolar sacs, there they infect 
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alveolar macrophages and begin to replicate within the endosome of the macrophages 

(Bozzano et al., 2014). Although alveolar macrophages are the primary target of Mtb 

infection, the bacterium is also able to infect interstitial and other macrophage populations, 

T and B lymphocytes, alveolar epithelial cells, lymphatic endothelial cells, neutrophils, 

dendritic cells, pneumocytes, fibroblasts, adipocytes and bone marrow-derived stem cells 

among others (Beigier-Bompadre et al., 2017; Hernández-Pando et al., 2000; Lerner et al., 

2017; Mayito et al., 2019). Following endocytosis, the alveolar macrophage is able to 

recognize the Mtb bacteria as foreign and attempts to mount an immune response by 

initiating phagocytosis. However, Mtb are particularly adept at resisting host killing 

mechanisms due in part to their thick plasma membrane rich in mycolic acid and other 

lipids, and thus the Mtb bacteria continue to replicate within the cells, eventually killing 

them.  

In normal phagocytic processes, macrophages possess many pattern recognition receptors 

(PRR) that are able to recognize pathogen-associated molecular patterns (PAMP) on the 

surface of pathogens (Stafford et al., 2002). In order to initiate phagocytosis, macrophages 

also require binding by various receptors (Aderem & Underhill, 1999). Pathogens are then 

engulfed following binding with PPRs located along the macrophage’s plasma membrane. 

The receptor-pathogen complex is then internalized and transported into the phagosomes. 

Transport vesicles mediate the translocation of phagocytic compartments and microtubules 

allow bidirectional flow between compartments (Berón et al., 1995). As a result, the 

phagosome fuses with lysosomes (organelles containing hydrolytic enzymes) and 

accumulates proton pumps along the phagosomal membrane, resulting in gradual 
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acidification of the phagosomes in a process known as phagolysosome maturation (Chua 

et al., 2004; Kinchen & Ravichandran, 2008; Sun-Wada et al., 2009). There are various 

mechanisms by which intracellular killing of pathogens can occur, including acidification 

of the phagolysosome and the release of reactive oxygen species (ROS) or nitrous oxide 

(NO) which directly attack the bacterium (Stafford et al., 2002). Mtb has evolved to evade 

these mechanisms of early bacterial clearance by preventing lysosomal fusion and 

phagolysosome maturation and allowing the bacteria to continue replicating within the 

phagocytic compartments (Chua et al., 2004).  

1.2.4 Mtb delays the adaptive immune system: 

In addition to the suppression of the phagocytic ability of the cells of the innate branch of 

the immune system, Mtb is able to evade killing by delaying the initiation of the adaptive 

immune response, of which T cells are crucial for controlling Mtb infection (Chackerian et 

al., 2001; Chackerian et al., 2002; Lin et al., 2006; Wolf et al., 2008). Since early stages of 

infection are difficult to study in humans since this usually occurs before diagnosis is made, 

NHP and mouse models are important tools to understanding this phenomenon. In most 

other types of infection, the adaptive immune system is engaged within 1 week post 

infection through antigen presentation by dendritic cells and other APCs to naïve T cells in 

the draining lymph nodes, resulting in the generation of Ag-specific helper and cytotoxic 

T cells, as well as B cells that secrete Ag-specific antibodies once activated into plasma 

cells, all of which are critical for clearing pathogens and establishing long lasting memory 

responses to prevent reinfection (Schenten & Medzhitov, 2011). The entirety of this process 
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can last until about 10 to 14 days post infection, during which time the T and B lymphocyte 

populations undergo clonal expansion, specific antigen receptors are generated and 

differentiation into effector cells occurs (Janeway et al., 2001; Chua et al., 2015; Schenten 

& Medzhitov, 2011). Mtb is able to delay the initiation of the adaptive immune responses 

until 2-3 weeks post-infection in mouse models (Chackerian et al., 2001; 2002; Wolf et al., 

2008) and 4 weeks in NHPs (Lin et al., 2006). Bacterial replication and dissemination 

occurs mostly unhindered during this time due to the suppression of phagocytic ability of 

innate cells by Mtb before T cell responses can be generated and contribute to controlling 

the infection (Chackerian et al., 2002; Chua et al., 2004; Wolf et al., 2008).  

In latent tuberculosis, other macrophages, T and B lymphocytes, as well as fibroblasts, 

surround the infected macrophages and form a granuloma that contains the infection 

(Bozzano et al., 2014). Over time, the centre of the granuloma becomes necrotic as the 

immune cells attack the bacteria within the infected macrophages, although over time 

scarring and fibrotic tissue replace the necrotic core. The formation of granulomas is 

thought to prevent dissemination into the bloodstream and peripheral tissues during latent 

infection. While the exact causes of latent TB reactivation are unknown, 

immunosuppression via the impairment of the function of any of the above mentioned cell 

types can accelerate this process, leading to the development of active pulmonary, 

disseminated or miliary TB (Bozzano et al., 2014). T cell depletion has been associated 

with reactivation of latent TB, increased bacterial replication and dissemination and 

significantly worsened outcomes compared to wildtype controls in various mouse and NHP 

models, highlighting their importance in controlling the infection and maintaining latency 
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(Corleis et al., 2019; Diedrich et al., 2020; Diedrich et al., 2010; Green et al., 2013; Klein 

& Flynn, 1999; Lin et al., 2012; Scanga et al., 2000). Macrophages are also considered 

crucial for early clearance of the bacteria and maintaining the integrity of the ring of 

immune cells surrounding granulomas in latent TB (Huang et al., 2015; Marino et al., 2015; 

Shi et al., 2019). Several types of immune cells are involved in establishing latent TB and 

preventing immediate progression to active infection, but CD4+ and CD8+ T cells and 

macrophages are critical. CD4+ T cells secrete many important cytokines such as interferon 

(IFN)-γ, tumour necrosis factor (TNF)-α and interleukin (IL)-2, which are necessary for 

proper activation and function of several immune cells involved in anti-mycobacterial 

responses (Cozmei et al., 2007). IFNγ and TNFα are important for macrophage activation, 

which then in turn release reactive oxygen and nitrogen species that directly inactivate 

phagocytosed bacteria by inducing irreparable DNA damage (Dharmaraja et al., 2012; 

Fang, 2004). IL-2 is important for the differentiation and activation of effector cells, 

including cytotoxic CD8+ T cells, which are also involved in controlling the infection (Liao 

et al., 2011; Lin & Flynn, 2015). CD8+ T cells and other cytotoxic cells release perforin, 

granulysin and granzymes to lyse and destroy Mtb-infected cells (Hudig et al., 1993; 

Podack et al., 1985).   

1.2.5 Current treatment for TB: 

The discovery of streptomycin, the first antibiotic identified to be effective for the treatment 

of Mtb, by Drs. Albert Schatz and Selman Abraham Waksman in 1943 revolutionized the 

treatment of TB. In fact, Dr. Waksman was awarded the 1952 Nobel Prize in Physiology 
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or Medicine for his contribution to its discovery. Several other antibiotics have been 

developed since that time and the standard drug regiment for TB includes a 2 month course 

of four antibiotics (isoniazid, rifampin, pyrazinamide and ethambutol, known as HRZE) at 

which time the patient is confirmed to be culture negative in the sputum, before continuing 

another 4 month course of just rifampin and isoniazid to eliminate the bacterial reservoir 

entirely (Via et al., 2015). Although lengthy, this regiment is quite effective in most patients 

with drug-susceptible TB. In the case of drug-resistant TB, more aggressive antibiotics, 

such as bedaquiline, pretomanid, moxifloxacin or ciprofloxacin, may need to be added to 

the drug regiment to prevent relapse (Borisov et al., 2017; Dawson et al., 2015; Gillespie, 

2016). Some of these drugs are also currently being evaluated as potentially treatment 

shortening alternatives to the traditionally used HRZE regimen as they show enhanced 

sterilising activity (Via et al., 2015; Walter et al., 2021). Novel regimens that are currently 

being investigated include BPaZ (bedaquiline/ pretomanid/pyrazinamide) and BPaMZ 

(bedaquiline/pretomanid/moxifloxacin/pyrazinamide) (Dawson et al., 2017; Salinger et al., 

2019; Tweed et al., 2019; Walter et al., 2021). 

1.3 HIV and TB co-infection: 

1.3.1 A brief introduction to HIV and TB co-infection: 

The greatest risk factor for developing active TB is co-infection with HIV-1. In fact, PLHIV 

are approx. 20 times more susceptible to developing active TB compared to HIV-negative 

people, as well as significantly more likely to progress immediately to active disease 

following initial infection (Corbett et al., 2003; Gelaw et al., 2019). Co-infection with both 
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HIV and TB leads to significantly worsened outcomes in terms of both diseases, as well as 

complications in diagnosis and therapeutic intervention (Bell & Noursadeghi, 2018; 

McShane, 2005; Pawlowski et al., 2012). TB accounts for approximately 25% of AIDS-

related deaths worldwide, with an estimated 215,000 deaths occurring in 2020 alone 

(Corbett et al., 2003; Gelaw et al., 2019; WHO, 2020b).  Interestingly, increased 

susceptibility to TB is not entirely eliminated even in virally-suppressed PLHIV treated 

with ART although reactivation, mortality and relapse rates are greatly decreased as viral 

loads are supressed and CD4+ T cell counts return to normal (Chelkeba et al., 2020; Kaplan 

et al., 2018; Lawn et al., 2011; Manosuthi et al., 2006). HIV and TB offer many similarities 

in terms of epidemiology. Both HIV and TB primarily target vulnerable populations, with 

the majority of those affected living in third-world countries in Sub-Saharan Africa, Asia 

or South America where both HIV and TB are endemic (WHO, 2020b, 2020a). Due to poor 

sanitation, crowded living conditions, poverty and lack of education in preventative 

measures, these populations are prone to vulnerability and exposure to opportunistic 

infections (Coope et al., 2004). In areas where resources are limited, the lengthy and 

expensive treatments for either HIV and TB are difficult to obtain consistently, have 

significant toxicities and thus, compliance can be low (WHO, 2020b, 2020a).  

In North America, there is an elevated incidence of both HIV and TB found in marginalized 

populations, namely immigrants, indigenous communities, as well as incarcerated and 

homeless populations (Essien et al., 2019; Harris et al., 2006; Long & Boffa, 2010). There 

were an estimated 62,000 Canadians living with HIV in 2018, with about 50% being men 

who have sex with men, 10% being indigenous people, 15% being people who inject drugs 
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and 2% being new immigrants (PHAC, 2018). The provinces with the highest rates of HIV 

are Saskatchewan, Manitoba, Quebec and Alberta (PHAC, 2018). Although TB is not 

endemic in Canada, there were still an estimated 1,800 active cases reported in 2017 

(PHAC, 2017).  Approx. 70% of these cases were in new immigrants (usually screened and 

diagnosed during immigration proceedings) and another 20% were in Indigenous peoples 

(PHAC, 2017). In fact, the rate of active TB is more than 4 times higher in indigenous 

populations compared to other Canadians (PHAC, 2017). Due to overcrowding and poor 

sanitation, homeless and incarcerated populations make up a significant portion of non-

Indigenous Canadian-born individuals with either HIV or TB (PHAC, 2017, 2018).  

1.3.2 HIV-infected macrophages are less equipped to clear Mtb: 

The immunosuppressive nature of HIV-1 infection, in combination with the ubiquitous 

nature of Mtb, increases the risk for co-infection. HIV-1 targets primarily CD4+ T cells but 

also various types of macrophages (Naif, 2013). Mtb primarily targets alveolar 

macrophages and essential Mtb-specific immune responses are heavily T cell dependent, 

which results in complex immune interactions between the two pathogens (McShane, 

2005). All types of macrophages, including alveolar macrophages, are also targeted directly 

by HIV-1. Phagocytosis is particularly affected, which is thought to result in reduced early 

clearance of the bacteria and increased risk of new primary TB infection following 

exposure (Mwandumba et al., 2004). Macrophages are dependent on CD4+ T cells for 

activation and proper function, which further impairs the phagocytic and inflammatory 

activity as the disease progresses (Booiman et al., 2017; Singh et al., 2019). The infection 
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of alveolar macrophages by HIV-1 is thought to occur by dissemination of virus from 

infected peripheral blood cells across the alveolocapillary membrane into the alveolar space 

(Agostini et al., 1993). This has been shown to occur during the early stages of acute 

infection in both humans and NHP models (Barber et al., 2006; Corleis et al., 2019). 

Alveolar macrophages are thought to be the primary reservoir of HIV-1 in the lung (Charles 

& Shellito, 2016). Approximately 4-5% of alveolar macrophages isolated from whole BAL 

were infected when collected from asymptomatic ART-naïve HIV-infected patients (Jambo 

et al., 2014). Infection of alveolar macrophages with HIV-1 impairs their antimicrobial 

responses to respiratory infections and results in both increased susceptibility to lower 

respiratory infection and worsened outcomes compared to non-infected individuals (Cribbs 

et al., 2015). The primary mechanism by which HIV-infected alveolar macrophages show 

impaired immune responses in by inhibition of phagocytosis (Cribbs et al., 2015; Koziel et 

al., 1998; Lê-Bury & Niedergang, 2018). In fact, phagocytosis was reduced in both ART-

treated (Cribbs et al., 2015) and ART-naïve (Jambo et al., 2014) HIV-infected individuals. 

The phagocytic ability of HIV-1 infected alveolar macrophages was reduced by 50% in 

some studies (Da Glória Bonecini-Almeida et al., 1998). This is thought to occur by both 

the downregulation of cell surface receptors used to initiate phagocytosis, as well as the 

inhibition of intracellular killing mechanisms (Koziel et al., 1998; Lê-Bury & Niedergang, 

2018).   

Due to their thick mycolic acid cell wall and natural inhibition of phagolysosome 

maturation, Mtb bacilli are already extremely adept at withstanding normal phagocytic 

killing mechanisms such as phagolysosome acidification or the release of ROS and NO 
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(Warner & Mizrahi, 2007). The combination of HIV-1 impaired macrophage activation and 

Mtb’s resistance to killing by phagocytosis likely results in uncontrolled Mtb growth within 

the alveolar macrophage.  Mtb bacilli have been found in un-acidified phagosomes in 

alveolar macrophages isolated from the bronchoalveolar lavage (BAL) of PLHIV with TB, 

suggesting that HIV-1 infection may impair the ability of the phagosome to fuse with a 

lysosome which is an integral part of phagocytosis (Mwandumba et al., 2004). Mtb-

containing vacuoles of primary HIV-infected alveolar macrophages were reported to have 

a high pH and failed to fuse with lysosomes in vitro (Mwandumba et al., 2004). Although 

the mechanism by which lysosome acidification is impaired is poorly understood, it is 

thought to involve dysregulation of the lysosomal proton pumps (Lê-Bury & Niedergang, 

2018; Sun-Wada et al., 2009). Intracellular killing mechanisms like phagosome 

acidification and the release of reactive oxygen or nitrogen intermediates is also impaired 

in PLHIV, resulting in uncontrolled intracellular Mtb growth within the macrophage 

(Hirsch et al., 1994). The mechanism by which this occurs is poorly understood but is 

thought to involve dysregulation of key cytokines and chemokines necessary for 

macrophage activation and phagocytosis (Hirsch et al., 1994; Weiss et al., 2004).  

1.3.3 HIV-mediated T cell depletion and dysfunction threatens the containment of Mtb 

within the granulomas: 

Although TB infection commonly occurs following HIV-1 infection due its 

immunosuppressive effects, this is not always the case considering that a quarter of the 

world’s population is thought to be latently infected with Mtb (WHO, 2019). Latent TB 
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infection is often reactivated by co-infection with HIV-1, which results in worsened 

outcomes in terms of both diseases (Bell & Noursadeghi, 2018). HIV promotes the 

progression of Mtb infection, while TB exacerbates the course of HIV infection. In fact, 

both clinical and NHP studies have shown that the incidence of active TB in PLHIV is 

directly correlated with CD4+ T cell depletion (Antonucci, 1995; Bunjun et al., 2017; Lin 

et al., 2012). In those with latent TB, granulomas are able to contain the infection with the 

help of T and B cells, macrophages and fibroblasts to keep it latent. Although what occurs 

in the lungs of co-infected individuals has been challenging to investigate, it is thought that 

co-infected individuals are less equipped to mount an efficient immune response as T cells 

and macrophages are depleted from the granulomas periphery by HIV-1 (Caruso et al., 

1999; Lin et al., 2012; Scanga et al., 2000).  It is well understood that HIV-1 infection 

causes impaired immune function and this may result in poor containment of the Mtb 

growth within the granuloma and dissemination of Mtb bacilli (Bucşan et al., 2019; Chetty 

et al., 2015). As the HIV infection progression, the macrophages and CD4+ T cells making 

up the granuloma cuff are thought to become dysfunctional or die, which increases the risk 

of the granuloma breaking down and releasing Mtb bacilli into the surrounding lung tissues 

(Bezuidenhout et al., 2009; Lawn et al., 2002). TNFα production is also impaired in co-

infected individuals, which is important for the normal formation of granulomas and 

controlling Mtb growth (de Noronha et al., 2008). TNFα may also play a role in promoting 

HIV replication, which then leads to greater CD4+ T cell depletion and IFNγ impairment, 

further disrupting granuloma containment (Laurence, 1992). Lung tissue collected from 

HIV-1 and TB co-infected individuals showed poorly contained granulomas with areas of 
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necrosis and a heterogeneous immune cell population composed primarily of granulocytes 

and very few lymphocytes, as well as significantly higher bacterial loads compared to 

granulomas from HIV-negative Mtb-infected individuals (de Noronha et al., 2008). 

Traditionally, CD4+ T cells have been thought to be primarily involved in mediating anti-

mycobacterial responses within the granuloma, however some recent studies have shown 

that other immune cells are involved (Diedrich et al., 2020). In this study, rhesus macaques 

with latent TB were treated with anti-CD4 antibodies to deplete CD4+ T cells within the 

granuloma. Surprisingly, there was not a significant change in Mtb burden or amount of 

granulomatous tissue compared to untreated macaques, indicating the involvement of other 

immune cells such as macrophages, CD8+ T cells and B cells (Diedrich et al., 2020). 

Granulomas from HIV and TB co-infected individuals are also characterized by high levels 

of TGF-β, which is known to suppress both T cell and macrophage responses (Toossi & 

Ellner, 1998).  

1.3.4 HIV-induced inflammation and dysfunctional cytokine production impairs anti-TB 

immune responses: 

Additionally, IFNγ and IL-2 secretion are reduced and Th1 responses are impaired in the 

blood of PLHIV, which are known to be important for mounting robust anti-mycobacterial 

responses (Murray et al., 2018). HIV infection is thought to induce preferential 

differentiation of regulatory macrophages of an anti-inflammatory phenotype (Chihara et 

al., 2012). This likely results in macrophages that are unable to contain the Mtb infection 

without the support of CD4+ T cells and dissemination of the infection occurs (Cassol et 
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al., 2010; Chihara et al., 2012). HIV infection is also thought to impair the functionality of 

the dendritic cell - T cell axis, the pathway through which antigen-presenting dendritic cells 

activate and trigger proliferation of Mtb-specific CD4+ T cells. This results in suboptimal 

activation of immune cells and a dysfunctional tolerogenic phenotype (Singh et al., 2019). 

In the blood, HIV and TB co-infected individuals show a depletion and impairment of Mtb-

specific CD4+ T cell responses, particularly their Th1 and IFN responses which are crucial 

for mounting a robust immune response against Mtb infection (Esmail et al., 2018; 

Geldmacher et al., 2010). Interestingly, this function is not entirely recovered even when 

an individual is successfully treated with ART, has an undetectable viral load and normal 

CD4+ T cell counts. Although this phenomenon is still poorly understood, it is likely HIV 

infection does permanent damage to the T cell repertoire (Lawn et al., 2011). NHP models 

have also shown that Mtb-specific activated and memory CD4+ T cells are preferentially 

depleted in the blood and lungs of NHPs co-infected with SIV and Mtb (Cheynier et al., 

1998; Corleis et al., 2019). This is likely in part due to the high expression of the CCR5-

coreceptor on these CD4+ T cell subsets which increases their susceptibility to infection 

(Meditz et al., 2011). Differences in inflammatory profiles, such as increased IL-2 and 

reduced IFNγ and MIP-1β production, are also thought to contribute to preferential 

infection and depletion of these cells (Geldmacher et al., 2010; Riou et al., 2016). 

In fact, PLHIV have been shown to have elevated levels of a variety of surface markers and 

cytokines that are associated with T cell and monocyte/macrophage activation (Fahey et 

al., 1998; Giorgi et al., 1999, 2002; Gottlieb et al., 1981). As previously discussed, activated 

immune cells are more readily targeted by R5-strains of HIV-1 due to their increased 
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expression of the CCR5 co-receptor and are associated with more severe disease 

progression, target cell depletion and elevated viral load (Meditz et al., 2011). This immune 

dysfunction is likely also exacerbated in PLHIV due to an irreversible depletion of the T 

cell repertoire during the early stages of infection which results in weakened adaptive and 

memory immune responses (Heather et al., 2016; Turner et al., 2021). Although ART acts 

very quickly to reduce viral load and boost CD4+ T cell count, it is not able to restore the 

T cell repertoire to its pre-infection state.  Over time, as the individual is exposed to various 

microbes, their T cell repertoire may begin to repopulate itself (Heather et al., 2016). ART 

is also unable to completely restore the inflammatory profiles of PLHIV to their pre-

infection state, and thus even virally-suppressed PLHIV are prone to developing 

inflammation-associated co-morbidities (Abad-Fernández et al., 2013; Bosho et al., 2018; 

Gootenberg et al., 2017). Although the mechanisms involved are not well understood, 

several processes are thought to contribute to this dysfunction through a combination of 

chronic antigen stimulation, disruption of intestinal epithelial barrier integrity resulting in 

microbial translocation and even as a result of chronic ART toxicities (Dillon et al., 2017; 

Zevin et al., 2016; Zicari et al., 2019). All these factors result in a significantly increased 

risk for developing active pulmonary TB immediately following exposure, as well as 

reactivation of latent TB  (McShane, 2005; Pawlowski et al., 2012). PLHIV are also at 

increased risk of developing disseminated TB as their immune system is unable to contain 

the infection within the lungs, with about 50% of PLHIV co-infected with TB showing 

extrapulmonary involvement (Golden & Vikram, 2005).  
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1.3.5 Outstanding questions in HIV/TB: 

HIV-1 and TB co-infection has been extremely difficult to investigate due to a lack of 

affordable animal models. There are currently several underlying questions that have not 

been resolved in the field of HIV and TB co-infection. A significant concern is the 

vaccination of PLHIV against Mtb infection, as these individuals are known to be extremely 

susceptible to TB infection. Additionally, most TB vaccine candidates often rely on the 

generation of Mtb-specific T cell responses for protection against TB infection, which is 

impaired in PLHIV. All novel vaccine formulations against Mtb infection will need to be 

evaluated in the context of PLHIV’s immune responses. Humanized mice (hu-mice) can be 

an important tool for measuring vaccine safety and efficacy in pre-clinical studies. There 

are also questions about the effectiveness and tolerability of ART and anti-TB drugs when 

taken in conjunction by co-infected individuals. Particularly, the phenomenon of 

tuberculosis-associated immune reconstitution inflammatory syndrome (TB-IRIS) in HIV-

infected individuals is poorly understood. TB-IRIS can occur in some co-infected 

individuals following the initiation of ART in order to treat the HIV infection. Following 

the recovery of some of the CD4+ T cell count, the immune system may become over-

activated, resulting in detrimental non-specific systemic inflammation (Namale et al., 

2015). The cause of TB-IRIS is poorly understood, as not all co-infected people treated 

with ART develop it, and as such humanized mouse models may be helpful in studying this 

topic as hu-mice possess human immune systems. Another major area of interest is the 

HIV- and Mtb-specific immune responses in the lung of co-infected individuals. Lung 

tissue in particular is difficult to study in humans as it requires painful and invasive 
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procedures to extract the required tissue samples. For these reasons, there is an urgent need 

for small animal models of HIV/TB co-infection in which we can explore these questions 

fully.  

1.4 Humanized mouse models: 

1.4.1 A brief introduction to humanized mice: 

Humanized mouse models are extremely useful for the preclinical stages of research where 

traditional animal models may not be able to reliably reproduce clinical aspects of the 

human disease. During the preclinical stages of research, it is not possible to use human 

subjects for obvious ethical and moral reasons.  This is problematic especially in the field 

of immunology, where immune responses are mediated by specific cells whose function is 

not always homologous with humans (Shultz et al., 2012). For example, HIV-1 is a human 

tropic disease and is not able to infect normal small animal models, like mice or rats as the 

human CD4 receptor and CCR5/CXCR4 co-receptors are required for viral entry into the 

cell and subsequent viral replication (Naif, 2013). As a solution to this issue, researchers 

have developed humanized mouse models in which immunocompromised mice are 

reconstituted with human immune cells so that they can be infected by certain human tropic 

pathogens and better recapitulate certain immune responses seen in humans and thus are 

useful in revealing how the human immune system may respond to various stimuli when 

traditional small animal models may not be appropriate.  In order to create humanized 

mouse models, severely immunocompromised strains, such as non-obese diabetic (NOD), 

NOD/Shi-scid IL2rγnull (NOG), NOD-Prkdcscid (NOD-Scid), NOD-scid-IL2rγnull (NSG) or 
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NOD-Rag1null-IL2rγnull (NRG), are commonly used as they offer a “blank slate” for the 

engrafted human stem cells and are less able to recognize these cells as foreign and mount 

immune responses to eliminate them (Skelton et al., 2018). Although these mice are already 

severely immunocompromised, non-functional and dysfunctional immune cells may 

remain and as such, these mice require irradiation conditioning to clear the few remaining 

murine immune cells and create a niche in the bone marrow matrix for the engrafted human 

stem cells. Following irradiation, the mice will then be engrafted with CD34+ 

hematopoietic stem cells (HSC) that can be obtained from umbilical cord blood, bone 

marrow, fetal liver and/or mobilized peripheral blood, although umbilical cord blood and 

fetal tissues are preferred sources as they contain a higher frequency of progenitor HSCs 

(Skelton et al., 2018).  

1.4.2 Immunocompromised strains are commonly used for humanized mice: 

One of the most promising and widely used background strains is the NRG, which 

reconstitutes significant lymphoid and myeloid cell lineages following engraftment with 

human HSCs, express diverse T and B cell repertoires and are able to secrete various human 

cytokines (Cheng et al., 2017; Harris et al., 2013; Volk et al., 2016). The NRG mouse is on 

the NOD background, which has a severely defective innate immune system and has 

dysfunction complement activation, resulting in non-functional macrophages and dendritic 

cells, which are important antigen-presenting cells and responsible for initiating murine 

immune responses (Bosma et al., 1983). The NOD background is also characterised by 

overexpression of the SIRPα allele, which binds to CD47 on immune cells and triggers a 
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“don’t eat me” signal and prevents the phagocytosis of human cells by mouse macrophages 

following engraftment, reducing graft-vs-host disease and improving the degree of 

reconstitution of donor HSCs (Skelton et al, 2018). The NRG mouse also has a non-

functional mutation in either the Rag 1 or Rag 2 genes instead of the Prkdc-scid mutation 

that was traditionally used in older models (ex: NSG and NOD-scid) (Mombaerts et al., 

1992). The Rag knockout is functionally similar to the scid mutation in that they both result 

in an entirely non-functional adaptive immune system that is characterized by a lack of 

mature T and B cells and no antibody production. This is accomplished by blocking the 

activity of V(D)J recombinase which is essential for creating the single-stranded nick in the 

DNA during V(D)J recombination (Mombaerts et al., 1992). Although the NRG and NSG 

mice share similar immunocompromised phenotypes, the NRG is superior for use for hu-

mice models as they are less radiation sensitive. NRG mice lack the Prkdc-scid mutation 

and are therefore better at repairing the DNA damage that occurs during radiation 

conditioning, which is an essential part of generating humanized mice (Skelton et al., 2018). 

1.4.3 Next-generation humanized mouse models offer advantages in immune reconstitution 

and function: 

However, only around 40% of NRG mice showed significant engraftment with human 

immune cells following engraftment with human cord blood-derived HSCs (Danner et al., 

2011; Dykstra et al., 2016). Although huNRG mice are able to generate modest Ag-specific 

T cell responses and can secrete low levels of some inflammatory cytokines under certain 

conditions, these levels are generally quite low and significant differences may be difficult 
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to observe due to high variability (Cheng, Yu, et al., 2017; Sonntag et al., 2015; Yao et al., 

2017). This limitation can be dramatically improved by engrafting NRG mice that are 

transgenic for human HLA complexes. These mice are genetically engineered to express 

human HLA on their cells, which allows engrafted human immune cells to interact with 

human HLA located on the surface of murine thymocytes during T cell education and 

maturation (Bevan, 1981). NRG mice transgenic for the human HLA class II allele HLA 

DR4/DRB1*0401, known as DRAG mice, have been shown to greatly improve the rate of 

human T cell reconstitution to approximately 90% and had significantly higher T cell levels 

in the blood compared to non-transgenic controls (Danner et al., 2011). These mice have 

been successfully used for studying the immune system in the context of antimicrobial 

responses (adenovirus, Francisella tularensis and dengue virus) and autoimmunity 

(rheumatoid arthritis) as they are able to generate more robust Ag-specific T cells with a 

diverse T cell repertoire targeted against both foreign and self-antigens, have improved pro- 

and anti-inflammatory cytokine profiles and better B cell function compared to traditionally 

used non-transgenic controls (Allam et al., 2015; Behrens et al., 2010; Billerbeck et al., 

2013; Majji et al., 2016, 2018; Shultz et al., 2010; Szántó et al., 2004; Taneja & David, 

2010). Previous studies have shown that these T and B cell-mediated responses generated 

in these mice occur in the context of HLA-restricted peptide presentation, which is an 

important feature for accurately recapitulating the human immune system and is not seen 

in non-transgenic hu-mouse models (Behrens et al., 2010; Shultz et al., 2010; Yu et al., 

2010). The generation of HLA-restricted T cells also results in enhanced immune cell 

function, such as improved secretion of T cell-associated cytokines (IFNγ, TNFα and IL-
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2), which results in improved interactions between helper T cells and other immune cells 

its environment (Danner et al., 2011). This facilitates B cell function, including the ability 

to undergo isotype switching and a significant improvement in all IgG and IgA antibody 

responses, which are not present in humanized NRG mice (Danner et al., 2011). There are 

also NRG mice transgenic for the human HLA class I allele HLA-A2.1/A*0201 (A2) that 

show enhanced immune cell function but the addition of this HLA does not significantly 

improve T cell reconstitution, which suggests that the HLA class I molecule is less 

important for human immune cell engraftment that the HLA class II molecule (Majji et al., 

2016). Interestingly, the addition of the HLA class I molecule does offer some advantages 

in terms of improvements in antigen-specific cytotoxic CD8+ T cell responses (Billerbeck 

et al., 2013; Majji et al., 2016). Hu-mice transgenic for HLA class I have been similarly 

shown to generate HLA-restricted T cell responses following infection with dengue virus 

or Epstein-Barr virus (Jaiswal et al., 2012; Shultz et al., 2010). Utilizing hu-mice transgenic 

for both HLA class I and II offers even greater immune function as the benefits of both 

transgenes are present (Brumeanu et al., 2020; Majji et al., 2018; Mendoza et al., 2020). 

Although transgenic models of hu-mice offer many benefits in terms of improving 

engraftment and generating more robust immune responses, there is the added requirement 

of using HLA-matched CD34+ HSCs for engraftment to allow T cell education to occur 

under the context of human HLA complexes (Majji et al., 2016). Theoretically, there is an 

expectation that mice transgenic for human HLA will have lower rates of graft-vs-host 

disease (GvHD), although this has not been published in the literature.  
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1.4.4 Cord blood as a source for progenitor cells: 

Following childbirth and the subsequent delivery of the placenta, the remaining blood 

within the placenta and umbilical cord is known as cord blood. Although cord blood 

contains the same components (erythrocytes, leukocytes, plasma and platelets) as 

peripheral blood obtained from adults, there is a higher incidence of immature cell 

phenotypes and progenitor cells (Lee et al., 2010). For example, cord blood is known to 

contain nucleated RBCs, higher levels of immature T cells and is rich in various 

hematopoietic and non-hematopoietic progenitor stem cells (Lee et al., 2010). Cord blood-

derived stem cells are quite useful as a therapeutic as they can be used to reconstitute the 

immune system following conditioning therapy in order to treat a variety of hematopoietic, 

autoimmune and genetic disorders, as well as various forms of cancer (Gluckman et al., 

1989; Lee et al., 2010). CD34 is cell surface marker found primarily on the surface of 

progenitor HSCs and plays a role in mediating cell adhesion. CD34 is thought to play an 

important role in mediating the attachment of HSCs to the extracellular matrix of the bone 

marrow (Lee et al., 2010). For these reasons, CD34 is commonly used as a marker for 

HSCs. Unprocessed cord blood has a CD34+ HSC frequency of approximately 0.1-1% of 

the total nucleated cells (Kinniburgh & Russell, 1993). To be used for experimentation, 

cord blood is enriched by either positive or negative selection. In negative selection, a 

cocktail of antibodies is used to target and remove other cell markers, leaving only CD34+ 

HSCs behind. Although this method generally results in lower purity, it is often preferred 

since it leaves the CD34+ HSCs untouched by antibodies that may interfere with its 

function (Beliakova-Bethell et al., 2014).  
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CD34+ HSCs obtained from cord blood or fetal liver are the preferred source of progenitor 

stem cells due to the higher frequency of undifferentiated progenitor stem cells compared 

to cells recovered from bone marrow or mobilized peripheral blood obtained from adults 

(Drake et al., 2012). However, fetal tissues are much more difficult to obtain due to 

restrictions in sample availability and legal implications. Once isolated, CD34+ HSCs are 

engrafted into immunocompromised mice pre-conditioned with irradiation, which allows 

for the development of a functional human immune system. There are several methods of 

engraftment that may be used to generate hu-mice. The most commonly used method is by 

IV infusion of HSCs which has successfully been used in adult mice of various 

backgrounds (Ito et al., 2002; Pearson et al., 2008; Shultz et al., 2005; Verma & Wesa, 

2020). However other methods of engraftment are also being explored, such as intrahepatic 

(IH) injections in newborns pups or surgical implantation of tissue fragments. IH 

engraftment of HSCs has also recently shown to be an equally effective, if not slightly 

superior, method for generating hu-mice (Dykstra et al., 2016; Reddy et al., 2020; Shultz 

et al., 2005; Song et al., 2020). Previous studies have shown that the liver is an important 

site for extramedullary hematopoiesis in newborns, as HSCs and other progenitor cells are 

thought to migrate from the liver into the bone marrow in the early stages of hematopoiesis 

and as such other a promising location for HSC engraftment for optimal immune cell 

reconstitution in hu-mice (Clapp et al., 1995; Keller et al., 1999; Wolber et al., 2002).  
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1.4.5 Previous use of humanized mice for HIV-1: 

Hu-mouse models are extremely useful in the study of human-tropic infectious diseases, 

such as HIV-1, where normal mouse models are not a viable model for the study of the 

disease. Murine immune cells are not infected with HIV and normal mice do not develop 

HIV infection or AIDS (Marsden & Zack, 2017). NHP models of simian immunodeficiency 

virus (SIV) infection have been useful in studying the development of simian AIDS, but 

there are some marked differences between SIV infection in NHPs and HIV infection in 

humans as they are two genetically distinct viruses (Pollom et al., 2013). HIV-1 is not able 

to infected NHPs as human CD4, CCR5 and/or CXCR4 are essential for viral entry and 

replication. Some studies have found variability of up to 50% between the RNA sequences 

of SIV and HIV, resulting in significant differences in the secondary structure of the Env 

and Gag-Pol polyproteins during viral entry, replication and virion release (Pollom et al., 

2013). In particular, this is problematic when evaluating the efficacy of vaccine candidates 

and immunotherapies targeted against specific HIV-1 antigens, as these antigens are not 

homologous between the two viruses (Joag et al., 1997; Stephens et al., 1996). In an attempt 

to address this problem, chimeric simian-human immunodeficiency viruses (SHIV) were 

developed as they are able to infect NHPs while expressing important HIV-1 antigens (Joag 

et al., 1996; Reimann et al., 1996). Strains of SHIV are often comprised of an SIV backbone 

and genetically engineered to expressed HIV-1 genetic material, typically the Env protein, 

followed by serial passaging in NHPs until virulence was observed (Joag et al., 1996; 

Reimann et al., 1996). Although NHP models are permissive to infection with most strains 

of SHIV, the HIV-1 Env protein may still show reduced affinity for simian CD4 in certain 
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strains of SHIV, which results in important difference in disease progression compared to 

either virus in their natural host (Bar et al., 2019; Joag et al., 1996; Reimann et al., 1996, 

1999). For these reasons, humanized mouse models have been particularly useful in recent 

years as they are permissive to HIV-1 as target cells expressing human CD4 and 

CCR5/CXCR4 are developed in these models. There are also important ethical 

considerations when using NHP models that are significantly more stringent than what is 

required for mouse models, which can further limit experimental design.  

Traditionally, hu-mouse models of HIV-1 infection have used either NSG or NRG mice 

engrafted with CD34+ HSCs and/or fetal tissues. These mice have been shown to be 

permissive to productive infection following either systemic (via IV or intraperitoneal (IP) 

delivery) or mucosal (vaginal and rectal) routes to simulate exposure through contaminated 

needles/blood products or sexual transmission, respectively (Balazs et al., 2014; Kim et al., 

2017; Sun et al., 2007). Currently, the vast majority of HIV infections are transmitted 

through sexual intercourse, with 53% of new infections occurring in women and girls, and 

as such mucosal routes of infection, particularly intravaginally, need to be investigated 

further (UNAIDS, 2020; WHO, 2020a). These models have shown that HIV-1 infection in 

hu-mice is dependent on the frequency of target human immune cells in the blood and 

tissues (Nguyen et al., 2017). There is a significant correlation between HIV-1 

susceptibility and the frequency of target human immune cells in the blood of hu-mice, 

with a frequency of 10% human CD45+ of the total blood leukocyte population being 

adequate to sustain infection (Nguyen et al., 2017). These models are characterised by 

detectable HIV-1 RNA, as well as depletion of CD4+ T cells, in the blood and tissues 
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following mucosal or systemic infection (Berges et al., 2008a, 2010; Denton et al., 2008, 

2012; Gorantla et al., 2007; Honeycutt et al., 2017; Marsden & Zack, 2017; Nguyen et al., 

2017; Quispe Calla et al., 2018; Sun et al., 2007). Since the transgenic DRAG mice show 

significantly higher T cell reconstitution and function, it’s likely this model is a superior 

model for HIV-1 infection. In fact, humanized DRAG mice have also been successfully 

used to study HIV-1 infection in previous literature (Allam et al., 2015; Kim et al., 2017). 

Viral RNA was detected in the blood plasma starting at 1 week post-infection, peaked 

around 2 weeks post-infection, and was then maintained for 4 months indicating chronic 

infection was achieved (Kim et al., 2017). These mice also showed high levels of viral RNA 

in the bone marrow and spleen by 3 weeks post-infection (Kim et al., 2017). Since this 

model has also been shown to have improved T cell-specific cytokine and antibody 

production, this model may be useful to develop and investigate immunotherapies or 

vaccines against HIV-1 (Danner et al., 2011; Majji et al., 2016). 

1.4.6 Previous use of humanized mice for TB: 

Normal mouse strains are susceptible to Mtb infection and are commonly used to 

investigate TB. Although these models have been helpful in elucidating the mechanisms of 

disease progression, most normal strains of mice are more resistant to TB compared to 

humans due to differences in key genes involved in mediating defenses against Mtb and 

show important differences in inflammatory responses. Thus, normal mouse models of TB 

do not develop the same pathology but are still unable to effectively control the disease and 

will eventually succumb to infection (Apt & Kramnik, 2009; Franco et al., 2012; Kramnik 
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et al., 2000; Singh & Gupta, 2018). The major limitations of mouse models of TB are their 

low susceptibility to Mtb infection and the lack of development of necrotic lung tissue, 

caseation and cavitation within the granulomas, which are all hallmarks of pulmonary TB 

in humans (Singh & Gupta, 2018). Other animal models of TB, such as NHPs, are a more 

reliable reproduction of human TB but their high cost and major ethical consideration limit 

their usefulness.  

The implementation of hu-mouse models for use in Mtb experiments offers several 

advantages over normal mouse models. In particular, hu-mouse models of TB develop 

caseating necrotic cores within their granulomas, a feature of human TB that is not well 

recapitulated in normal mouse models of TB (Apt & Kramnik, 2009; Arrey et al., 2019; 

Calderon et al., 2013). NSG mice humanized with CD34+ HSCs infected with Mtb develop 

necrotic lesions, bronchial obstruction and cholesterol crystals in the lung tissues that are 

very similar to what is observed in humans (Arrey et al., 2019; Calderon et al., 2013). 

Bacterial dissemination was observed from the primary infection site to the spleen and liver 

within a few weeks after infection (Arrey et al., 2019; Calderon et al., 2013). Human T 

cells were recruited to sites of bacterial replication and inflammation throughout the lung, 

liver and spleen, as well as at the periphery of granulomas (Calderon et al., 2013). huNRG 

mice were able to generate modest Mtb-specific T cell cytokine secretion (IFNγ, TNFα and 

IL-2) following immunization with an adenoviral-based vaccine expressing the Mtb antigen 

Ag85A (Yao et al., 2017). These features are not observed in non-humanized mouse 

models, demonstrating the benefits of using hu-mice to study TB despite the existence of 

well-established small animal models.  Although these models look promising, they have 
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only been used sparingly in traditional hu-mouse models and never before used in next-

generation transgenic models (Arrey et al., 2019; Calderon et al., 2013; Zhao et al., 2015).  

1.4.7 Humanized mice are feasible small animal models of HIV/TB co-infection:  

There are currently very few humanized mouse models of HIV-1 and TB co-infection. Up 

until recently, NHP models were the primary method of studying SHIV or SIV and TB co-

infection. Not only is SIV genetically distinct from HIV, but NHP models are expensive 

and subject to ethical debate. In the first ever reported model of HIV/TB co-infection in hu-

mice, Nusbaum et al. (2016) showed that co-infected NSG mice humanized with fetal bone 

marrow, liver and thymus (BLT) had more severe CD4+ T cell depletion and increased 

viral and bacterial loads compared to HIV-1 or TB only groups. There was a significant 

correlation between increased viral load and Mtb bacterial load in co-infected mice. Co-

infected mice also showed increased granuloma dissemination and necrotic caseation 

compared to Mtb only controls (Nusbaum et al., 2016).  

HIV-1 and TB co-infected mice showed lesion pathology in the lung that is similar to lesion 

pathology of co-infected humans (Nusbaum et al., 2015; Nusbaum et al., 2016). Not only 

did co-infection exacerbate TB disease in humanized mice, but HIV-infected cells were 

primarily localized within TB lesions in the lung tissue (Nusbaum et al., 2016). HIV-1 and 

TB co-infection has also been associated with neutrophil accumulation in the lung tissue of 

co-infected mice and was linked to an increased Mtb burden and tissue necrosis (Nusbaum 

et al., 2015). Others studies have shown that HIV-1 infection in BLT-NSG mice leads to a 

severe depletion of CD4+ T cells in the lung interstitial space, which is a feature that is 
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associated with increased risk of dissemination (Corleis et al., 2019). More severe CD4+ T 

cell depletion was also associated with increased bacterial dissemination in similar NHP 

models of TB reactivation in macaques following co-infection with SIV (Corleis et al., 

2019; Diedrich et al., 2010). In a similar BLT-NSG model of HIV-induced TB relapse 

following chemotherapy-induced latency, HIV-1 infection was shown to significantly 

increase the rate of TB reactivation, as well as bacterial load and dissemination and viral 

load following the completion of an 8 week course of rifampin and isoniazid (Huante et al., 

2020). This is the first known use of a hu-mouse model of co-infection where HIV-1 was 

administered subsequent to a primary latent TB infection resulting in reactivation of the 

TB. This is an important advancement in hu-mouse models of co-infection as reactivation 

of latent TB with a subsequent HIV-1 infection commonly occurs in humans with almost a 

quarter of the world’s population latently infected with Mtb (WHO, 2020b). In preliminary 

data, Naqvi et al. (2018) also showed that HIV-1 and TB co-infection may have been 

associated with uncontrolled inflammation in the lung tissue and exacerbations in lung 

pathology of humanized Balb/c mice. Since HIV-1 and Mtb can both infect macrophages, 

it is thought that co-infection leads to an increase in inflammatory activity that is likely 

detrimental to the host (Naqvi et al., 2018). Hu-mouse models are ideal for investigating 

HIV-1 and TB co-infection as they recapitulate many features of disease in humans and 

they offer improvements over traditional mouse models that are inadequate in reproducing 

the clinical manifestations of HIV and TB co-infection in humans. Hu-mouse models are 

also less expensive and less ethically complex than NHP models of SIV/TB co-infection 

and thus are often more feasible.  
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1.5 Rationale and Hypothesis:  

The use of next-generation hu-mice that are transgenic for human HLA is a novel approach 

that has resulted in the development of more robust immune systems compared to 

traditional hu-mouse models (Fig. 1) (Allam et al., 2015; Danner et al., 2011; Kim et al., 

2017; Majji et al., 2016, 2018; Mendoza et al., 2020). There are currently some important 

barriers and limitations to the use of small animal models for HIV and TB studies. The vast 

majority of research currently being done on HIV is either in in vitro settings, in NHP 

models of SIV/SHIV or in observational, clinical or epidemiological data. Although normal 

mouse models of TB are used extensively, there are important difference in pathology 

compared to human manifestations of TB (Arrey et al., 2019; Calderon et al., 2013). Due 

to the high global incidence of HIV and TB, as well as the complex interactions between 

these pathogens and the immune system, there is an urgent need for the development of 

updated humanized mouse models of HIV-1 and TB that will enable us to further 

investigate these pathogens, separately or during co-infection. We hypothesize that an HLA 

class I and II transgenic humanized mouse model (DRAG-A2) will be superior to the 

traditional humanized NRG mouse model in terms of generating human immune responses 

in the context of HIV-1 and TB infections, laying the groundwork for this model to be used 

for co-infection studies. huDRAG-A2 mice have been shown to have improved leukocyte 

and T cell reconstitution compared to huNRG mice and also produce significantly 

improved cytokine and isotype-switched immunoglobulin (Ig) responses (Danner et al., 

2011; Majji et al., 2016) (Fig. 1).  All of these factors should contribute to the creation of 

models of HIV-1 and TB that are clinically relevant and will allow us to further investigate 
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HIV-1 and TB disease progression, vaccination, treatment, prophylaxis and transmission 

in the context of human immune responses. These advantages will likely also render the 

DRAG-A2 model a promising candidate for investigating HIV/TB co-infection.  

 

Fig. 1. Comparison between traditional huNRG (left) and next-generation HLA-transgenic 

DR4/A2 (right) hu-mouse models (Danner et al., 2011; Majji et al., 2016) (created with 

BioRender).  

 

1.6 Specific Aims: 

AIM 1: Determining the best method for humanizing NRG and DRAG-A2 mice.  

AIM 2: Establishing and validating clinically relevant models of intravaginal and 

systemic HIV-1 infection in huNRG and huDRAG-A2 mice. 

AIM 3: Establishing and validating a clinically relevant model of TB in huNRG and 

huDRAG-A2 mice.  
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2. METHODS:  

2.1. AIM 1:  Determining the best method for humanization in NRG and DRAG-A2 

mice.   

As discussed in Chapter 1, the humanized NRG and DR4/A2 transgenic models show 

promise as small animal models of HIV-1, TB and HIV/TB co-infection due to their ability 

to develop a human immune system once engrafted with progenitor HSCs, including robust 

populations of all major immune cell subsets involved in mediating these infectious 

diseases (Danner et al., 2011; Dykstra et al., 2016; Majji et al., 2016). A similar next-

generation huDRAG-A2 model offers significant improvements in terms of T cell, cytokine 

and antibody responses compared to the more commonly used huNRG mice (Danner et al., 

2011; Majji et al., 2016). huNRG mice have successfully been generated following 

infusions of cord blood-derived CD34+ HSCs in both adult and neonate mice via IV or IH 

injection, respectively (Cheng et al., 2018; Dykstra et al., 2016; Pearson et al., 2008; 

Vanshylla et al., 2021). To date in the literature, huDRAG-A2 mice have only been 

generated using the adult method of engraftment and the effectiveness of the IH neonate 

engraftment needed to be confirmed (Allam et al., 2015; Brumeanu et al., 2020; Danner et 

al., 2011; Majji et al., 2016, 2018). The liver is thought to be an important site for early 

extramedullary hematopoiesis in neonates and may offer advantages over more commonly 

used methods (Clapp et al., 1995; Keller et al., 1999; Wolber et al., 2002). Newborn 

engraftment also offers some practical advantages as mice are available for experiments at 

a younger age and thus have fewer health problems.  
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2.1.1 Breeding NRG and DRAG-A2 mice for engraftment: 

NRG mice (JAX, stock# 007799), as well as NRG mice with a transgene for human HLA-

DR4/DRB1*0401 (JAX, stock# 017914) (DRAG) were obtained from the Jackson 

laboratories. NRG mice homozygous for the transgene for human HLA-A2.1/A*0201 (A2) 

were obtained as a generous gift from Dr. Ali Ashkar and Dr. Yonghong Wan (McMaster 

University) following 12 generation of back-crossing of the HLA-A2 transgene from the 

NSG-A2 strain (JAX, stock # 009617) onto an NRG background. One founder DRAG 

breeding pair was obtained as heterozygotes and produced several litters of pups (F1). Pups 

were weaned at 3 weeks of age and ear tagged. DNA was extracted from small samples of 

ear tissue using the DNeasy Blood & Tissue Kit (QIAGEN, cat# 69506) and was 

polymerase chain reaction (PCR) genotyping was performed using the Platinum II Hot-

Start PCR Master Mix (Invitrogen, cat# 14000011) using primers specific for the DRAG 

allele (Forward primer: 5’-GTTTCTTGAGCAGGTTAAAC-3’; Reverse primer: 5’-

CTGCACTGTGAAGCTCTCAC-3’; Forward internal control: 5’-

CAAATGTTGCTTGTCTGGTG-3’; Reverse internal control: 5’-

GTCAGTCGAGTGCACAGTTT-3’) and ran on a 1.5% agarose gel (Invitrogen, 

cat#16500-500) combined 6:1 with EZ VISION loading dye (VWR, cat# 97064-190) to 

visualize the DNA.  Double-banded wells are DRAG-positive and single-banded wells are 

DRAG-negative, as negative wells only contain the internal control (~271 bp) and not the 

transgene (~324 bp). Female and male DRAG-positive mice (F1) were identified and then 

bred with DRAG-negative NRGs to determine their zygosity. The resulting pups (F2) were 

also genotyped for the DRAG allele. F1 DRAG-positive mice that produced only DRAG-
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positive pups (F2) were identified as DRAG homozygotes after at least 15 DRAG-positive 

progeny, while F1 DRAG-positive mice that produced any DRAG-negative pups (F2) were 

identified as DRAG heterozygotes. The DRAG homozygous mice were then bred together 

to establish a DRAG homozygous breeding colony. In contrast, the A2 mice were obtained 

as homozygotes and did not need to be homozygoused. However, A2 mice were genotyped 

occasionally to confirm the presence of the A2 allele. DNA was extracted as previously 

described and PCR genotyping was performed using the MyTaq HS Red Mix (Bioline, cat# 

BIO-25047) using primers specific for the A2 allele (Forward primer: 5’-

TTCTCCCTCTCCCAACCTATGTAG-3’; Reverse primer: 5’-

CGACGACACTGATTGGCTTCT-3’) and gel electrophoresis as previously described.  

Wells with DNA bands of approximately 130bp are A2-positive and wells with DNA bands 

of around 220bp bands are A2-negative.  DRAG homozygotes were cross-bred with A2 

homozygous mice to create NRG mice with both the HLA-DR4 and HLA-A2 transgenes 

(DRAG-A2) and genotyped to confirm the presence of these transgenes. While using 

DRAG homozygous is more effective for generating DRAG-A2 pups (100% of the pups 

will be DRAG positive), the homozygousing process is very time consuming and we have 

also been crossing DRAG-positive mice that have not yet been identified as heterozygotes 

or homozygotes with A2 homozygotes in order to produce DRAG-A2 mice more rapidly. 

The pups were genotyped at 3 weeks of age to identify the DRAG-A2 double-positive pups 

for subsequent humanization at 6-10 weeks of age.  
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2.1.2 Optimizing panels for flow cytometry: 

Human peripheral mononuclear cells (PBMC) and/or murine splenocytes (obtained from 

C57Bl/6 mice) were treated with human Fc block (eBiosciences, cat# 14-9161-73) and/or 

murine Fc block (eBiosciences, cat# 14-0161-82). Then stained with various antibodies (as 

described in Table 1) in order to determine the optimal quantity for use in future 

experiments, followed by fixation with a 2% paraformaldehyde (PFA) solution in PBS. 

Fluorescence minus one (FMO) and isotype controls were used to determine accurate 

positive and negative populations for each antibody. Cells were acquired using the 

CytoFlex LX cytometer (Beckman Coulter) and analyzed using Flow Jo software.  
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Table 1. Summary of optimization strategy for flow cytometry antibody panels.  

 
*Fixable viability dye-eFluor 780 were optimized by the Ashkar lab; hCD11b-PerCP-

Cy5.5, hCD14-BV785, hCD169-PE and hCD206-APC were optimized by the Xing lab* 
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2.1.3 Obtaining and characterizing CD34+ HSCs: 

Mice were humanized with CD34+ HSCs isolated from human umbilical cord blood as 

described in previous literature (Kwant-Mitchell, Ashkar, et al., 2009; Kwant-Mitchell, 

Pek, et al., 2009). Since we have begun collecting cord blood samples, we have processed 

and frozen down 75 samples. The cord blood samples were depleted of red blood cells 

(RBC) using a 6% hetastarch solution (HetaSep, StemCell, cat# 07906) as an erythrocyte 

aggregation agent. CD34+ HSCs were enriched from the remaining nucleated cells using a 

CD34 negative selection kit containing markers against CD2, CD3, CD14, CD16, CD19, 

CD24, CD56, CD61, CD66b on various mature immune cells and glycophorin A on RBCs 

(Human Cord Blood Progenitor Enrichment Kit, StemCell, cat# 15026).  CD34+ HSCs 

were then separated using density gradient centrifugation (Lymphoprep, StemCell, cat# 

07851) and frozen for storage in liquid nitrogen in a serum-free freezing media (CryoStor 

CS10, StemCell, cat# 07930).  A small aliquot of the CD34+ HSCs were collected and 

compared to a sample of the non-selected cord blood-derived cells from the same sample 

using flow cytometry. This will allow us to confirm the efficacy of the CD34 negative 

selection kit in use. Cells were treated with human Fc block and stained with fixable 

viability dye (eFluor 780) and anti-human CD34-APC antibodies, and then analyzed using 

Flow Jo software. Some samples were also stained for CD3 (hCD3e-Qdot 605) as a 

measure of T cell depletion using the CD34 negative selection kit. Cord blood samples 

were also screened for HLA-DR4/DRB1*0401 using MicroSSP Allele Specific HLA-

typing class II DNA typing trays - DRB1*0401 (OneLambda, cat# SSPR2-104), then for 

HLA-A2.1/A*0201 using MicroSSP Allele Specific HLA-typing class I DNA typing trays 
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- A*02 (OneLambda, cat#  SSPR1-A2) and ran on a 2.5% agarose gel supplemented with 

GelRed nucleic acid stain (1uL per 10mL gel) (Biotium, cat# 41001) in order to visualize 

the DNA. Gels were analysed using the HLA Fusion Software to identify possible allele 

pairs, then cross-referenced with the Allele Frequencies Database to determine HLA type 

(www.allelefrequencies.net). Cord blood samples identified as both DRB1*0401 and 

A*0201 positive will be used to humanize DRAG-A2 mice, while DR4 and A2 negative 

samples will be used to humanize NRG mice. DNA extraction, PCR, gel electrophoresis 

and analysis were performed by Jack Yang. 

2.1.4 Creating humanized NRG and DRAG-A2 mice: 

NRG and DRAG-A2 mice were engrafted with human CD34+ HSCs in both the neonate 

(24-72 hours) and adult (6-10 weeks) stages of life. DRAG-A2 mice are engrafted with 

HLA-matched CD34+ HSCs, while NRG mice were not HLA-matched. Newborn pups 

were irradiated with 3 cGy twice; once three hours before engraftment and again 

immediately prior to engraftment. The irradiated pups were injected IH with 1x105 - 1x106 

CD34+ HSCs in 30 uL phosphate buffered saline (PBS) (McMaster Media Stores). Pups 

were then returned to their mother until ready to wean at 4 weeks of age. Adult mice were 

irradiated with 550 cGy then injected IV with 5x105 - 1x106 CD34+ HSCs in 200 uL PBS. 

Adult mice were monitored regularly for signs of radiation poisoning or infection post-

engraftment. At 12 and 16 weeks post-engraftment, approximately 50uL of blood was 

collected from the facial vein of all mice in order to measure the degree of human immune 

reconstitution using flow cytometry. Erythrocytes were lysed using an ACK lysis buffer 

(Quality Biological, cat# 10128-802) and the remaining cells were treated with both human 
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and mouse Fc block. Cells were then stained with fixable viability dye (eFluor 780), 

followed by a cocktail of antibodies (mCD45-AlexaFluor 700, hCD45-Pacific Blue, 

hCD3e-Qdot 605, hCD4-PerCP-Cy5.5, hCD8a-PE-Cy7, hCD19-PE, hCD14-AlexaFluor 

647), and then ran on the CytoFlex LX cytometer equipped with a flow rate calibrator and 

analysed using Flow Jo software (Version 7 or 8) utilizing the gating strategy described 

below (Fig. 2). Briefly, the frequency of human CD45+ leukocytes was calculated as the 

portion of the total blood leukocytes (mouse and human) and the absolute count was 

calculated using the total number of positive cells extracted from a known volume of whole 

blood. Mice were assessed for GvHD based on symptomology (rapid weight loss, scabby 

skin and diarrhea) for the duration of their lifespan.  

 

Fig. 2. Gating strategy used for the flow cytometric analysis of the blood of humanized 

mice. Shown here is an example of a successfully engrafted huDRAG-A2 mouse at 12 

weeks post-engraftment.   

 



M.Sc. Thesis - M. Lepard; McMaster University – Medical Sciences 

50 
 

2.2. AIM 2:  Establishing and validating a clinically relevant model of HIV-1 infection 

in humanized NRG and DRAG-A2 mice. 

2.2.1. Measuring the titre of HIV-1 stocks:  

R5-trophic strains of HIV-1, NL4.3-Bal-Env and JR-CSF, were obtained as a generous gift 

from Dr. Charu Kaushic (McMaster University) and Dr. Andrés Finzi (Université de 

Montréal), respectively. Infectious titre was measured in both strains using TZMbl assays. 

TZMbl cells (generously provided by Dr. Charu Kaushic, originally obtained from the NIH 

AIDS Research and Reference Reagent Program, cat# 8129) are a HeLa cell line 

genetically engineered to express HIV-1’s target receptors (CD4, CCR5 and CXCR4), as 

well as luciferase and β-galactosidase indicator genes. This allows simple and quantitative 

analysis of HIV infectivity as HIV-infected TZMbl cells turn blue. This assay is an accurate 

measure of infectious virus only and is not able to reliably detect non-infectious viral 

particles (Sarzotti-Kelsoe et al., 2014). TZMbl cells were plated in a 24-well plate at a 

concentration of 6x104 cells per well and left to incubate at 37°C and 5% CO2 for overnight. 

The media was then removed, and the cells were treated with DEAE-dextran (Pharmacia, 

cat# 17-0350-01) to a final concentration of 20 μg/mL to promote viral infection. HIV-1 

stocks were then diluted in a 10-fold serial dilution using DMEM (McMaster Media Stores) 

as a diluent and 180 uL of pre-diluted HIV-1 was added to the cells and incubated for 2 

hours at 37°C and 5% CO2, then topped up with DMEM supplemented with 20% FBS 

(Gibco, cat# LS10082147) and incubated for another 48 hours. Duplicates for each dilution 

were included. Cells were then fixed with a 1% formaldehyde (Sigma, cat# F1635) and 
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0.2% glutaraldehyde PBS solution (Sigma, cat# G6257) and stained with an X-gal staining 

solution (0.4 mg/mL X-gal (Promega, cat# V394A), 0.004M potassium ferrocyanide 

(Sigma, cat# P-3289), 0.004M potassium ferricyanide (Sigma, cat# 24402-3) and 0.02M 

magnesium chloride (EM Science, cat# B10149-34) in PBS). The viral stocks infectious 

titres were calculated as the number of blue HIV-infected TZMbl cells divided by the total 

volume of virus corrected to account for the dilution factor and expressed as infectious units 

per mL (IU/mL).  

2.2.2. Intravaginal infection of huNRG and huDRAG-A2 mice using NL4.3-Bal-Env: 

Highly engrafted (%hCD45 of total leukocytes > 10%) female huNRG (N = 2) and 

huDRAG-A2 (N = 2) mice were infected intravaginally with NL4.3-Bal-Env HIV-1 to 

confirm susceptibility to infection (Fig. 3). huNRG mice with similar immune 

reconstitution levels as the huDRAG-A2 mice were selected as controls to prevent 

variability between the groups due to number of immune cells alone. One week prior to 

infection, the mice were treated subcutaneously with 2mg depot medroxyprogesterone 

acetate (DMPA) (McMaster Hospital Pharmacy, DIN# 00585092), an injectable synthetic 

progestin-based female contraceptive used in humans, in order to ensure the mice are in 

diestrus at the time of infection. In mice, the thickening of the epithelial barrier that occurs 

during estrus blocks migration of the virus into the mucosa and reduces the rate of 

successful infection, and thus diestrus is desired for intravaginal HIV-1 infection in order 

to minimize failed infections (Wessels et al., 2021). A vaginal lavage (2 x 30 uL sterile 

PBS pipetted in and out of the vaginal canal 8-10 times) was performed 5 days post-DMPA 
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and examined microscopically to confirm diestrus. The presence of many leukocytes but 

very few cornified epithelial cells in the vaginal lavage indicates the mice are in diestrus 

and are receptive to intravaginal infection (Wessels et al., 2021). Mice were anesthetized 

with 72 mg/kg ketamine (McMaster Hospital Pharmacy, DIN# 00224405) and 4.8 mg/kg 

xylazine (McMaster Hospital Pharmacy, DIN# 02169592) diluted in sterile saline (Hospira 

#04888010) via IP injection. The vagina was swabbed gently and 3.6x105 TCID50 (7.5x105 

IU) of NL4.3-Bal-Env HIV-1 in a 25 uL volume was pipetted into the vaginal canal. The 

mice were placed in a supine position with their tails elevated slightly until recovered from 

anesthesia (approx. 30-45 minutes).  

 
Fig. 3. Experimental timeline for intravaginal HIV-1 infection in female huNRG and 

huDRAG-A2 mice. 

2.2.3. Quantification of viral load in the plasma and vaginal wash: 

Vaginal lavage and blood plasma were collected at 2, 4, 6 and 8 weeks post-infection for 

viral load quantification using an in-house RT-qPCR assay. Whole blood was collected in 

EDTA-coated blood tubes (VWR, cat# CABD365974L) via facial or retro-orbital bleed 

and then centrifuged at 14,000 RPM for 5 minutes to remove cells, before collecting the 

plasma supernatant. Vaginal wash was collected as previously described. Samples were 
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stored frozen at -80°C. RNA was extracted from 50uL of plasma or vaginal wash using the 

QIAamp MinElute Virus Spin Kit (QIAGEN, cat# 57704) and RT-qPCR was performed 

using the SensiFAST Probe Hi-ROX One-Step Kit (FroggaBio, BIO-77005) using primers 

and a Taqman probe (ThermoFisher) specific for the HIV-1 long terminal repeat (LTR) 

promoter (Forward primer: 5′-GCCTCAATAAAGCTTGCCTTGA-3’; Reverse primer 5′-

GGCGCCACTGCTAGAGATTTT-3’; Reporter probe: 5′-

AAGTAGTGTGTGCCCGTCTGTTRTKTGACT-3’, 5′ reporter 6-FAM and 3′ quencher 

TAMRA). Vaginal wash and plasma from previously successfully infected humanized 

mice were obtained as a generous gift from Dr. Charu Kaushic and used as positive 

controls. Vaginal wash and plasma from non-infected mice was used as negative controls. 

No template and no reverse transcriptase controls were also included to detect 

contamination. RT-qPCR was performed using an in-house assay and Ct values were 

quantified using a standard curve extrapolated using samples quantified by the Mount Sinai 

Department of Microbiology (Toronto, Ontario).  

2.2.4. Quantification of target cell depletion: 

Whole blood was also collected at 8 weeks post-infection to measure target cell depletion 

in the blood using flow cytometric analysis, as previously described. Briefly, cells were 

stained with an antibody cocktail (hCD45-PacBlue, mCD45-Alexa Fluor 700, hCD3e-Qdot 

605 and hCD4-PerCP-Cy5.5) and analysed to measure human CD4+ T cell depletion 

following infection. The lung and vaginal tissues were also collected at 8 weeks post-

infection and fixed in 10% formalin (McMaster Histology Core Facility) for 1 week to 
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measure target cell depletion in the tissues using human CD4+ T cell, CD68+ macrophage 

immunohistochemistry (IHC). Briefly, sections were deparaffinized and boiled in 

Tris/EDTA (pH=9) for 20 minutes in a microwave. After blocking with 5% bovine serum 

albumin (BSA), sections were incubated with 1:50 mouse anti-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, followed by visualization using the Bond Polymer Refine Red Detection kit 

(Leica BioSystems, cat# DS9390) on an automated Leica Bond RX autostainer (Leica 

Biosystems). Human tonsil and non-humanized NRG mouse lung sections were used as 

positive and negative controls, respectively (Fig. 4).  

 

Fig. 4. Immunohistochemistry positive and negative controls. Top: Human tonsil (a) 

hCD4+ and (b) hCD68+ IHC positive controls. Bottom: Non-humanized NRG mouse lung 

(c) hCD4+ and (d) hCD68+ IHC negative controls (all 20x, scale bar = 200μm).  
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2.2.5. Quantification of cytokine profile and antibody production: 

To measure cytokine production in our humanized mice following HIV-1 infection, 

inactivated blood plasma samples were analysed using the Human Cytokine 

Array/Chemokine Array 48-plex assay (Eve Technologies Corp., Calgary, Alberta, cat# 

HD48). Cytokine levels were initially reported as pg per mL of blood plasma and corrected 

to account for dilution with inactivation buffer (4 parts sample to 1 part inactivation buffer, 

then diluted further with sterile PBS to a final dilution of 1:2). Although IFNγ, TNFα and 

IL-2 can be produced by a wide variety of immune cells, T cells are thought to be the major 

producers of these cytokines in many similar hu-mice models (Shultz et al., 2012; Skelton 

et al., 2018). Since considerable T cell depletion was observed in these mice following 

chronic infection with HIV-1, cytokine secretion was also quantified as the amount of 

cytokines (pg/mL) in the blood plasma divided by the total number of human CD3+ T cells 

per mL of whole blood collected at the same time-point, as determined by flow cytometry. 

Blood plasma was also collected at 8 weeks post-infection and analysed for the presence of 

HIV-specific human IgG antibodies using the Human Anti-HIV-1 gp120/gp41 IgG ELISA 

Kit (Alpha Diagnostics, cat# HIV-060). Non-humanized NRG controls were included to 

detect any cross-reaction with mouse IgG antibodies. Plasma samples were diluted 1:100 

and analysed as per the manufacturer's guidelines. Experimental sample values were 

expressed relative to the values of negative control and blank wells as suggested by the 

manufacturer. Net optical density (OD) was calculated as the difference between the final 

and initial OD readout. A positive index (PI) was calculated as the net OD mean of negative 

control wells + 2 standard deviations. The net OD of each tested sample was divided by the 
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positive index (net OD/PI). Sample values with net OD/PI greater or less than 1.0 are 

considered positive or negative for antibody activity, respectively. 

2.2.6. Validation of systemic and intravaginal infection of huNRG mice using JR-CSF: 

Highly-engrafted (%hCD45 of total leukocytes > 10%) male and female huNRG mice were 

infected either systemically (N=5) or intravaginally (N=2) with JR-CSF to confirm 

susceptibility to infection with this strain of HIV-1 (Fig. 5). For systemic infection, male 

mice were anesthetized briefly with gaseous isoflurane and 1x105 (N=2) or 1x106 (N=3) IU 

of JR-CSF HIV-1 in 100 uL PBS was injected IP. For intravaginal infection, female mice 

(N=2) were infected with 1x106 IU JR-CSF as previously described. Blood plasma was 

collected at 1, 2, 4, 6 and 8 weeks post-infection for viral load quantification using RT-

qPCR, as previously described. The low dose IP mice were followed up until 18 weeks 

post-infection in order to capture both the acute and chronic phases of the infection. Whole 

blood was also collected from all mice at 4, 6 and 8 weeks post-infection for flow 

cytometric analysis to measure human CD4+ T cell frequency post-infection, as previously 

described. The low dose mice IP were also tested at 16 weeks post-infection to measure 

chronic T cell depletion in the blood.   

 

Fig. 5. Experimental timeline for systemic HIV-1 infection in male huNRG mice.  
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2.3. AIM 3:  Establishing and validating a clinically relevant model of TB in 

humanized NRG and DRAG-A2 mice. 

2.3.1. Intranasal infection in huNRG and huDRAG-A2 mice with various strains of Mtb: 

Highly-engrafted (%hCD45 of total leukocytes > 10%) huNRG and huDRAG-A2 mice 

were infected intranasally with 25 uL of Mtb and we aimed for a dose of 1x104 CFU (Fig. 

6). Mice were anesthetized briefly with gaseous isoflurane and infected intranasally with 

confirmed titres of either 6.1x103 CFU of mCherry-Erdman (N = 2 huNRG), 1.0x104 CFU 

of YFP-tagged H37Rv (N = 2 huNRG) or 1.9x104 CFU of normal H37Rv (N = 3 huNRG 

and 3 huDRAG-A2) obtained as a generous gift from Drs. Samuel Behar and Rocky Lai 

(University of Massachusetts) (fluorescently-tagged Mtb) and Dr. Zhou Xing (McMaster 

University), respectively. At 3-4 weeks post-infection, the lung and spleen were collected 

for pathological scoring and bacterial load quantification using CFU enumeration.  

 

Fig. 6. Experimental timeline for intranasal TB infection in huNRG and huDRAG-A2 mice.  

2.3.2. Quantification of bacterial load in the lung and spleen: 

Briefly, the right lobe of the lung and a third of the spleen were homogenized mechanically 

in 2mL of PBS supplemented with 10% glycerol (Fisher Scientific, cat# FLBP2291) and 



M.Sc. Thesis - M. Lepard; McMaster University – Medical Sciences 

58 
 

0.1% Tween 80 (Fisher Scientific, cat# T164500) and 10-fold serial dilutions were plated 

on Middlebrook 7H10 agar plates (Fisher Scientific, cat#DF0627174) containing 10% 

Middlebrook oleic acid-albumin-dextrose-catalase (OADC) enrichment (Fisher Scientific, 

cat# B11886) and supplemented with 0.5% glycerol, 5 μg/mL ampicillin (Sigma, cat# 

A5354) and 50 μg/mL cycloheximide (Sigma, cat# C7698). Plates were incubated for 3 

weeks at 37°C and the colonies were counted to quantify the bacterial load. The left lobe 

of the lung and another third of the spleen were also collected and fixed in 10% formalin 

for 1 week, then stained with Hematoxylin and Eosin (H&E), acid-fast bacilli (AFB) 

staining (McMaster Histology Core Facility), as well as human CD4+ T cell and CD68+ 

macrophage immunohistochemistry, to visualise granulomas, as previously described.  

2.3.3. Preparation of tissues for flow cytometry: 

A small portion of the lung (auxiliary lobes) was also analysed using flow cytometry as 

previously described (Yu et al., 2016). Briefly, lung tissue was digested in a type 1 

collagenase solution for 1 hour (10U/mL) (Fisher Scientific, cat# 17100017) and stained 

with an antibody cocktail (hCD45-Pacific Blue, hCD3e-Qdot 605, hCD14-BV 785, 

hCD11b-PerCP-Cy5.5, hCD16-FITC or Alexa Fluor 700, hCD169-PE and hCD206-APC) 

to measure human macrophages populations in the lung post-infection. When using the 

fluorescently-tagged strains of Mtb, the frequency of mCherry or YFP-positive Mtb-

infected alveolar macrophages was also measured. For the mice infected with YFP-H37Rv, 

this analysis was performed in the BAL instead of the lung. Briefly, mice were euthanized 

by isoflurane overdose and exsanguination before the chest cavity was opened and the lung-
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heart complex was removed intact. The trachea was cannulated with a 23G needle threaded 

with plastic tubing to blunt the tip and tied into placed using sutures. An exhausting lavage 

(250uL, 200uL, 300uLx3 for a total of 1.35mL RPMI 1640 media (McMaster Media 

Stores)) was performed using a 1mL syringe and collected. The BAL fluid was passed 

through a 40μm cell strainer (VWR, cat# 352340) to ensure a single cell suspension and 

then stained with the lung macrophage antibody panel described previously for flow 

analysis. Splenocytes were mechanically extracted from the remaining spleen by crushing 

through a 100μm filter (VWR, cat# 352360) and lysed with ACK lysing buffer before 

staining with an antibody cocktail to measure T cell frequency (mCD45-AlexaFluor 700, 

hCD45-Pacific Blue, hCD3e-Qdot 605, hCD4-PerCP-Cy5.5, hCD8-PE-Cy7, hCD19-PE) 

and analysed using FlowJo software. 

2.3.4. Quantification of cytokine profile and antibody production: 

Blood plasma was also collected at 4 weeks post-infection from the H37Rv-infected 

huDRAG-A2 and huNRG mice and was analysed for the presence of Mtb-specific human 

IgG antibodies using the Mycobacterium tuberculosis IgG ELISA kit (antigens: 18, 36 and 

40 kDa) (GenWay BioTech, cat# GWB-FFE4D4). Non-humanized NRG controls were 

included to detect any cross-reaction with mouse IgG antibodies. Plasma samples were 

diluted 1:50 and analysed as per the manufacturer's guidelines. Lung homogenates were 

also collected for multiplex human cytokine quantification, as previously described. To 

quantify the total cytokine levels in the whole lung, the concentration of cytokines in the 
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lung homogenate (pg/mL) was multiplied by the total volume of lung homogenate (2mL) 

and tissue factor (1 lobe = tissue factor of 2).  

2.4. Statistical analysis: 

Data were analyzed using FlowJo software Version 10.7.1, 10.8.0 or 10.8.1 (flow 

cytometry), HLA Fusion software Version 4.2.0 (HLA-typing gels) or GraphPad Prism 6 

software. Data were considered significant if the p-values obtained using an unpaired t-test 

was < 0.05. Significant differences are noted as *p<0.05, **p<0.01, ***p<0.001, 

****p<0.0001 or n.s. (not significant). Data were expressed as mean +/- SEM. 
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3. RESULTS: 

3.1 AIM 1: Determining the best method for humanization in NRG and DRAG-A2 

mice.   

3.1.1 Characterizing human cord blood-derived CD34+ HSCs for engraftment: 

To date we have processed a total of 75 cord blood samples for cryostorage (see methods 

section 2.1.3). In order to validate the efficacy of the CD34 negative selection kit used, 

CD34+ HSC purity was measured in pre- and post- CD34 negative selection. The mean 

CD34+ HSC purity observed pre-enrichment was 1.00  0.30% (N = 16), while the mean 

post-enrichment purity was 6.31  2.14% (N = 23) (Fig. 7a). This data confirms that the 

CD34 negative selection kit being used is effective at increasing the mean CD34+ HSC 

purity by a mean of 6-fold. As GvHD is a particular concern when engrafting immune cells, 

samples were analyzed pre- and post-enrichment with the CD34 negative selection kit to 

confirm CD3 depletion. The mean CD3+ T cell percentage pre-depletion was 38.71  

7.01%, while it was reduced to 6.36  1.74% post-depletion (Fig. 7b). It’s important to note 

that the FMO for CD3 was relatively high (2.51%), while the mean post-depletion CD3+ 

T cell level was 6.36%. An FMO value of above 1% can be indicative of background signal 

(usually caused by spillover or autofluorescence) that may result in a inaccurately high 

measurement (Maecker & Trotter, 2006). This means that the true mean CD3+ T cell level 

is likely lower, approximately 4%, indicating further CD3 depletion may still be necessary 

to prevent the development of GvHD following engraftment as even the smallest mature 

CD3+ T cell contamination can trigger GvHD over time (Greenblatt et al., 2012). All mice 
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were assessed for GvHD based on symptomology (rapid weight loss, scabby skin, diarrhea) 

for the duration of their lifespan and we have observed a very low incidence of GvHD 

symptoms in our successfully engrafted mice (16.5%) using this cord blood processing 

method and these symptoms do not usually occur until at least 6 months post-engraftment, 

although this was variable. In fact, more than half of these cases were in mice engrafted 

with the same donor cord blood samples, which may indicate these particular samples had 

an especially high quantity of CD3+ T cells (Table 2). Cord blood samples were then HLA-

typed as only DR4+A2+ positive samples can be used for engrafting DRAG-A2 mice and 

approximately 10% of samples were DR4+A2+ positive (data generated by Jack Yang).  

 
Fig. 7. CD34 negative selection is effective in significantly enriching CD34+ HSCs and 

depleting CD3+ T cells. (a) Percentage of CD34+ HSCs in cord blood samples before (N 

= 16) and following (N = 23) CD34 negative selection; (b) Percentage of CD3+ T cells in 

cord blood samples before (N = 14) and following (N = 15) CD34 negative selection. Data 

were expressed as mean ± SEM, p-value **** = <0.0001. 
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Table 2. Summary of all cord blood samples used for humanizing NRG and DRAG-A2 mice 

to date.  

Cord blood 

sample # 

HLA type Mouse strain 

engrafted 

Success rate 

(>10% hCD45+) 

Engraftment 

method 

GvHD rate (of 

>10% hCD45+ 

only) 

1 DR4+A2+ DRAG-A2 6/6 (100%) IH 1/6 (16.7%) 

2 DR4- NRG 9/9 (100%) IH 5/9 (55.5%) 

3 DR4- NRG 4/8 (50%) IH 1/4 (25%) 

4 DR4- NRG 9/9 (100%) IH 1/9 (11.1%) 

5 DR4- NRG 3/7 (42.8%) IH 0/3 (0%) 

6 DR4- NRG 6/7 (85.7%) IH 0/6 (0%) 

7 DR4- NRG 9/10 (100%) IH 1/9 (11.1%) 

8 DR4- NRG 6/7 (85.7%) IH 0/6 (0%) 

9 DR4- NRG 7/7 (100%) IH 2/7 (28.6%) 

10 DR4- NRG 3/6 (50%) IV 0/3 (0%) 

11 DR4- NRG 0/6 (0%) IH 0/0 (0%) 

12 DR4- NRG 6/8 (75%) IV 1/6 (16.7%) 

13 DR4- NRG 1/9 (11.1%) IV 0/1 (0%) 

14 DR4- NRG 8/8 (100%) IV 4/8 (50%) 

15 DR4- NRG 9/9 (100%) IH 3/9 (33.3%) 

16 DR4- NRG 9/9 (100%) IH 1/9 (11.1%) 

17 DR4- NRG 7/7 (100%) IH 0/7 (0%) 

18 DR4- NRG 1/7 (14.3%) IH 0/1 (0%) 

19 DR4- NRG 8/8 (100%) IH 3/8 (37.5%) 

20 DR4- NRG 8/10 (80%) IH 0/8 (0%) 

21 DR4- NRG 4/8 (50%) IH 0/4 (0%) 

22 DR4- NRG 0/5 (0%) IH 0/0 (0%) 

23 DR4- NRG 0/7 (0%) IH 0/0 (0%) 

24 DR4- NRG 3/7 (42.8%) IH 0/3 (0%) 

25 DR4- NRG 9/12 (75%) IH 0/9 (0%) 

26 DR4- NRG 4/6 (66.7%) IH 0/4 (0%) 

Abbreviations: GvHD = graft-vs-host disease; HLA = human leukocyte antigen; IH = intrahepatic; IV = intravenous.  
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3.1.2 Creating and characterizing huNRG and huDRAG-A2 mice: 

NRG and DRAG-A2 mice were engrafted with human CD34+ HSCs as previously 

described (see methods section 2.1.4). To date, a total of 188 NRG mice and 6 DRAG-A2 

mice have been engrafted (Table 3). The production of huDRAG-A2 mice has 

unfortunately been limited severely by breeding problems. Recently, we have successfully 

been able to re-establish our breeding colony and have been able to produce and engraft 

several more DRAG-A2 mice. These mice are still in the process of reconstituting and will 

be evaluated at 12 weeks post-engraftment.  

 

Table 3. Summary of human CD45+ leukocyte reconstitution in the blood of all huNRG 

and huDRAG-A2 mice generated to date at 12 weeks post-engraftment.  

Strain Total # 

generated 

% of mice 

>10% hCD45+ 

Mean % hCD45+ / 

Total Leukocytes 

Mean # hCD45+ /mL 

blood 

huNRG IH 157 64.33 24.851.81 84,2898,575* 

huNRG IV 31 61.29 22.623.47 90,16317,441** 

huDRAG-A2 
IH 6 100.00 53.9810.24 234,11360,503 

*hCD45+ absolute count data was only available for 133 huNRG mice engrafted as neonates IH.  

**hCD45+ absolute count data was only available for 25 huNRG mice engrafted as adults IV.  

 

At approximately 12, 16 and 20 weeks post-engraftment, whole blood was collected and 

human immune cell reconstitution was measured. The percentage and total number of 

human leukocytes (hCD45+) of the total blood leukocyte population was calculated and 

mice were considered successfully humanized if the percentage of human leukocytes was 

10% or greater (Nguyen et al., 2017). Our engraftment data suggests that both methods of 

engraftment are effective in the NRG model but that the newborn method offers slightly 

higher engraftment (although the actual mean may be not significant) compared to the adult 
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method (Fig. 8). The mean human immune cell engraftment was 31.63% or 1.1x105 

hCD45+/mL using the newborn IH method (N = 81) and 22.62% or 9.0x104 hCD45+/mL 

using the adult IV method (N = 31) which are both well above the 10% hCD45+ leukocyte 

cut-off required for engraftment to be considered successful enough for our experiments.   

 

Fig. 8. Both methods of engraftment are effective in generating huNRG mice with 10% or 

greater human leukocytes. Mean hCD45+ leukocyte (a) frequency (%) and (b) absolute 

count in huNRG mice humanized via newborn IH (N=81) and adult IV (N=31) at 12 weeks 

post-engraftment. Dashed line indicates the 10% hCD45+ cut-off for engraftment to be 

considered successful. Data are expressed as mean +/- SEM. 

 

In an early subset of hu-mice, the human immune cell subset breakdown was measured in 

a group of huNRG (N=18) and huDRAG-A2 (N=6) mice in order to compare the 

reconstitution levels of the different types of immune cells in both models (Fig. 9). All of 

these mice developed a measureable human immune system but of these mice, 72.2% (13 

of 18) of the huNRG mice generated were successfully engrafted to 10% or greater hCD45, 

while 100% (6 of 6) of the huDRAG-A2 mice were successfully engrafted (Fig. 9a). At 12 

and 20 weeks post-engraftment, the mean human leukocyte reconstitution was significantly 

higher in the huDRAG-A2 mice compared to the huNRGs (Fig. 9b & c). The mean human 

CD4+ T cell, CD19+ B cell and CD14+ monocyte reconstitution was also significantly 
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higher in the huDRAG-A2 mice compared to the huNRGs (Fig. 9d &e). In preliminary 

experiments in a small group of mice, both models were found to produce low levels (above 

cut-off) of a wide variety of human cytokines/chemokines in the blood plasma and/or lung 

homogenate under either healthy or diseased conditions. Human cytokines/chemokines that 

were detected above background levels (determined using non-humanized controls) 

included sCD40L, eotaxin, fractalkine, GM-CSF, GROα, IFNα2, IFNγ, IL-1α, IL-1RA, IL-

2, IL-3, IL-4, IL-5, IL-6, IL-7, IL-10, IL-12p40, IL-12p70, IL-13, IL-15, IL-17A, IL-17F, 

IL-18, IL-27, IP-10, MCP-1, MCP-3, M-CSF, MDC, MIG/CXCL9, MIP-1α, MIP-1β, 

RANTES, TGF-α, TNFα and VEGF-A (data not shown).  

 

 

Fig. 9. huDRAG-A2 mice show significantly improved human immune cell reconstitution 

compared to huNRG. (a) Percentage of huNRG (N = 18) and huDRAG-A2 (N = 6) mice 

that were successfully engrafted to 10% or greater hCD45+ of the total blood leukocytes at 

12 weeks post-engraftment; (b) Mean percentage hCD45+ of total blood leukocytes 

(dashed line indicates the 10% hCD45+ cut-off for engraftment to be considered 

successful) and (c) absolute hCD45+ leukocyte count per mL of whole blood of all huNRG 

(N = 18) and huDRAG-A2 (12 weeks N = 6, 16-20 weeks N = 5) mice at 12, 16 and 20 

weeks post-engraftment; (d) Mean reconstitution (%) and (e) absolute count per mL of 

human immune cells in the blood of huNRG (N = 18) and huDRAG-A2 (N = 6) at 12 weeks 
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post-engraftment. Data are expressed as mean +/- SEM, p value = * <0.05, ** <0.01, *** 

<0.001, **** <0.0001. 

 

3.2. AIM 2:  Establishing and validating a clinically relevant model of HIV-1 infection 

in humanized NRG and DRAG-A2 mice. 

3.2.1. Quantifying viral stocks for use in humanized mouse experiments: 

Two R5-tropic strains of HIV-1, NL4.3-Bal-Env and JR-CSF, have been obtained for use 

in humanized mouse experiments. Viral titre was measured using a TZMbl assay to allow 

for precise dosage during infection (see methods section 2.2.1). The NL4.3-Bal-Env stock 

viral titre was measured as 107.87 IU/mL, while the titre for the JR-CSF stock was measured 

as 108.48 IU/mL. High titre virus is essential for mucosal HIV-1 infection as the infectious 

dose must be concentrated into a small volume (25 uL) and both these stocks are at a high 

enough concentration that they will useful for these infections. Both of these strains have 

been used successfully in similar hu-mouse models in previous studies (Jamieson et al., 

1995; Mariani et al., 2001; Münk et al., 2002; Nguyen et al., 2017; Schiff et al., 2021; 

Schweighardt et al., 2004; Wessels et al., 2021). To date, we have successfully infected hu-

mice using the NL4.3-Bal-Env and JR-CSF strains of HIV-1 intravaginally, as well as 

systemically using JR-CSF, and we are currently validating systemic infection using 

NL4.3-Bal-Env. 
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3.2.2. Intravaginal infection of huNRG and huDRAG-A2 mice using NL4.3-Bal-Env: 

To compare the feasibility of the huNRG and huDRAG-A2 models for HIV-1 infection, 

highly-engrafted (>10 %hCD45+) female mice were infected intravaginally with NL4.3-

Bal-Env to confirm susceptibility to infection with this strain of HIV-1 (Fig. 3) (see 

methods section 2.2.2). The mice were randomized based on overall human CD45+ 

leukocyte and CD4+ T cell engraftment to prevent variability in results based on differences 

in reconstitution alone (Table 4). At 2 weeks post-infection, both huNRG and huDRAG-

A2 mice had an elevated viral load in the vaginal wash as measured by an in-house RT-

qPCR assay (see methods section 2.2.3), which is expected following intravaginal infection 

(Fig. 10b). Moderate viral load was detected in the plasma at 2 weeks post-infection and 

increased over the subsequent weeks as the virus continued to replicate and disseminated 

throughout the periphery (Fig. 10a). Although the frequency of HIV-1 target cells was 

depleted in the blood and tissues of both models, the CD4+ T cells may have been more 

severely reduced in the blood of huDRAG-A2 mice compared to the huNRG mice at 8 

weeks post-infection (Fig. 10c & d). Human CD4+ T cell and CD68+ macrophage IHC of 

the vaginal mucosa and the lung tissue of these mice confirm target cell depletion also 

occurs at the site of infection (vaginal mucosa) and in known early dissemination sites in 

humans (lung) as well as the blood (Fig. 11 & 12). 
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Table 4. Baseline pre-infection human immune cell reconstitution in the blood of 

humanized mice used for HIV-1 infections.  
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Fig. 10. Both huNRG and huDRAG-A2 mice can sustain HIV-1 infection via intravaginal 

inoculation but huDRAG-A2 mice show a trend towards more severe CD4+ T cell depletion 

compared to huNRGs. Viral load in the (a) blood plasma and (b) vaginal wash of huNRG 

(N = 2) and huDRAG-A2 (N = 2) mice at 2, 4, 6 and 8 weeks post-intravaginal HIV-1 

infection; (c) Percent and (d) absolute human CD4+ T cell frequency pre- and 8 weeks 

post-infection in the blood of huNRG (N = 2) and huDRAG-A2 (N = 2). Data are expressed 

as mean +/- SEM.  
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Fig. 11. Intravaginal HIV-1 infection results in depletion of target cells at the site of 

infection in huNRG and huDRAG-A2 mice. Left: Uninfected huNRG vaginal mucosa 

stained with human (a) CD4+ and (d) CD68+ IHC. Middle: huNRG vaginal mucosa at 8 

weeks post-infection stained with human (b) CD4+ and (e) CD68+ IHC. Right: huDRAG-

A2 vaginal mucosa at 8 weeks post-infection stained with human (c) CD4+ and (f) CD68+ 

IHC (all 10x, scale bar = 100μm). Uninfected huDRAG-A2 control was not available due 

to limited number of these mice generated.  

 

 

Fig. 12. HIV-1 target cells are depleted in the lung of huNRG and huDRAG-A2 mice at 8 

weeks post-infection, indicating viral dissemination. Top: Uninfected huDRAG-A2 lung 

stained with human (a) CD4+ and (c) CD68+ IHC. huDRAG-A2 lung at 8 weeks post-

infection stained with human (b) CD4+ and (d) CD68+ IHC. Bottom: Uninfected huNRG 

lung stained with human (e) CD4+ and (g) CD68+ IHC. huNRG lung at 8 weeks post-

infection stained with human (f) CD4+ and (h) CD68+ IHC (all 20x, scale bar = 100μm).  



M.Sc. Thesis - M. Lepard; McMaster University – Medical Sciences 

72 
 

3.2.3. Preliminary data indicates antibody and cytokine responses may be improved in 

huDRAG-A2 mice: 

Lastly, cytokine and antibody production was evaluated in these mice at 8 weeks post-

infection to elucidate the differences in the functionality of the immune systems of these 

models (see methods section 2.2.5). Both huNRG and huDRAG-A2 mice were found to 

secrete a wide variety of human cytokines (although levels were much lower that seen in 

humans) but cytokines typically associated with T cell functionality are of particular 

interest. This data is preliminary as there were only 2 mice per group and variability was 

quite high between some samples. For these reasons, we will be interested in looking at 

cytokine responses in future experiments as well to further characterize the cytokine 

profiles of these mice. The absolute human IFNγ, TNFα and IL-2 levels in the blood plasma 

were found to be at a quite low level at 8 weeks following HIV-1 infection, especially in 

the huDRAG-A2 mice (Fig. 13a,b,c). Flow data from the blood of these mice collected at 

the same time-point showed that these mice had particularly low levels of T cells compared 

to the pre-infection values (Fig. 10c,d). Since T cells are thought to be major producers of 

IFN, TNFα and IL-2 in these models, we normalized cytokine levels using the number of 

T cells, revealing a trend towards being slightly elevated cytokine levels in the blood of the 

huDRAG-A2 mice (Fig. 13d,e,f). huDRAG-A2 mice, but not huNRGs, were also found to 

produce human IgG antibodies against the HIV-1 antigen gp120, indicating improved B 

cell function in these mice as well (Fig. 14) (see methods section 2.2.5). 
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Fig. 13. T cell associated cytokines were detected in the blood of both huNRG and 

huDRAG-A2 mice following HIV-1 infection. Absolute (a) IFNγ, (b) TNFα and (c) IL-2 

secretion in the blood plasma; and (d) IFNγ, (e) TNFα and (f) IL-2 secretion corrected to 

account for T cell depletion in the blood of uninfected huNRG (N = 2), and huNRG (N = 

2) and huDRAG-A2 (N = 2) mice at 8 weeks post-infection. For T cell corrected data (d, e 

& f), the amount of cytokine detected in the blood plasma (pg/mL) was divided by the 

absolute CD3+ T cell count in the whole blood (#CD3+ T cell/mL) at the same time-point 

to account for HIV-induced T cell depletion (see methods section 2.2.5). Data are expressed 

as mean +/- SEM. 
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Fig. 14. HIV-specific human IgG antibodies were detected in the blood plasma of huDRAG-

A2 mice, but not huNRGs. Non-humanized NRG (N = 1), uninfected huNRG (N = 2), and 

huNRG (N = 2) and huDRAG-A2 (N = 2) at 8 weeks post-infection. Net OD/Positive index 

expresses sample OD values relative to the OD values of negative controls (see methods 

section 2.2.5). Data are expressed as mean +/- SEM.  

 

3.2.4. Validation of systemic and intravaginal infection of huNRG mice using JR-CSF: 

The JR-CSF strain of HIV-1 has also been successfully used in the huNRG model via both 

intravaginal and systemic infection (see methods section 2.2.6). Viral RNA as detected in 

the blood plasma starting at 1 week post-systemic infection and at 2 weeks post-intravaginal 

infection (Fig. 15a). CD4+ T cells trended towards being depleted (not significant) in the 

blood of these mice, although there was a lot of variability between some time-points (Fig. 

15b & c). One mouse in the low dose systemic group was not successfully infected 

(removed from dataset). Notably, this was the mouse with the lowest human immune 

reconstitution. Another mouse in the low dose systemic group was found to have elevated 

T cells at 16 weeks post-infection compared to its pre-infection T cell reconstitution as 
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determined by flow cytometry (Fig. 15b & c - green X). However this mouse showed 

symptoms of GvHD at this time (severely scabby skin, enlarged spleen) and given that 

uncontrolled cytotoxic T cell proliferation is a known feature of this condition in hu-mouse 

models, this may account for the increased T cell numbers observed in this mouse (Zheng 

et al., 2013).  

 

 

Fig. 15. huNRG mice can also sustain infection via systemic or intravaginal inoculation 

using the JR-CSF strain of HIV-1. (a) Mean viral load in the blood plasma, and (b) percent 

and (c) absolute CD4+ T cell frequency at various time-points following high dose (106 IU) 

systemic (N=3) and intravaginal (N=2), and low dose (105 IU) systemic (N=2) infection in 

huNRG mice. Green X indicates mouse with severe GvHD at endpoint.  
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3.3. AIM 3:  Establishing and validating a clinically relevant model of TB in 

humanized NRG and DRAG-A2 mice.  

3.3.1. Preliminary data indicates human target cells are permissive to Mtb infection in hu-

mice models: 

Preliminary Mtb infection in the hu-mouse models was conducted in huNRG mice prior to 

having huDRAG-A2 mice available (Table 5) (see methods section 2.3.1). Two highly-

engrafted (%hCD45 of total leukocytes > 10%) male huNRG mice were infected 

intranasally with 6.1x103 CFU of fluorescently-tagged (mCherry) Erdman Mtb (Fig. 6). At 

3 weeks post-infection, the lung and spleen were collected for pathological scoring and 

bacterial load quantification using CFU enumeration (see methods section 2.3.2). Lung was 

also analysed using flow cytometry (see methods section 2.3.3). A high bacterial load was 

detected in the lung and spleen of huNRG mice at 3 weeks post-infection indicating the 

successful development of pulmonary TB as well as bacterial dissemination (Fig. 16a). One 

of the mice reached the humane weight loss endpoint (20% of original weight) by 3 weeks 

post-infection so this time-point was selected to conclude this experiment. Using mCherry-

tagged Mtb, 79.1% of the human CD206+CD169+ alveolar macrophages in the lung tissue 

of huNRG mice were determined to be infected with Mtb using molecular markers for 

alveolar macrophages (Yu et al., 2016) (Fig. 16b). A portion of the CD206+CD14+CD169- 

interstitial macrophage and CD3+ T cell populations were also found to be infected with 

the Mtb. Histopathology performed on lung tissue from Mtb-infected huNRG mice revealed 

an abundance of granulomatous tissue in these mice 3 weeks following infection, 

characterised by immune cell infiltration and caseous necrosis within the cores of the 
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granulomas were also observed (Fig. 17). A significant number of Mtb bacilli were 

visualised in a diffuse pattern throughout the lung tissue using AFB staining (Fig. 17e & 

f). This may indicate that the virulent Erdman strain of Mtb may be poorly contained within 

the granulomas of these mice.     

 

 

Fig. 16. Erdman Mtb successfully infects human alveolar macrophages in the huNRG 

model of TB. (a) Bacterial load in the lung and spleen of huNRG (N =2) mice and (b) flow 

cytometric analysis of the lung of huNRG mice (N = 1) at 3 weeks post-infection with 

mCherry-tagged Erdman Mtb. Data are expressed as mean +/- SEM. Red panel indicates 

Mtb-infected (mCherry+) hCD206+CD169+ alveolar macrophages. 
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Table 5. Baseline pre-infection human immune cell reconstitution in the blood of 

humanized mice used for Mtb infections.  
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Fig. 17. huNRG mice develop caseating granulomas in the lung at 3 weeks post-infection 

with highly virulent Erdman Mtb.  (a) whole lung section H&E (2x), (b) H&E (8x) arrow 

indicate caseating necrosis, (c) H&E (20x) blue arrow indicate immune cell infiltration and 

black arrow indicate caseating necrosis, (e) AFB (8x) and (f) AFB (20x) black arrow 

indicate Mtb bacilli stained red; (d) whole lung section H&E (2x) of healthy lung tissue 

control (scale bar for 2x = 2mm; 8x =300μm; 20x = 100μm).  

 

Although the molecular markers used for flow analysis of the lung tissue in the previous 

mCherry-Erdman experiment are commonly used in other literature to identify alveolar 

macrophage populations (Yu et al., 2016), alveolar macrophages are more commonly 

collected from the airway lumen by BAL. This results in a much cleaner sample of the 

immune cells present within the airways and alveolar sacs of the lung, as other types lung-

resident macrophages, immune cells and debris found within the lung tissues will not be 

collected by BAL. In order to confirm our findings in the lung tissue using the mCherry-

tagged Mtb, we repeated the experiment using YFP-tagged H37Rv with the goal of 

collecting BAL as a primary outcome and confirming the presence of Mtb within the human 
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target cells. Unfortunately, once harvested, the lungs of these mice were found to be 

severely hemorrhaged and the collected BAL was mostly composed of CD3+ T cells, likely 

from blood contamination, and few target macrophages. For these reasons, we were unable 

to accurately measure the frequency of Mtb-infected alveolar macrophages using the YFP-

tagged Mtb. CFU quantification of the lung and spleen of the mice indicated the bacterial 

burden was elevated (mean of 107.82 and 105.79 CFU in the lung and spleen, respectively). 

Histopathology of the lungs of these mice are not yet available, but may still be useful for 

understanding the lung damage caused by the YFP-H37Rv strain used in this experiment.  

3.3.2. Comparison of huNRG and huDRAG-A2 models of TB: 

In our next experiment, three highly-engrafted (%hCD45 of total leukocytes > 10%) 

huNRG and huDRAG-A2 mice were infected intranasally with 1.9x104 CFU of non-tagged 

H37Rv Mtb (Fig. 6). At 4 weeks post-infection, an elevated bacterial burden was measured 

in the lung and spleen of both models, indicating pulmonary infection and bacterial 

dissemination was successful (Fig. 18a). None of the mice reached their humane weight 

loss endpoint during this time. The lung and spleen were also analysed using flow 

cytometry (see methods section 2.3.3). Despite the fact that the overall human leukocyte 

and CD3+ T cell frequency was higher in the blood of the huDRAG-A2 mice pre-infection 

(Table 5), there may have been a trend towards a slightly reduced frequency of human 

CD3+ T cells, as well as CD4:CD8 ratio, in the lungs and spleen of huDRAG-A2 mice 

compared to the huNRG mice at endpoint (not significant) (Fig. 18b, d & e). Although we 

cannot directly compare data from the blood, the lung and the spleen of these mice, this 
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would suggest T cell reconstitution was likely reduced following Mtb infection. The 

frequency of certain macrophage phenotypes (hCD206+, hCD169+ alveolar macrophages 

and hCD169- interstitial macrophages) was not significantly different in the huDRAG-A2 

mice following Mtb infection (Fig. 18c). At the time of harvest, one huNRG mouse was 

showing symptoms of severe GvHD (Fig. 18 - blue triangle), a common complication of 

immune cell engraftment that causes immune cell dysfunction and inflammation and as 

such, may not be an accurate representation of the T cell responses that would normally 

occur in these mice. Additionally, one of the huDRAG-A2 mice had extremely low quantity 

of CD206+ macrophages in the lung (3.97% of hCD45 vs 28.6% and 32.8% in the 2 

remaining huDRAG-A2 mice, Fig. 18c - red circle). This mouse also completely lacked 

hCD169- interstitial macrophages although there were no signs of any health issues during 

the course of this experiment. There were no other abnormalities seen in the frequency of 

any other immune cell population in this mouse.  
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Fig. 18. Mtb (H37Rv) infected huDRAG-A2 and huNRG mice have similar bacterial loads 

and immune distribution in the lung and spleen, but there may be a trend of reduced 

CD4/CD8 ratio in the lungs of huDRAG-A2 mice. (a) Bacterial load in the lung and spleen 

of huNRG (N =  2 only as a sample was not plated in error) and huDRAG-A2 (N = 3) mice; 

(b) the frequency of human CD45+ leukocytes, T and B cells, and monocytes/macrophages 

in the lung and (d) spleen; (c) the frequency of human macrophages populations in the lung; 

and (e) the ratio of human CD4+ to CD8+ T cells in the lung and spleen of huNRG (N = 3) 

and huDRAG-A2 (N = 3) mice; at 4 weeks post-infection with H37Rv Mtb. Data are 

expressed as mean +/- SEM. Blue triangle indicates huNRG with clinical signs of severe 

GvHD. Red circle indicates huDRAG-A2 with abnormal lung macrophage populations.  

 

3.3.3. Humanized mice develop human-like organized caseating granulomas: 

Histopathology was also conducted on the lungs of these mice to visualize differences in 

granuloma structure and containment between the huNRG and huDRAG-A2 mice. Both 

models developed well organized granulomas following infection with Mtb, although the 

huDRAG-A2 mice showed a more classical granuloma structure compared to the huNRGs 
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(Fig. 19 & 20). This was characterized by a ring of CD4+ T cells surrounding the 

granuloma, with CD68+ macrophages located within the core of the granuloma, confirming 

the involvement of human immune cells in the containment and control of the Mtb infection 

(Fig. 19d & e). H&E staining revealed more caseating necrosis within the cores of the 

huDRAG-A2 granulomas compared to the huNRGs (Fig. 19a,b & 20a,b), which is a 

hallmark characteristic of TB in humans and the lack of caseating necrosis within the 

granuloma is a limitation of most normal mouse models of TB. The Mtb bacilli were also 

visualized using AFB staining and were found to be mostly localized within the core of the 

granulomas in both models, with very little bacteria located within the healthy lung tissue. 

Although AFB staining is difficult to quantify, the huDRAG-A2 mice appeared to have less 

Mtb within the granuloma core, which may indicate improved anti-mycobacterial responses 

and enhanced containment of the infection (Fig. 19c & 20c).  
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Fig. 19. huDRAG-A2 mice show classically organized granuloma formation with human 

immune cell involvement at 4 weeks post-infected with H37Rv Mtb. (a) Whole lung section 

H&E (2x), (b) granuloma H&E (10x), arrow indicates central caseating necrosis, (c) 

granuloma AFB (10x), arrows indicate Mtb bacilli stained red, (d) human CD4+ IHC (10x), 

arrow indicates human CD4+ T cells stained brown, (e) human CD68+ IHC (10x), arrow 

indicates human CD68+ macrophages stained brown (scale bars for 2x = 1mm; 10x = 

200µm). 

 

Fig. 20. Histopathology of the lung of a huNRG mouse at 4 weeks post-infection with 

H37Rv Mtb indicates significant granuloma formation. (a) whole lung section H&E (2x), 

(b) granuloma H&E (10x) (c) granuloma AFB (10x), arrow indicate Mtb bacilli stained 

red, (d) human CD4+ IHC (10x), arrow indicates human CD4+ T cells stained brown, (e) 
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human CD68+ IHC (10x), arrow indicates human CD68+ macrophages stained brown 

(scale bars for 2x = 1mm; 10x = 200µm). 

 

3.3.4. Preliminary data indicates huDRAG-A2 mice may have improved pro-inflammatory 

cytokine responses:  

In order to elucidate differences in immune cell functionality, the presence of certain pro-

inflammatory cytokines and Mtb-specific human IgG was measured in the lung 

homogenates and blood plasma, respectively, of huNRG and huDRAG-A2 mice (see 

methods section 2.3.4). We were unable to detect any Mtb-specific IgG in the plasma of 

either model at the 4 week post-infection time-point. Low levels of human pro-

inflammatory cytokines (IFN and TNFα) were detected in the lung homogenates of both 

huNRG and huDRAG-A2 mice. Although the huDRAG-A2 mice trended towards a 

slightly higher level of these cytokines on average compared to infected huNRGs (not 

significant), there was a lot of variability between mice resulting in significant spread (Fig. 

21). 

 

 



M.Sc. Thesis - M. Lepard; McMaster University – Medical Sciences 

86 
 

 

Fig. 21. Both huNRG and huDRAG-A2 mice secrete pro-inflammatory cytokines in the lung 

homogenate following Mtb infection. (a) IFNγ and (b) TNFα secretion in the lung 

homogenate of uninfected huNRG (N = 3), and huNRG (N = 3) and huDRAG-A2 (N = 3) 

mice at 4 weeks post-infection. Data are expressed as mean +/- SEM. Blue triangle 

indicates huNRG with severe GvHD. 
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4. DISCUSSION: 

There are several essential components required to generate hu-mice; an appropriate 

immunocompromised background strain, radiation pre-conditioning and a source of 

CD34+ progenitor HSCs. Our choice to utilize the transgenic DRAG-A2 model adds the 

extra complication of crossbreeding the DRAG and the A2 lines and the requirement of 

HLA-matching the engrafted CD34+ HSCs. Unfortunately, we have had difficulty 

producing DRAG-A2 mice for humanization due to serious breeding problems when 

initially generating homozygous DRAG mice. The process of homozygousing a previously 

heterozygous mouse line requires several generations of selective inbreeding that 

ultimately reduces the genetic diversity of the line which is generally associated with 

reduced fitness and loss of reproductive ability (Ralls et al., 2013; Taft et al., 2006). We 

believe this is what occurred the first time we attempted this process, resulting in the colony 

dying out within 2 generations. New heterozygous mouse stock had to be acquired and the 

process repeated on a larger scale to account for potential fertility issues. So far this process 

has been successful, as several homozygous DRAG litters and DRAG-A2 mice have been 

produced. We utilize umbilical cord blood as a source of CD34+ HSCs as it is a convenient 

source rich in progenitor cells (Lee et al., 2010). Although we have reported relatively low 

CD34% purity levels compared to some of the literature (Fig. 7) (Bernard et al., 2008; Choi 

et al., 2011; Danner et al., 2011; Majji et al., 2016), we have successfully been able to 

generate both huNRG and huDRAG-A2 mice using our CD34+ HSC enrichment and 

isolation protocol, with the mice developing complications of the engraftment such as 

GvHD at a low rate (Table 2). The majority of cases of GvHD were seen in mice engrafted 
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with the same cord blood sample, which would suggest these particular samples may have 

had high T cell contamination. However we cannot be sure of this as these were older 

samples that had not been screened for T cell contamination using flow cytometry. Due to 

our high engraftment success rate and low rates of GvHD, we plan on continuing with this 

method of CD34 enrichment in the future. Another considerations for the production of 

huDRAG-A2 mice is the limited availability of HLA-matched cord blood samples. These 

samples come to us from the Hamilton community and surrounding areas, and we must 

genotype each sample to identify HLA type. So far around 10% have had the DRB1*0401- 

and A*0201-positive alleles and thus are suitable for use with DRAG-A2 mice, which is in 

line with the expected frequencies previously reported in North American populations 

(Chen et al., 2002; Ellis et al., 2000) (http://www.allelefrequencies.net/).  

To date, we have successfully generated a total of 120 huNRG (63.8% success rate) and 6 

huDRAG-A2 (100% success rate) mice to 10% hCD45+ leukocytes or greater (Table 3). 

This threshold value was selected as previous studies have shown that an adequate 

frequency of human target cells is an important factor for establishing HIV-1 infection and 

that engraftment of 10% or greater is adequate for intravaginal infection (Nguyen et al., 

2017). Although it has been common practice to quantify the degree of immune 

reconstitution in hu-mice solely based on the frequency of human CD45+ leukocytes, these 

values are somewhat arbitrary as the number of murine leukocytes remaining can vary 

greatly between mice and even within the same mouse over time and thus influence the 

accuracy of our evaluation of successful human reconstitution. In order to account for this 

variability, it is becoming more common to include absolute count measurements alongside 
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the usual frequency reporting since advancements in technology now allow for simpler 

quantification (Coughlan et al., 2016; Labarthe et al., 2020). We have found that our 

previously established threshold of 10% generally correlates to about 50,000 hCD45+ 

leukocytes per mL of whole blood in our mice, although certain mice have had higher or 

lower absolute counts than expected based on the percentage measured (i.e. low %hCD45+ 

but high absolute count due to elevated levels of murine leukocytes in the blood artificially 

lowering the percentage of human cells).  

In initial experiments comparing the immune cell breakdown of huNRG and huDRAG-A2 

mice, a sample of blood was collected from a subset of mice to quantify human CD45+ 

leukocyte, CD3+, CD4+ and CD8+ T cell, CD19+ B cell and CD14+ monocyte 

reconstitution levels (Fig. 9). These mice were all humanized using the newborn IH method 

of engraftment and all mice were found to develop a measurable human immune system 

including all immune cell subsets of interests. In these mice, 72.2% of the huNRG mice 

(N=18) and 100% of the huDRAG-A2s (N=6) were successfully engraftment to 10% 

leukocytes or greater, which is significantly higher than the success rates previously 

reported in the huNRG model and similar to what has been reported in the huDRAG-A2 

model (40% vs 90% respectively) (Danner et al., 2011). The huDRAG-A2 mice had a 

significantly higher overall human CD45+ leukocyte reconstitution in the blood at 12 and 

20 weeks post-engraftment, as well as significantly higher CD4+ T cell and CD14+ 

monocyte levels at 12 weeks post-engraftment compared to huNRGs (Fig. 8). These 

immune cell subsets are especially important for models of HIV-1 and TB as CD4+ T cells 

and macrophages are the primary target cells for infection and are also heavily involved in 
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mediating immune responses following infection (Nusbaum et al., 2016; Pawlowski et al., 

2012). Both models were also found to be capable of secreting a wide variety of human 

cytokines, including the pro-inflammatory cytokines, IFNγ, TNFα and IL-2, which are 

essential for proper T cell function and heavily involved in mediating both HIV and TB 

infection. However, the levels of the cytokines detected are much lower compared to what 

is seen in humans and it is not yet clear the physiological relevance of the cytokines when 

detected in these low amounts (Danner et al., 2011). Although further studies are required 

to elucidate the cytokine profiles developed in these mice, especially in different disease 

contexts and time-points, these findings indicate that both models develop robust human 

immune systems, high levels of important immune cell subsets and will likely be useful for 

investigating immune responses. However, the huDRAG-A2 model may offer some 

advantages for models of HIV-1 and/or TB in particular due to reported improvements in 

T cell function, cytokine and antibody secretion (Danner et al., 2011; Majji et al., 2016).  

Overall leukocyte engraftment was also measured in a larger subset of huNRG mice 

humanized either by the newborn IH or adult IV methods of engraftment in order to 

determine if one method offers any improvements in reconstitution (see methods section 

2.1.4). A previous study in huNRGs found that the methods of engraftment were both 

effective and comparable in terms of overall leukocyte engraftment over time but that the 

newborn IH method may offer improved T cell responses in certain tissues (Dykstra et al., 

2016). We found that the mean hCD45+ leukocyte reconstitution was 31.63% or 1.1x105 

hCD45+/mL using the newborn IH method (N = 81) and 22.62% or 9.0x104 hCD45+/mL 

using the adult IV method (N = 31), which are both well above the 10% hCD45+ leukocyte 
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cut-off required for engraftment to be considered successful enough for our experiments 

(Fig. 8).  This difference was not significant. However the newborn engraftment method 

does offers a few practical advantages as the mice are ready for experiments at a younger 

age which leads to fewer health problems. For this reason, we primarily use the newborn 

method of engraftment but we can successfully use either method depending on genotyping 

or other experimental requirements.  

huNRG mice have been successfully infected with both the NL4.3-Bal-Env and the JR-

CSF strains of HIV-1, while the huDRAG-A2 mice have only been infected intravaginally 

with NL4.3-Bal-Env to date. Both of these strains are R5-tropic, which are typically used 

for HIV-1 studies as about 80% of wildtype strains are thought to be R5-tropic (Ferrer et 

al., 2014; Moyle et al., 2005). In addition, R5-tropic strains are generally used for mucosal 

infections as X4-tropic strains of HIV-1 are less successful at penetrating the vaginal/rectal 

mucosa and disseminating into the periphery to establish productive infection (Berges et 

al., 2008b). CCR5-expressing Langerhans cells (a type of highly susceptible tissue-resident 

antigen-presenting dendritic cell that does not express CXCR4) located in the vaginal/rectal 

mucosa are thought to be important in the early stages of establishing mucosal HIV-1 

infection (Hladik et al., 2007; Jinjie Hu et al., 2000). The NL4.3-Bal-Env strain is a 

genetically modified strain of HIV-1 comprised of the X4-tropic NL4.3 backbone and the 

Env protein of the R5-tropic Bal strain, rendering it functionally R5-tropic. Infection with 

this strain is effective in generating infectious virus in cell lines and viremia in the blood 

of hu-mice, although it is less commonly used in the literature (Mariani et al., 2001; Skelton 

et al., 2019). In contrast, the JR-CSF strain of HIV-1 is much more commonly used in the 
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literature and has been shown to effectively infect CD4+ T cells, as well as macrophages, 

in both hu-mice and cell lines (Balazs et al., 2014; Denton et al., 2008; Jamieson et al., 

1995; Schweighardt et al., 2004; Sun et al., 2007). The JR-CSF strain is an R5-tropic 

molecular clone that was first derived from a primary HIV-1 isolate and has been shown in 

previous literature to have a slightly reduced binding affinity to the CCR5-coreceptor 

compared to some other R5-tropic variants, resulting in mildly reduced infectivity and 

replication (Koyanagi et al., 1987; Pastore et al., 2004; Zhu et al., 1993). So far we have 

used both these strains in the huNRG model and did not see any significant differences in 

viral load or T cell depletion between the two. However, it’s difficult to compare these 

experiments as different infectious doses and routes of inoculation were used and the 

variability in immune reconstitution between mice likely contributes to differences in viral 

replication. Infection with R5-tropic strains is generally associated with lower viral loads 

and less severe CD4+ T cell depletion compared to X4-tropic strains in primary CD4+ T 

cell cultures and hu-Scid mice reconstituted with liver and thymus (Berkowitz, Alexander, 

et al., 1998; Schweighardt et al., 2004; Uittenbogaart et al., 1996). Although the viral load 

in the plasma varied between mice, as well as over time, we measured a viral load of 

between 103 and 106 RNA copies/mL in successfully infected mice. Similar hu-mouse 

models of HIV-1 infection generally had comparable viral loads although variability was 

seen in the literature as well (Corleis et al., 2019; Gorantla et al., 2007; Nguyen et al., 2017; 

Wessels et al., 2021). X4-tropic strains of HIV-1 have long been considered to be more 

cytopathic towards a wider range of T cell subsets and conversion to X4- or dual-tropic 
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strains is associated with disease progression and worsening pathology (Penn et al., 1999; 

Scarlatti et al., 1997; Tersmette et al., 1989; Zhu et al., 1993).  

Following intravaginal HIV-1 infection with NL4.3-Bal-Env, viral RNA was detectable in 

the vaginal wash and blood plasma of both huNRG and huDRAG-A2 mice starting at 2 

weeks post-infection (Fig. 10a). Both models showed depleted targets cells in the blood 

and certain tissues indicating productive infection and viral dissemination. Human CD4+ 

T cell counts were slightly more reduced in the huDRAG-A2 mice indicating potentially 

increased susceptibility of these mice to HIV-1 (Fig. 10, 11 & 12). CD4+ T cell depletion 

was also measurable in the blood at around 8 weeks post-intravaginal infection when using 

R5-tropic strains of HIV-1 in similar non-transgenic hu-mouse models engrafted with 

CD34+ HSCs (Baenziger et al., 2006; Berges et al., 2008, 2010; Corleis et al., 2019; Sun 

et al., 2007). Considering the improved T cell reconstitution and function observed in 

similar HLA transgenic in the literature, it is likely that they possess a higher frequency of 

activated CCR5-expressing target human CD4+ T cells, which are known to be more 

permissible to infection (Danner et al., 2011; Majji et al., 2016; Meijerink et al., 2014; 

Veazey et al., 2000). In future experiments, we will add CCR5 to our flow cytometry panel 

in order to measure differences in T cell activation between these models and how these 

levels change following HIV infection.  

The improved T cell reconstitution and function reported in the huDRAG-A2 mice is 

thought be a result of HLA-restricted T cell education in the thymus of these mice following 

engraftment with HLA-matched HSCs (Danner et al., 2011; Majji et al., 2016; Shultz et al., 
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2010). Improved T cell functionality also indirectly results in improved B cell and antibody 

responses as T cell help (in the form of MHC class II binding, CD40 co-stimulation and 

cytokine secretion) is needed for B cell proliferation and Ig isotype class switching (Blum 

et al., 2013; Mayumi et al., 1983; Takatsu’, 1997).  Previous studies have indicated that 

humanized DR4/A2 mice are able to produce isotype-switched human IgG, IgE and IgA 

(Danner et al., 2011; Majji et al., 2016). This is consistent with our findings as we were 

able to detect HIV-specific IgG antibodies in the plasma of huDRAG-A2 mice at 8 weeks 

post-infection, but not the huNRG model (Fig.14).  Not only are certain helper T cell-

associated cytokines (such as IL-2, -4 and -5, TGF-β and IFN-) important in initiating the 

process of Ig isotype class switching but they are also required for the generation of Ag-

specific antibodies (Fairfax et al., 2008; Pieper et al., 2013; Takatsu’, 1997). Although 

helper T cell-dependent activation is thought to be important for generating Ag-specific 

isotype-switched antibody responses in this model, it remains unclear how HLA-restricted 

interactions with APCs affects early B cell development and maturation. Previous literature 

has found the levels of APCs like dendritic cells to be generally low in these models, 

although DR4-transgenic mice did have significantly higher levels compared to non-

transgenic controls (Danner et al., 2011). As such, there may be some value to add HLA-

DR to our flow cytometry panel in order to measure the frequency of APCs in the blood of 

these mice. To further elucidate the role of CD4+ T cells and APCs in the development of 

Ag-specific isotype-switched antibody responses in this model, we could deplete CD4+ T 

cells from successfully engrafted huDRAG-A2s and then vaccinate the mice. If they are 

still able to generate Ag-specific IgG in the absence of helper CD4+ T cells (although levels 
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would likely be low), this would indicate the involvement of other factors in early B cell 

development and maturation that may not occur without HLA-matching (Adler et al., 2017; 

Scholl & Geha, 1994). Although the level of anti-gp120 IgG antibodies detected by ELISA 

in the huDRAG-A2s at 8 weeks was impossible to accurately quantify as the signal was 

much lower than what would be expected in humans based on the controls that were 

provided by the manufacturer. As such, an alternative method for quantifying low signals 

outlined by the manufacturer was used, allowing us to determine which samples were 

measured above the detection threshold (see methods section 2.2.5).  Previous literature 

has shown IgG levels are much lower in these mice compared to humans so this is not 

unexpected, however it still highlights the improved B function seen in these mice and may 

be useful for future experiments (Danner et al., 2011; Fouda et al., 2011). Our preliminary 

cytokine data also indicated that the huDRAG-A2 mice may trend towards higher levels of 

certain T cell-associated cytokines (Fig. 13), however only a few mice were analysed, 

variability within groups was high and samples were only collected at experimental 

endpoint, which may have not been the optimal time to measure peak cytokine responses. 

Although this preliminary data supports that T function is improved in these mice, it is by 

no means conclusive and will need to be repeated in future experiments. Overall cytokine 

levels were lower in both models at 8 weeks post-infection compared to uninfected 

controls, but T cell depletion was more severe in the huDRAG-A2 mice. This likely results 

in reduced cytokine production overall as T cells are thought to be the primary producers 

of these particular cytokines in similar hu-mouse models (Gendelman et al., 2021; Shultz 

et al., 2010, 2012; Skelton et al., 2018; Vudattu et al., 2014). Once the number of T cells 
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remaining is taken into account (see methods section 2.2.5), huDRAG-A2 mice trended 

towards increased cytokine levels, however levels were still low compared to humans and 

the physiological implications of these low levels are not yet clear (Danner et al., 2011; 

Majji et al., 2016). Since DR4-transgenic hu-mice have previously been shown to generate 

more robust Ag-specific T cell responses compared to non-transgenic controls, these mice 

may have higher frequencies of IFN, TNFα and IL-2 secreting T cells following 

stimulation with an HIV antigen such as gp120. In future experiments, we are interested in 

further exploring the differences in ability to generate HIV-specific T cell responses in 

these models (Danner et al., 2011; Majji et al., 2018).  

huNRG mice have also been successfully infected with the JR-CSF strain of HIV-1 either 

systemically or intravaginally. Viral RNA was detectable in the plasma of most mice at 1 

week post-systemic infection, compared to 2 weeks for intravaginal infection, indicating 

systemic infection results in more rapid viral dissemination and progression (Fig. 15a). 

Target CD4+ T cells also trended towards depletion by 4 weeks post-infection, regardless 

of route of infection (Fig. 15b & c). Two infectious doses were tested for the systemic route 

of infection (105 and 106 IU) and both were found to be sufficient for productive infection 

in successfully engrafted mice (>10% hCD45+ leukocytes), although there was significant 

variability between some mice that may be a result of differences in immune reconstitution. 

In fact, the only mouse that was not successfully infected was the mouse with the lowest 

CD4+ T cell reconstitution pre-infection, which highlights the importance of adequate 

target cells for productive infection in these mice that has also been described in the 

literature (Nguyen et al., 2017).  
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Preliminary TB infections have been successful in both the huNRG and huDRAG-A2 

models using the mCherry-Erdman, YFP-H37Rv or non-tagged H37Rv strains of Mtb. 

Intranasal Mtb infection with H37Rv resulted in elevated bacterial load in the lungs and 

spleen of both huNRG and huDRAG-A2 mice, as well as the formation of significant 

granulomatous tissue in the lungs of both models. These granulomas were characterised by 

immune cell infiltration, classical granuloma organization and caseous necrotic cores in 

both huNRG mice with Erdman and huDRAG-A2 mice with H37Rv (Fig. 17 & 19). Using 

the mCherry-tagged Erdman, 79.1% of the human CD206+CD169+ alveolar macrophages 

in the lung tissue of huNRG mice were determined to be infected with Mtb, indicating 

productive infection of human target cells (Fig. 16b). A portion of the other human 

macrophages, including the CD206+CD14+CD169- interstitial macrophages population, 

as well as some of the CD3+ T cells in the lung were also found to be infected with the 

Mtb. The involvement of multiple immune cell populations is a known feature of TB in 

humans, NHP and normal mouse models (Hernández-Pando et al., 2000; Lerner et al., 

2017; Mayito et al., 2019). Since Mtb is also able to infect murine cells, it is important to 

prove the involvement of the engrafted human immune cells in the pathogenesis of the 

infection. Although well-known alveolar macrophage markers were used in the previous 

experiment (Yu et al., 2016), these cells are more commonly collected from the airway 

lumen by BAL as this avoids contamination from other lung macrophage populations 

(Busch et al., 2019; Davies & Gordon, 2005).  

Unfortunately, we were unable to accurately measure the frequency of Mtb-infected target 

alveolar macrophages in the BAL of the YFP-H37Rv infected mice as the lungs were 
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severely hemorrhaged and as a result, there was significant blood contamination and few 

macrophages collected. The YFP-H37Rv that was used for this experiment was obtained 

as a generous gift from Drs. Samuel Behar and Rocky Lai and had not yet been used in our 

hands. It is possible that this stock of H37Rv may have been more virulent compared to the 

non-fluorescent H37Rv stocks that are maintained at McMaster University and this may 

have caused increased damage to the airways and apoptosis of the alveolar macrophages 

(Grabiec & Hussell, 2016). CFU quantification of the lung and spleen of the mice indicated 

the bacterial burden was significant (mean of 107.82 and 105.79 CFU in the lung and spleen, 

respectively), similar to what was observed in the mice infected with a slightly lower dose 

of the highly virulent Erdman strain, which would support the theory that this particular 

stock is more virulent than expected.  It is also possible that this is a result of GvHD as the 

T cells involved in mediating GvHD are known to cause tissue damage. However, these 

mice did not show any symptoms of GvHD (weight loss, skin issues) during this 

experiment. To our knowledge, BAL has never been examined in hu-mice infected with 

Mtb so we are unsure what immune cell populations to expect. Using a similar huNSG 

model of respiratory syncytial virus (RSV), Sharma et al. was able to show that the BAL 

collected from similar hu-mice contained approx. 105 macrophages per mouse (Sharma et 

al., 2016), indicating that we should be able to collect a decent macrophage population via 

BAL. In future studies, we may repeat this experiment with a lower infectious dose of the 

YFP-H37Rv or mCherry-Erdman and re-examine the BAL. We are also planning on 

collecting BAL from healthy uninfected mice to elucidate whether there is limited immune 

cell engraftment in the airways of these mice to begin with or if the pathogenesis of the Mtb 
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infection is causing cell death. Histopathology of the lungs of the YFP-H37Rv-infected 

mice is not yet available but may offer some further insights on the degree of tissue damage 

observed.  

In a proof-of-concept experiment, huNRG and huDRAG-A2 mice were infected with non-

tagged H37Rv and assessed for hallmarks of pulmonary TB and bacterial dissemination. 

There was no significant difference observed the bacterial burden measured in the lungs or 

spleen of the mice (Fig. 18a) and both models developed human-like granuloma pathology 

(Fig. 19 & 20). However, the huDRAG-A2 mice showed a more classical granuloma 

organization compared to the huNRGs, which was characterized by a ring of CD4+ T cells 

surrounding the granuloma with CD68+ macrophages located within the core of the 

granuloma (Fig. 19d &e). This indicates the involvement of the engrafted human immune 

system in the containment and control of the Mtb infection. H&E staining revealed more 

caseating necrosis within the cores of the huDRAG-A2 granulomas infected with H37Rv 

and huNRGs infected with the more virulent Erdman strain of Mtb (Fig. 17 & 19), which 

is a hallmark characteristic human granuloma pathology and the lack of caseating necrosis 

within the granuloma is major limitation of most normal mouse models of TB (Calderon et 

al., 2013; Singh & Gupta, 2018). Another hallmark feature of TB granulomas in humans in 

the formation of multinucleated giant cells, masses of fused monocytes and macrophages, 

that may occur following infection of the cells with Mtb (Brooks et al., 2019; Lösslein et 

al., 2021). In particular, multinucleated giant cells found in human TB granulomas are often 

known as Langhans giant cells, which are typically associated with inflammatory 

granulomatous conditions such as mycobacterial infections (Kumar et al., 2013). Since this 
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is also a key feature of TB pathology in humans, we are interested in further evaluating the 

histopathology from these experiments with the help of a pathologist to assess for the 

presence of multinucleated giant cells. The Mtb bacilli were also visualized using AFB 

staining and were found to be mostly localized within the core of the granulomas in both 

models following infection with H37Rv, while the bacilli were spread more diffusely 

throughout the lung tissue with the more virulent Erdman (Fig. 17, 19 & 20). Although 

AFB staining is difficult to quantify, the huDRAG-A2 mice appeared to have less Mtb 

within the granuloma core compared to the huNRGs, which may indicate improved anti-

mycobacterial responses and enhanced containment of the infection.  

The huDRAG-A2 mice were also found to have a trend towards reduced human CD3+ T 

cell frequency and CD4+:CD8+ T cell ratio compared to huNRG mice (not significant) 

(Fig. 18b, d & e). Although this mechanism is not well understood, it has been observed in 

clinical manifestations of pulmonary TB in humans and may be a result of apoptosis or 

activation-induced cell death (Uppal et al., 2004; Venturini et al., 2019; Yin et al., 2015). 

It is also possible that the bias towards CD8+ T cells seen in the huDRAG-A2 mice may 

be a results of the enhanced cytotoxic CD8+ T cell responses seen in A2-transgenic hu-

mice (Majji et al., 2016). CD8+ T cells are known to have an important role in anti-TB 

responses and may be expanding in response to the Mtb infection (Lin & Flynn, 2015). 

Flow data from the huDRAG-A2 mice indicated that the frequency of certain monocyte 

(CD14+) and macrophage (CD11b+, CD206+) populations were slightly elevated (not 

significant) in the lungs of huDRAG-A2 mice compared to huNRGs, however this is 

expected due to the higher monocyte engraftment reported in these mice before infection. 
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Although inconclusive, an increased number of monocytes/macrophages may potentially 

result in enhanced clearance of Mtb by phagocytosis and improved containment of the 

infection (D’Agostino et al., 2020; Verrall et al., 2014). Due to the improved immune cell 

function seen in the huDRAG-A2 mice in previous literature (Danner et al., 2011; Majji et 

al., 2016), the presence of Mtb-specific human IgG and certain pro-inflammatory cytokines 

were measured in the blood plasma and lung homogenates respectively. Unfortunately we 

were not able to detect any IgG signal in the huDRAG-A2 mice in this experiment, but this 

is not entirely unexpected considering the 4 week timeline of this infection and Mtb’s 

ability to supress and delay the activation of the adaptive immune system (Wolf et al., 

2008). We will likely need to repeat this experiment with a longer timeline in order to 

capture antibody responses against Mtb. Antibodies specific to the antigens used in this 

ELISA kit (18, 36 and 40 kDa antigens) have been detected in patients with both active and 

latent TB and are sometimes used to help diagnose TB, although the relevance of their role 

in protective responses is not well understood (Anderson et al., 2008; Wang et al., 2018; 

WHO, 2010). Certain pro-inflammatory cytokines (IFN and TNFα) were also detected in 

the lung homogenates of both huNRG and huDRAG-A2 mice, with the huDRAG-A2 mice 

trending towards a slightly higher mean level of these cytokines that is not significant due 

to considerable variability between mice in the huDRAG-A2 group (Fig. 21). These 

cytokines are known to be important in mediating anti-mycobacterial responses and 

granuloma formation so this is likely important for our model, however the levels detected 

were much lower compared to what is normally seen in humans (Danner et al., 2011; Majji 

et al., 2016). 
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5. CONCLUSION & FUTURE DIRECTIONS: 

Now that we have optimized our protocols and successfully established models of HIV-1 

and TB in both huNRG and huDRAG-A2 mice, our next steps are to conduct a pilot co-

infection experiment in a group of huNRG mice (Fig. 22 - this experiment in currently 

ongoing). More extensive co-infection experiments will be conducted in both hu-mouse 

models as soon as more successful huDRAG-A2 mice are available. Once these models of 

HIV-1, TB and co-infection have been validated, they will be used to investigate several 

research questions within those fields. Firstly, the huDRAG-A2 mouse model will be 

especially helpful to investigate novel vaccine formulations for both HIV-1 and TB as these 

mice are able to develop a diverse T cell repertoire and consequently, are able to produce a 

wide variety of antigen-specific human IgG and IgA antibody responses, both of which are 

critical for measuring vaccine-induced systemic and mucosal immunity. The hu-mouse 

models of HIV-1 will be useful to investigate various PrEP and PEP drug formulations and 

schedules (including novel mucosal prophylactic treatments such as nano-curcumin). Both 

the HIV-1 and TB models alone, as well as the co-infection models, will be helpful for 

investigating the effectiveness and tolerability of ART, anti-TB drugs and vaccines when 

taken separately or in conjunction.  
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Fig. 22. Experimental timeline for preliminary Mtb infections in HIV-1 co-infected 

huNRG mice (currently ongoing).  
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