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Abstract

M.tb diminishes SARS-CoV-2 severity through innate immune priming

Brittany D. Williams

Chair of the Supervisory Committee:
Rhea N. Coler

Department of Global Health

Early in the coronavirus disease 2019 (COVID-19) pandemic, individuals with chronic lung
conditions, including tuberculosis (TB), were recognized to be at elevated risk for severe
COVID-19 outcomes. Despite this concern, clinical studies have reported inconclusive evidence
regarding the specific risks SARS-CoV-2 poses to the over 10 million individuals infected with
Mycobacterium tuberculosis (M.tb). M.tb infection is well-characterized by a persistent, robust
proinflammatory immune response within the lung parenchyma, predominantly driven by IFNy
and T helper 1 (Th1) responses. IFNy is known for its antiviral properties and its ability to
activate a range of interferon-stimulated genes (ISGs) in various cell subsets, including
epithelial cells. Therefore, we hypothesized that primary infection with M.tb would induce an
immune response, characterized by elevated IFNy levels, that promotes the transcription of
ISGs, creating an antiviral environment that primes the lung to better restrict viral replication

upon secondary infection with SARS-CoV-2.



Our study aims to dissect the complex interactions between M.tb and severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2) in a co-infection model, focusing on how the
innate immune response induced by M.tb can modulate viral replication. To investigate this, we
developed an M.th and SARS-CoV-2 co-infection model utilizing transgenic K18-hACE2 mice.
Mice were first infected with a low-dose aerosol of M.tb HN878, followed by intranasal infection
with a sublethal dose of SARS-CoV-2 variant Beta. We then conducted an in-depth
characterization of the co-infection model and employed mechanistic in vitro assays to evaluate
the dynamics of the immune response. Our investigation centered on the role of cytokine-
mediated signaling in lung epithelial cells, particularly how these signals trigger the upregulation
of antiviral genes that serve as a preemptive defense against SARS-CoV-2. Our findings reveal
that IFNy induced by M.tb infection is pivotal in activating antiviral pathways within lung epithelial
cells, thereby limiting viral replication and reducing the overall severity of SARS-CoV-2 infection.
We have identified key immune responses that play a critical role in this protective response,
highlighting potential therapeutic targets that could be exploited to enhance antiviral immunity in
the context of co-infection.

In all, this study provides an analysis of the immune pathways activated by a pre-existing
bacterial M.tb infection that confer protection against SARS-CoV-2. By identifying the molecular
players involved, our research offers novel insights into potential therapeutic strategies of IFNy
that could be harnessed to mitigate the impact of COVID-19, particularly in populations with high

TB burden.
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CHAPTER 1. INTRODUCTION

1.1 TB Prevalence and history
Tuberculosis (TB) is a long-standing chronic infectious disease. Until the emergence of

coronavirus disease 2019 (COVID-19), TB was the leading infectious disease killer globally (1).
Despite centuries of efforts to combat TB, it continues to claim millions of lives each year, with an
estimated 1.3 million TB-related deaths recorded in 2022 (2).

The causative agent of TB, Mycobacterium tuberculosis (M.tb), was discovered in 1882
by Dr. Robert Koch, who identified it in infected tissues. This groundbreaking discovery earned
Dr. Koch the Nobel Prize in Medicine in 1905. Although M.tb was not identified until the 19th
century, TB is known to be an ancient disease, with evidence of cases dating back to ancient
Egypt (3, 4). Throughout history, TB has been documented globally under various names,
including "phthisis" in ancient Greece, "the white plague" in the 1700s, and "consumption” in the
1800s (3).

The identification of M.tb marked a significant milestone in medical science. Dr. Koch
employed a novel staining technique, akin to the one used for identifying the leprosy bacillus,
another Mycobacterium discovered around the same time. This discovery was pivotal, as TB was
responsible for one in seven deaths globally during that period (3).

Given its ancient origins, many guestions remain about the origins and evolution of TB.
The Mycobacterium genus encompasses over 170 species, many of which are environmental
bacteria (5). Among these, three major species are known to cause significant diseases in
humans: Mycobacterium leprae (leprosy), Mycobacterium ulcerans (Buruli ulcer), and the
Mycobacterium tuberculosis complex (MTBC) (5).

The MTBC includes over 10 bacteria species that are genetically similar, rod-shaped acid-
fast bacilli, which primarily infect macrophages and capable of causing the chronic bacterial
infection, TB, in various hosts (6). This group includes M.tb, Mycobacterium bovis, Mycobacterium

africanum, and Mycobacterium caprae, with M.tb being the primary cause of TB in humans (6).



Given MTBC species have coexisted with humans and animals for centuries the evolution of the
species is still not well known and believed to have evolved with human migration (7). Within the
M.tb group, there are nine recognized lineages with lineages 1-4 being widely distributed globally,

therefore labeled as generalists (8-10).
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Figure 1.1. M.tb lineages. Lineages of M.tb are distributed globally, with lineages 1-4 being the most widely distributed
globally. Figure 1.1 was reproduced from (11) (Lucas Fenner) with permission, Creative Commons Attribution-
NonCommercial-ShareAlike 4.0 International License.



1.2 TB pathology and host response

M.tb is transmitted through aerosol droplets produced by individuals with active infection
(12). Upon inhalation, the bacilli travel through the upper respiratory tract to reach the alveoli in
the lower respiratory tract. There, they first encounter alveolar macrophages (AMs). M.tb is
phagocytosed by AMs using various receptors, including complement receptors (CR), the
mannose receptor (MR), surfactant molecules, and dendritic cell-specific intracellular adhesion
molecule-3—grabbing nonintegrin (DC-SIGN) (13, 14). AMs also detect M.tb through multiple
pattern recognition receptors (PRRS), including C-type lectin receptors (CLRs), Nod-like receptors
(NLRs), and Toll-like receptors (TLRs) 2, 4, and 9 (15-18). The uptake of M.tb and the subsequent
activation of AMs facilitate the elimination of the bacteria by producing nitric oxide and reactive
oxygen species (ROS) (19, 20). This process also promotes pro-inflammatory responses through
the production of cytokines and chemokines, such as interleukin-6 (IL-6), tumor necrosis factor-
alpha (TNF-a), and interleukin-12 (IL-12) (13, 21, 22). Despite these efforts, M.tb can create a
niche within phagocytic cells to avoid elimination by utilizing multiple mechanisms. These include
going dormant to avoid detection, inhibiting phago-lysosome fusion, and reducing the production
of ROS (22-24). Once engulfed, alveolar macrophages travel to the lung interstitium, where they
can further recruit other innate immune cells, including dendritic cells, natural killer (NK) cells,
monocytes, and neutrophils (25). The slow replication rate of M.th, with a doubling time of
approximately 24 hours, delays the host's ability to effectively detect the bacteria (26). As a result,
an M.tb-specific T-cell response is not activated until around 14 days post-infection and peaks 3-

4 weeks post-infection (27).

The T-cell response is crucial in combating M.tb infection. This is evident in HIV-positive
patients, who, due to depleted CD4 T-cell reservoirs, are at high risk for TB (28). Mouse and non-
human primate (NHP) studies have shown that depletion of CD4 T cells increases the severity of

M.tb infection (29-32). As an intracellular pathogen, M.tb predominantly elicits a Th1 CD4 T cell

3



response. A robust Thl response, characterized by the production of key effector cytokines IL-12
and IFNy, is essential for activating infected macrophages to effectively clear M.tb and contain
the infection (33). Recent studies, however, have highlighted the importance of early induction of
proinflammatory Th17 responses to promote cell recruitment and granuloma formation in hopes
of controlling the infection (33). Although, a balance of Thl and Th1l7 responses is needed. If
responses are skewed towards Th17 it can result in elevated neutrophil requirement and tissue

damage (34).

At this stage, complete elimination of M.tb infection is possible and nearly 90% of infected
individuals successfully eliminate or contain infection (35, 36). However, in some individuals, the
infection persists due to M.tb-induced necrosis of infected macrophages, which allows M.tb to be
released and target recruited phagocytic cells, such as macrophages and dendritic cells (37). This
leads to increased M.tb replication and the initiation of granuloma formation (37). While it remains
unknown why some individuals can eliminate the infection while others progress to granuloma
formation, the granuloma represents the host's immune response to contain the infection. While
the structure of the granuloma can evolve, it can consist of M.tb bacilli and infected macrophages
at its core, surrounded by epithelioid and foamy macrophages, and other innate immune cells
(38-40). Encircling these are lymphocytes, forming a lymphocytic cuff composed of B and T cells
(38-40). Successful containment within the granuloma can result in a reduced number of bacilli in
the lungs, rendering the infection latent (41). It is estimated that approximately one-fourth of the
world's population is latently infected with M.tb (42). Although individuals with latent TB are
asymptomatic and non-contagious, M.tb can persist within the granuloma (41). Any alterations in
the immune system, such as taking immunosuppressants, can compromise containment and
reactivate the infection. As the infection progresses, the granuloma core can become caseous,
with an increase in foamy macrophages and necrotic host immune cells (12). In late-stage TB,

cavitation of the granuloma allows the bacilli to spread to other areas of the lung. At this stage of



active TB disease, the infected individual can transmit the bacilli to new hosts, initiating a new

infection cycle (12).
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Figure 1.2. M.tb pathogenesis. M.tb infection leads to a spectrum of infection and disease outcomes. M.tb infection in
the lungs will induce a robust innate response, followed by T and B cell recruitment to the site of infection forming a
granuloma. In 90% of individuals, infection can be successfully eliminated or contained. However in the 10% of
individuals infection will progress to necrosis of the granuloma and active TB disease. Figure 1.2 was reproduced
from (12) (Jiaxing Yang) with permission, Creative Commons Attribution-NonCommercial-ShareAlike 4.0 International
License.

1.3 SARS-CoV-2 emergence

The emergence of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) in
Wuhan, China, during the winter of 2019 rapidly escalated into the COVID-19 pandemic, claiming
over 6.8 million lives by March 2023 (43). Initially, the cause of the mysterious pneumonia-like
cases in Wuhan was unknown. By January 2020, the Chinese Center for Disease Control and
Prevention isolated the novel coronavirus from a patient swab (44). A month later, the

International Committee on Taxonomy of Viruses officially named the virus "SARS-CoV-2" and



by March 2020 with cases in over 200 countries the World Health Organization (WHO) declared
COVID-19 a pandemic (45, 46).

While there has been controversy surrounding the origins of SARS-CoV-2, it is widely held
the virus was initially spread at a market in Wuhan via zoonotic transmission (45). Bats, known
natural hosts of many coronaviruses, are postulated to have transmitted the virus to an
intermediate animal present at the market (45). SARS-CoV-2 is the 7th documented Coronavirus
zoonotic spillover and the third case of severe disease in humans, the other two being the SARS-
CoV epidemic in 2002 and Middle East Respiratory Coronavirus (MERS-CoV) in 2012 (47).

There are hundreds of viruses within the coronavirus family. The viruses are categorized
into four subgroups based on genome sequences and serological response, including Alpha-,
Beta-, Gamma-, and Delta-coronaviruses, with  SARS-CoV, MERS-CoV and SARS-CoV-2
belonging to the betacoronavirus genera (48, 49). The first coronavirus was first isolated in 1937
and identified to be the cause of bronchitis in poultry (48, 50, 51). Though the characterization of
human respiratory coronaviruses wouldn’t be until the 1960s (50, 52). Most of the coronaviruses
were known to cause disease within animals and tend to be non-lethal or lead to the common
cold in humans such as HCov NL63 and HKU1 (50). The recent outbreaks involving SARS-CoV
in 2003, MERS-CoV in 2012 and SARS-CoV-2 in 2019 did alarm the public to the potential of
coronaviruses to spillover to humans and cause devasting events (48).

SARS-CoV-2 and other coronaviruses derive their name from their crown-like appearance
on the surface. SARS-CoV-2 is a positive single-stranded RNA (+ssRNA) enveloped virus with a
genome size of approximately 30kb (53). It comprises four major structural proteins: spike (S)
protein, envelope (E) protein, membrane (M) protein, and nucleocapsid (N) protein (53). These
proteins are essential for virion assembly and are believed to suppress the host immune response
(53, 54). Additionally, SARS-CoV-2 encodes polyproteins ppla and pplb, which are processed

into 16 nonstructural proteins (NSPs) necessary for viral replication and transcription (54). The



virus also encodes 11 accessory proteins that, while not essential for replication, assist in viral
replication by modulating host immune responses (54).

A significant issue that arose during the pandemic was the rapid emergence of SARS-
CoV-2 variants. Early in the pandemic, a single spike protein substitution, D614G, quickly became
prevalent, conferring a selective advantage (55). While this variant was not associated with
increased severity, it was linked to higher viral loads and a broader age range of infected patients
(55, 56). Subsequently, numerous variants continued to emerge. By December 2021, the WHO
had identified five SARS-CoV-2 variants of concern (VOCs): Alpha (B.1.1.7), Beta (B.1.351),
Delta (B.1.617.2), Gamma (P.1), and Omicron (B.1.1.529) (57-61). These VOCs possessed
multiple mutations throughout their genomes, particularly in the receptor binding domain (RBD),
raising significant concerns (57). The N501Y mutation in the RBD, first noted in the Alpha and
Beta VOCs, increased the spike protein's affinity for the ACE2 receptor, resulting in enhanced
cellular entry (57). The emergence of the Delta variant underscored that mutations in the RBD, a
target for neutralizing antibodies, could reduce the efficacy of antibodies generated by natural
infection or vaccination, thereby decreasing vaccine effectiveness (57). Despite extensive efforts
to contain SARS-CoV-2's spread and the rapid deployment of mass vaccination plans, emerging

variants continue to pose global challenges.
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Figure 1.3. SARS-CoV-2 structure and VOCs. Figure 1.3 was reproduced from (62) (Priyal Mistry) with permission,
Creative Commons Attribution-NonCommercial-ShareAlike 4.0 International License.
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1.4 SARS-CoV-2 pathology and host response

Early in the pandemic, it became evident that the virus was spreading rapidly and could
cause a wide range of disease outcomes, from asymptomatic cases to severe acute respiratory
distress syndrome (ARDS) and multi-organ failure (63). Alarmingly, large populations were
identified as being at risk for severe disease. The Centers for Disease Control and Prevention
(CDC) identified common risk factors for severe viral infections, such as old age and
immunocompromised states (64). Surprisingly, many individuals with chronic diseases were also
at high risk. These chronic conditions included obesity, heart disease, diabetes, kidney disease,
liver disease, cerebrovascular disease, and chronic lung disease (64).

SARS-CoV-2 is predominantly transmitted via aerosol droplets, which can be spread by
an infected person coughing (65, 66). Contact tracing has also identified that the risk of
transmission correlates with proximity to an infected individual (65, 67, 68). Once inhaled, SARS-
CoV-2 first encounters the upper respiratory tract, specifically targeting multi-ciliated airway cells
in the nasopharynx and trachea that express the entry receptor angiotensin-converting enzyme-
2 (ACE2) (69). Successful induction of antiviral immune responses driven by type | interferon
(IFN), followed by B and T cell responses, can clear the infection, resulting in only mild cold-like
symptoms (69). However, if the immune response is inadequate, SARS-CoV-2 can travel along
the tracheobronchial tree to the lower respiratory tract. Once the virus reaches the alveoli, it can
cause more severe infection by targeting alveolar type 2 (AT2) cells, which secrete pulmonary
surfactants needed to lubricate the lungs and serve as progenitor cells for alveolar type 1 (AT1)
cells (69, 70).

The S1 region of the SARS-CoV-2 spike protein binds to the host ACE2 receptor. Upon
binding, the host protease cleaves the spike protein, exposing the S2 region. The activated S2
region then fuses the viral envelope with the host lipid bilayer and deposits its +ssSRNA into the

host cell and the viral replication process can begin (69). Alternatively, SARS-CoV-2 can enter



the host cell via clathrin-mediated endocytosis, where the spike protein is cleaved by cathepsins,
non-specific proteases (71).

Once inside the cell, SARS-CoV-2 can be detected by pattern recognition receptors
(PRRs), activating the host immune response. The retinoic acid-inducible gene-l (RIG-I)-like
receptor (RLR) family, particularly melanoma differentiation-associated protein 5 (MDA5), which
detects long double-stranded RNAs (dsRNAs) within the cytoplasm, has been identified as the
primary sensor (69, 72). Another RLR, RIG-I, has been identified as a restriction factor (73). Other
potential PRRs include Toll-like receptors 3 (TLR3) and 4 (TLR4) (69). Upon activation, MDA5
binds to viral material and initiates signaling through the mitochondrial antiviral signaling protein
(MAVS) pathway to induce the transcription of type | and Ill IFNs. Utilizing both autocrine and
paracrine signaling IFNs can induce interferon-stimulated genes (ISGs) that promote an antiviral
state through various mechanisms. Additionally, bystander epithelial cells and innate immune
cells, such as neutrophils and macrophages, can further produce IFNs and cytokines to help
control the infection. An adequate innate response can promote the development of B and T cell
responses, which are crucial for eliminating the virus (69). However, SARS-CoV-2 has developed
numerous mechanisms to hinder various aspects of the immune response. Notably, through its
ability to evade and hinder the innate immune response SARS-CoV-2 infection has been
characterized by inducing low innate antiviral defenses, with low levels of type | and Il IFNSs,
compared to other respiratory viruses (74).

Upon translation of its viral genomic RNA, SARS-CoV-2, like other coronaviruses,
undergoes capping and methylation of its genomic RNA and sub genomic RNA to ensure
successful interaction with host ribosomes and to evade host detection (75). Additionally, to avoid
detection of intermediate double-stranded RNAs (dsRNAs), SARS-CoV-2 utilizes nonstructural
protein 15 (NSP15) through its endonuclease activity to reduce the amount of negative-stranded
RNA and dsRNA (75). It also employs double-membrane vesicles (DMVSs) during replication (75).

SARS-CoV-2 deploys various strategies to hinder the host innate immune response, including
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blocking PRR activation, MAVS activity, NF-kB and IRF3 signaling, and type | IFN signaling (75-
77). By inhibiting the innate response, the virus can replicate without significant detection or
challenge from the host immune system. The resulting large viral load can lead to increased death
of alveolar type 2 (AT2) cells, causing alveolar damage and generating large amounts of
pathogen-associated molecular patterns (PAMPs) and damage-associated molecular patterns
(DAMPSs). The delayed response coupled with large amounts of PAMPS and DAMPS can
promote a dysregulated immune response, cultivating systemic hyperinflammation, known as a
cytokine storm (78). This hyper proinflammatory response, seen in severe COVID-19 patients, is
characterized by an absence of IFN responses and elevated levels of granulocyte colony-
stimulating factor (G-CSF), IP-10, MCP-1, macrophage inflammatory protein 1a (MIP-1a), TNF-
a, IL-2, IL-6, IL-7, IL-10 (74, 78). The resulting inflammation can induce lung injury such as

edema, fibrosis, and thrombosis which can progress to hypoxia, ARDS, and death (78).
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Figure 1.4. SARS-CoV-2 immune evasion. Figure 1.4 was reproduced from (79)(Yuan-Qin Min) with permission,
Creative Commons Attribution-NonCommercial-ShareAlike 4.0 International License.

15 SARS-CoV-2 and M.tb co-infection clinical findings

The CDC declared chronic lung diseases as a risk factor early in the COVID-19 pandemic,
raising concerns for the 10 million people with TB. Given the prevalence of both TB and COVID-
19, co-infections were anticipated. Initial clinical findings on TB and COVID-19 co-infections
began to emerge at the start of the pandemic.

An observational case-control study involving three primary care hospitals in Shenyang,
China, reported that M.tb infection likely increases susceptibility to SARS-CoV-2 with M.tb
infection being more prevalent in COVID-19 patients compared to bacterial and viral pneumonia
patients (36.11% vs 20% and 16.13%) (80). Additionally, M.tb co-infection cases had a larger

percentage of severe COVID-19 compared to mild COVID-19 symptoms (78% vs 22%), with
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severe COVID-19 classified by lymphopenia, dyspnea and ARDS development (80). However,
the study included only 36 patients and noted that its findings require validation in a larger study.
Similarly, a population cohort study using data from adults attending public-sector health facilities
in Western Cape, South Africa, found that patients with both previous and current TB had
increased COVID-19 mortality compared to those without TB (adjusted hazard ratios of 2.70 for
co-infected patients and 1.51 for non-TB patients) (81). Unlike the Shenyang study, this study had
a larger cohort of over 3 million patients. However, it mentioned that residual confounding factors
due to HIV and TB co-infections could result in an overestimation of HIV- and TB-associated
COVID-19 mortality risks. In contrast, a retrospective cohort study in an Indonesian tertiary lung
hospital including 1034 confirmed COVID-19 patients reported TB co-infection was negatively
associated with COVID-19 mortality (82). TB co-infected patients exhibited a lower estimated
death rate than the COVID-19 only group (6.5 vs. 18.8 per 1000 population) (82). Additionally, a
prospective study on those with latent TB infection (LTBI) and COVID-19 in India found LTBI
prevalence was lower in severe compared to non-severe COVID-19 patients (4% vs 40%) (83).
As noted in other studies, the study does have a small cohort size of 15 patients and does require
a larger study to validate their results. Another prospective study conducted at a hospital in
Northern Italy following in-patients with TB overall found TB and COVID-19 co-infection was
generally benign and with proper care is clinically manageable (84). However, once again due to
a cohort size of 20 patients the findings would need to be confirmed in a larger cohort study. While
clinical studies provide valuable insights into co-infection outcomes in patients, they also face
challenges such as small cohort sizes, potential confounding factors due to comorbidities, and
unknown infection timelines. These limitations underscore the potential of pre-clinical studies to
offer a more controlled environment for investigating the specific interactions between M.tbh and

SARS-CoV-2.

1.6 Bacteria and virus co-infections
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When predicting the outcomes of M.tb and SARS-CoV-2 co-infection, one can evaluate
previous incidences of M.tb and viral co-infections. A notable example is the co-infection of TB
and human immunodeficiency virus (HIV), which remains a pressing issue. According to the
WHO, 167,000 TB-related deaths occurred in 2023 among individuals who are HIV-positive (2).
This dual infection creates a "perfect storm,” where HIV significantly contributes to the progression
of TB disease in individuals who are latently infected with M.tb. Additionally, HIV co-infection
exacerbates TB disease, primarily due to the depletion of CD4+ T cells, which are critical for the
immune response against TB. Conversely, TB infection can promote HIV replication, accelerating
the progression of HIV to acquired immunodeficiency syndrome (AIDS), further complicating the
clinical management of both diseases (28). This bidirectional potentiation underscores the need
for integrated treatment approaches to manage TB-HIV co-infections effectively.

However, not all TB co-infections exhibit such synergistic interactions. For instance, the
outcomes of TB and influenza co-infections are less definitive and can vary depending on the
timing and sequence of infections. A systematic review of clinical studies investigating co-
infections of influenza A virus (IAV) and M.tb found the association between co-infection and
exacerbated disease outcomes to be inconclusive (85). In preclinical models, Redford et al.
demonstrated that exposure of mice to IAV prior to or concurrently with M.tb H37Rv infection
resulted in decreased survival and increased bacterial burden, potentially mediated by induced
type | IFN signaling (86). Notably, the study also revealed that bacterial load increased with co-
infection with two 1AV subtypes (H3N2 and H1N1) but not with one IAV subtype (HLN1). Further,
a study involving initial M.tb H37Rv infection in mice followed by co-infection with IAV (H1N1) 12
days later reported increased bacterial loads and reduced survival. IAV which induces increased
IL-10 is suggested to compromise the control of M.tb infection by dampening the activated
proinflammatory response (87). Unfortunately, these studies do not report viral burden outcomes
and whether co-infection can exacerbate the viral infection. However, Kaufmann et al. showed

that Bacille Calmette-Guérin (BCG) TICE immunization administered intravenously followed by
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IAV (H1N1) infection four weeks later resulted in increased survival and decreased viral load (88).
This effect may be attributed to trained immunity, allotting monocytes from BCG-immunized mice
to mount a rapid and efficient cytokine response to IAV.

In summary, while clinical data on M.tb and IAV co-infections remain inconclusive,
preclinical studies indicate that such co-infections lead to worsened TB outcomes in mice. This
effect is potentially driven by type | IFN responses that antagonize the IFNy responses crucial for
TB control, as well as IL-10 production, which can impair the immune response to M.tb infection.
Given these findings, it would be interesting to investigate whether the lower type | IFN response
observed in SARS-CoV-2 infection might mitigate the exacerbation of TB disease that's seen in
these preclinical 1AV and M.tb studies. Moreover, the protective effect of BCG immunization
against IAV infection is notable, especially since early in the COVID-19 pandemic, there was
significant interest in whether BCG immunization could provide protection against SARS-CoV-2.

BCG is a live attenuated vaccine derived from Mycobacterium bovis and was first utilized
for human immunization in 1921. To this day, it remains the only officially licensed vaccine against
M.tb. Despite its highly variable efficacy in preventing pulmonary TB disease or reactivation, BCG
is widely employed in newborn immunization programs in TB-endemic regions due to its proven
protection against disseminated or miliary TB and TB meningitis in young children (89). Recent
investigations have focused on the off-target effects of BCG, particularly its ability to induce
trained immunity (90). One study assessed BCG-immunized healthcare workers and found that
BCG immunization was associated with decreased SARS-CoV-2 IgG seroconversion (91).
Additionally, healthcare workers with a history of BCG immunization self-reported fewer COVID-
19 symptom (91). However, the study acknowledged the need for larger randomized clinical trials
to validate these results. In response to these findings, a double-blind, placebo-controlled trial
was conducted in which healthcare workers received either the BCG-Denmark vaccine or a saline
placebo, with COVID-19 outcomes being assessed (92). This trial reported that BCG

immunization did not result in a lower risk of COVID-19 compared to the placebo (92).

14



In animal studies, Kaufmann et al. investigated the impact of BCG immunization on SARS-
CoV-2 outcomes by administering BCG-TICE either intravenously or subcutaneously to mice,
followed by SARS-CoV-2 challenge 4 weeks post immunization (88). Their findings indicated no
significant differences in viral loads or survival between immunized and non-immunized mice (88).
Conversely, Hilligan et al. reported that mice immunized intravenously, but not subcutaneously,
with BCG Pasteur and challenged with SARS-CoV-2 6 weeks post-vaccination exhibited
increased survival and decreased lung viral loads compared to intravenous (i.v.) PBS control-
treated BCG subcutaneous (s.c.)-immunized mice (93). An additional study, which immunized
mice with BCG Tokyo-172 strain intravenously and challenged mice with SARS-CoV-2 45-days
post-immunization, also measured decreased lung viral burden and increased protection in BCG
immunized mice, validating the protective effects of BCG in the preclinical model (94). The
discrepancy in outcomes between the studies may be attributable to the different BCG strains
utilized and timing of BCG immunization.

Hilligan et al. further observed that BCG-immunized mice displayed modified inflammatory
responses, characterized by decreased levels of proinflammatory cytokines and increased
accumulation of resident interstitial myeloid cells in the lungs, compared to i.v. PBS-treated and
BCG s.c. immunized mice (93). The authors proposed that prior intravenous BCG administration
might mitigate the detrimental inflammatory effects of SARS-CoV-2 through BCG-induced IFNy
effects on lung epithelial and myeloid cells, underscoring the potential for innate immune priming
to confer nonspecific protection against SARS-CoV-2.

While preclinical studies have demonstrated a beneficial relationship between BCG
immunization and improved SARS-CoV-2 outcomes, the impact of an active M.tb infection on co-
infection outcomes with SARS-CoV-2 remains an open question. Given the observed protective
effects of BCG, we hypothesize that an ongoing M.tb infection could similarly prime the immune
system, leading to a protective effect. This hypothesis suggests that the active immune response

within the lungs during an M.tb infection may enhance the host's ability to combat SARS-CoV-2,
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potentially replicating the protective phenotype seen with BCG immunization. Further
comprehensive research is essential to elucidate the dynamics and clinical implications of such
co-infection fully.

1.7 Mechanism of protective phenotype remain to be identified

It is well known an efficient initial innate immune response, particularly the type | IFN
response, is crucial for combating SARS-CoV-2 infection. Insufficient activation of this response
can lead to a dysregulated immune reaction, where the innate response becomes more harmful
than protective (95).

IFNs are a group of cytokines that include type I, Il, and 11l IFN families. Type | IFNs, which
include IFN-a and IFN-B, and the increasingly recognized type Ill IFNs (e.g., IFN-A), are
traditionally associated with antiviral responses (95). Type | IFNs exert their effects by binding to
a heterodimeric receptor composed of IFNAR1 and IFNAR2 subunits. This binding activates
Janus kinase 1 (JAK1) and tyrosine kinase 2 (TYK2), which phosphorylate and activate signal
transducer and activator of transcription (STAT) proteins, leading to the formation of the ISG factor
3 (ISGF3) complex. The ISGF3 complex, composed of STAT1, STAT2, and IRF9, then
translocate to the nucleus, where it binds to the IFN-stimulated response element (ISRE) within
the promoters of interferon-stimulated genes (ISGs). This binding promotes the transcription of a
broad range of ISGs that mediate antiviral responses (96).

The ISGs can employ multiple mechanisms to restrict viral activity, including inhibiting
viral replication, degrading viral RNA, and enhancing antigen presentation to T cells (96). For
example, ISGs such as MX1, OAS, and PKR can inhibit various stages of the viral life cycle, while
ISG15 and ISG20 can degrade viral components and modulate immune signaling pathways (96).
Type | IFNs also play a role in modulating the immune response beyond direct antiviral activities.
They can enhance the activation and maturation of dendritic cells, promote the differentiation of

Th1l cells, and stimulate the cytotoxic activity of NK cells (96). Additionally, type | IFNs can induce
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the expression of chemokines that recruit immune cells to sites of infection, thereby orchestrating
a coordinated immune response.

However, type | IFNs have a complex and sometimes detrimental role in M.th infection
due to their antagonistic relationship with IFNy. Type | IFNs can downregulate the IFNy receptor
(IFNGR) on macrophages, impairing the IFNy signaling pathway (97). Type | IFNs can be induced
during M.tb infection, potentially through the cGAS-STING and TLR9 signaling pathways, but their
levels can vary depending on the M.tb strain and animal model used (98). In contrast, IFNy,
primarily produced by NK cells, CD8 cytotoxic T cells and CD4 Th1l cells, plays a critical role in
TB immunity (99). While IFNy is well-known for its role in activating macrophages and the cell-
mediated immune response, its antiviral capabilities are less frequently highlighted.

IFNy activates signaling by binding to the heterodimeric IFNGR1-IFNGR2 receptor, which
is ubiquitously expressed on various cell types including immune cells and epithelial cells (100).
IFNGR can also be upregulated by proinflammatory cytokines, TNF-a and IL-1 (101, 102). Upon
binding to IFNGR, JAK1 and JAK2 are recruited then phosphorylated (102). The phosphorylated
proteins subsequently recruit and phosphorylate STAT1 homodimers which then translocate to
the nucleus to bind IFNy-activated site (GAS) elements to promote transcription of ISGs (102).
Like type | and Ill IFNs, the ISGs induced by IFNy include a broad range of activities. Indeed,
while IFNy can induce a unique set of ISGs it does share many ISGs with type | IFN that could
create an antiviral environment and provide protection against a virus such as SARS-CoV-2 (97).
Known antiviral ISGs induced by IFNy include the aforementioned OAS, MX1, ISG15, ISG20
many interferon regulatory factors (IRFs) vital to many immune signaling cascades, and the PRRs
Ddx58 (RIG-I) and IFIH1 (MDAS5), among many others (103).

Given M.tb infection leads to robust and abundant IFNy production within the lung, we can
infer it will not only work to activate macrophages but also act upon many cells to induce ISG
production. In the context of M.tb and SARS-CoV-2 co-infection in which there is an initial and

established M.tb infection, we hypothesize this established immune response comprised of IFNy
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can prime the lung environment to induce ISG expression in bystander epithelial cells so upon
secondary infection with SARS-CoV-2 these epithelial cells targeted by SARS-CoV-2 will have
already been alerted to an infection and be able to overcome SARS-CoV-2’s ability to evade and
hinder the immune response during the crucial first moments of infection measured through
decreased viral loads and increased protection.
1.8 Summary

| have described above the emergence and respective immune responses of two globally
prevalent pathogens, M.tb and SARS-CoV-2 which pose a risk for millions. However, it remains
unclear how co-infection would affect disease outcome. M.tb infection induces a complex and
robust immune response characterized by a diverse innate response and Thl response with
importance of IFNy production needed to combat infection. M.tb infection is also unique in that it
can progress to a chronic infection in which recruited immune cells remain within the lung and
can form a granuloma to contain the infection. While SARS-CoV-2 infection deploys mechanisms
to evade and hinder the initial immune response, which can aid in the virus being able to replicate
uncontrollably prior to detection. Clinical characterizations of patients have also shown that those
with early IFN (type I-lll) responses had less severe cases of COVID-19 (104). In the context of
M.tb and SARS-CoV-2 co-infection, having established M.tb infection and an extensive immune
response in the lung prior to secondary infection with SARS-CoV-2 may provide a primed
environment that can overhaul SARS-CoV-2’s ability to avoid detection and therefore decrease
initial viral replication overload. Given the complications in clinical studies, building a preclinical
mouse model we may be able to further investigate M.tb and SARS-CoV-2 infection in a controlled

environment and further elucidate this proposed hypothesis.
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Figure 1.5. M.tb and SARS-CoV-2 co-infection. Prior infection with M.tb will likely lead to an active immune response
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CHAPTER 2. M.TB DIMINISHES SARS-COV-2 SEVERITY THROUGH INNATE IMMUNE PRIMING

This chapter was reproduced from the following article:

Williams Brittany D. , Ferede Debora , Abdelaal Hazem F. M., Berube Bryan J., Podell Brendan
K., Larsen Sasha E. , Baldwin Susan L., Coler Rhea N. Protective interplay: Mycobacterium
tuberculosis diminishes SARS-CoV-2 severity through innate immune priming. Frontiers in

Immunology 15 (2024). doi: 10.3389/fimmu.2024.1424374.
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2.1 Abstract

At the beginning of the COVID-19 pandemic those with underlying chronic lung conditions,
including TB, were hypothesized to be at higher risk of severe COVID-19 disease. However, there
is inconclusive clinical and preclinical data to confirm the specific risk SARS-CoV-2 poses for the
millions of individuals infected with M.tb. We and others have found that compared to singly
infected mice, mice co-infected with M.tb and SARS-CoV-2 leads to reduced SARS-CoV-2
severity compared to mice infected with SARS-CoV-2 alone. Consequently, there is a large
interest in identifying the molecular mechanisms responsible for the reduced SARS-CoV-2
infection severity observed in M.tb and SARS-CoV-2 co-infection. To address this, we conducted
a comprehensive characterization of a co-infection model and performed mechanistic in vitro
modeling to dynamically assess how the innate immune response induced by M.tb restricts viral
replication. Our study has successfully identified several cytokines that induce the upregulation
of anti-viral genes in lung epithelial cells, thereby providing protection prior to challenge with
SARS-CoV-2. In conclusion, our study offers a comprehensive understanding of the key pathways
induced by an existing bacterial infection that effectively restricts SARS-CoV-2 activity and
identifies candidate therapeutic targets for SARS-CoV-2 infection.
2.2 Introduction

COVID-19, caused by infection with SARS-CoV-2, has resulted in a global pandemic that
has claimed over 6.8 million lives as of March 2024 (43). Initially, individuals with underlying
chronic lung conditions, including TB, were thought to be at higher risk of severe COVID-19 and
ARDS (105). This was a great concern for the 10 million individuals diagnosed with TB in 2019
(). To speak to its detriment, TB was the long-standing number one infectious disease killer until
the start of the COVID-19 pandemic (1). Although the prevalence of COVID-19 and TB co-
infection has not been officially confirmed, a recent meta-analysis of 18 studies estimated that the
prevalence of TB among COVID-19 positive patients was 1.1% in America, 1.5% in Asia and

3.6% in Africa (106). While TB was later removed as a significant risk factor, conclusive data on
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the specific risk SARS-CoV-2 poses for the millions infected with M.tb remains elusive. Early
clinical reports presented conflicting findings with some noting that TB was not a major
determinant of mortality (84, 105, 107) and others suggesting co-infection led to worsened
outcomes of COVID-19 (81, 108).

Additionally, a longitudinal global cohort study which found survival was lower among co-
infected individuals discovered certain risk factors, such as age, HIV co-infection, male sex, and
invasive ventilation, influenced adverse TB and COVID-19 outcomes (109). Therefore,
highlighting multiple factors that may contribute to an individual's response to SARS-CoV-2 and
M.tb infection. While the characterization of the immune response within co-infected individuals
has also been limited, studies have reported both overlapping and distinct immune responses
(110-112). A clinical study characterizing plasma immune profiles of individuals with TB and
COVID-19 versus singular TB or COVID-19 discovered an immune signature composed of TNF-
a, MIP-1p3, and IL-9 that discriminated co-infection from COVID-19 alone (111). In addition, a
signature of TNF-a, IL-1B, IL-17A, IL-5, fibroblast growth factor-basic, and granulocyte
macrophage colony stimulating factor (GM-CSF), has discerned co-infected individuals from
those with TB only (111). Indeed, there seems to be a huanced relationship between M.tb infection
and SARS-CoV-2 and multiple demographic and clinical factors may alter the immune response
to both infections (105).

Understanding how these two pulmonary pathogens interact starts with examining their
individual induced innate immune responses, as these responses represent the first line of
defense against pathogens. Primary infection of angiotensin converting enzyme-2 (ACE2)-
expressing airway and alveolar epithelial cells by SARS-CoV-2 initiates viral replication,
pyroptosis of host cells, and activation of innate immune pathways (113). The innate immune
response when properly activated is crucial in providing protection against early SARS-CoV-2
infection. Several pattern recognition receptors (PRRs) detect SARS-CoV-2 and initiate innate

responses, including endosomal toll-like receptor 3 (TLR3) and toll-like receptor 7 (TLR7)
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signaling pathways, as well as cytoplasmic RNA sensor, melanoma differentiation-associated
protein 5 (MDAbS) (72, 114, 115). The cytoplasmic RNA sensor, retinoic acid-inducible gene |
(RIGI), acts more as a restriction factor in which RIG-I detection of the SARS-CoV-2 genome
hinders the virus’s first step of replication. Furthermore, knock out of RIG-I was shown to enhance
viral activity and virus restriction was rescued with upregulation of RIG-I expression (116). Upon
activation of the PRRs, downstream signaling results in the production of antiviral IFNs, and
cytokines and chemokines which create an anti-viral environment and recruits innate cells to the
site of infection (117).

Type |, Il, and Il IFNs have been heavily focused on due to their ability to inhibit SARS-
CoV-2 replication (118-122). IFN antiviral activity is driven by the upregulation of 1ISGs, which
have multiple mechanisms in restricting viral activity (103, 123, 124). Multiple ISGs which broadly
act against SARS-CoV-2 by inhibiting viral entry, viral RNA synthesis, and virion assembly, have
also been identified (124). However, SARS-CoV-2 has evolved multiple strategies to evade initial
innate immune responses, including blocking recognition by host sensors such as RIG-I, MDA5,
and TLRs and inhibiting IFN signaling, thus promoting viral replication (75, 125, 126). This
immune evasion is thought to delay immune responses, leading to unchecked viral replication,
high viral load, and a subsequent dysregulated immune response. The resulting disproportionate
response to SARS-CoV-2 infection is characterized by a robust release of proinflammatory
cytokines and dysfunctional myeloid responses, including elevated levels of IL-2, IL-6, IL-7, IL-
10, IL-12, and IL-1B, TNF-a,, MCP-1a, IP-10, lymphopenia, and high lung infiltration of monocytes
and T cells (113, 127-129).

In contrast to the acute hyperinflammatory profile associated with SARS-CoV-2, chronic
M.tb infection is known to elicit a diverse array of proinflammatory and regulatory responses (130).
Following initial infection, alveolar macrophages engulf M.tb bacilli, migrate to the lung
parenchyma, and orchestrate the recruitment of various innate immune cells and effector T cells.

While some infections resolve, others go on to result in granuloma formation, an attempt at
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prolonged containment by the host and persistent but quiescent latent infection (131-134). Major
cell types involved in the control of M.tb are pro-inflammatory T helper 1 (Thl) and Th17 CD4+ T
cells which are largely recruited to form a lymphocytic cuff around a core granuloma structure
containing macrophages and bacteria. Thl and Th17 CD4+ T cells express IL-2, IFN-y, and
TNFa, or IL-17A, IL-21, and IL-23, respectively, which play critical roles in driving immune
activation and inflammatory responses designed to control M.tb (34, 130). However certain
hallmark stages of granuloma formation and persistent infection include the expression of anti-
inflammatory cytokines IL-10, IL-27 and TGFp to regulate T cell pro-inflammatory activity (34,
130). This balance of immune responses enables local containment of M.tb bacilli without more
systemic inflammatory damage.

As previously discussed, further insights can be gleaned from other bacterial and viral co-
infection studies. For instance, administering BCG, intravenously, but not subcutaneously,
significantly protected mice from SARS-CoV-2 challenge, characterized by reduced lung
inflammation and viral burden (93). Similarly, aerosolized exposure to nontypeable Haemophilus
influenzae (NTHi) bacterial lysate before influenza A infection conferred protection, as evidenced
by heightened inflammatory cytokines, decreased viral loads, and increased survival rates in
treated mice (135). Notably, while both bacterial exposures provided protection against secondary
viral infections, they triggered distinct immune responses, likely influenced by the route of
administration, bacterial species and specific PRR pathways induced. These findings collectively
underscore the role of nonspecific immune responses in defending against subsequent
heterologous infections (136).

Given the global impact of the pandemic, delay of vaccine deployment in many TB
endemic low- and middle-income countries (LMICs), and continuous emergence of hyper
transmissible variants, it is unknown how long the pandemic and its ramifications will last. This

highlights the need to study coinfections to identify disease burdens, mechanisms of
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immunopathology, and heterologous protection to better inform susceptibility and population risk.
With our work, we tested our hypothesis that acute M.tb infection induces a diffuse innate immune
response within the lungs leading to a primed lung epithelium that limits viral replication, provides
non-specific protection against SARS-CoV-2-induced lung viral burden, and host morbidity in a
co-infection mouse model. In this study, by characterizing a discrete co-infection model using
virulent M.tb and variant of high importance and incorporating in vitro studies we aimed to uncover
the mechanism that could be leading to the observed protection.
2.3 Results
2.3.1 Active M.tb infection enhanced host survival and decreased viral burden after SARS-CoV-
2 challenge

We hypothesized that infecting mice first with M.tb to induce an active infection and
subsequent immune response, followed by co-infection with SARS-CoV-2, could potentially alter
disease outcomes and affect survival endpoints. Highly virulent W-Beijing clinical strain, M.tb
HN878, was delivered as a low dose aerosol challenge (LDA, 50-100 bacteria) to female and
male K18-hACE2 mice. Three weeks post-M.th infection, mice were challenged with 200 plaque
forming units (PFU) of SARS-CoV-2 Beta. (Figure 2.1A). Male and Female mouse cohorts (n=10
per sex) were assessed for survival following infection with M.tb, SARS-CoV-2, or co-infection.
Mice singularly infected with SARS-CoV-2 had significantly lower survival rates compared to
those in the saline or M.tb infected groups. However, the M.tb and SARS-CoV-2 co-infected group
showed a significantly higher survival rate than the group infected solely with SARS-CoV-2
(Figure 2.1B). The increased survival amongst the co-infection group versus the singular SARS-
CoV-2 infection group suggests prior M.tb infection may provide partial protection from SARS-
CoV-2 challenge, in alignment with our hypothesis.

Viral titers of SARS-CoV-2 were evaluated locally and systemically to determine if co-
infected mice have differences in viral load magnitude or distribution. In alignment with prior work

(137-139), the co-infected group exhibited decreased lung viral titers at day 1 post-co-infection
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and significantly decreased lung and lymph node viral titers at day 3 post-co-infection, the
anticipated viral peak of our collection timeline, compared to SARS-CoV-2 alone cohorts (Figure
2.1C). There was no difference in viral burden in brain samples when comparing the two infection
groups (Figure 2.1C). There was no difference in CFU between the groups for all organs and

time points, suggesting the exhibited protection from morbidity was not due to a change in M.tb

burden (Figure 2.1D).
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Figure 2.1. M.tb and SARS-CoV-2 co-infection animal model. (A) Experiment scheme for M.tb and SARS-CoV-2 co-
infections including selected analysis time points. Image made with Biorender. (B) Survival analysis of male and female
infection groups with 20 mice per group (10 mice per sex). Mouse weights (n=20/group) were recorded daily, and
percent weight change calculated from the maximum recorded weight. (* = P<0.05, Mantel-Cox and Wilcoxon). (C)
Lung, lymph node and brain homogenates from seven female mice per group were used in a plaque formation assay
(PFA) to measure viral titers. Each time point analyzed using unpaired T-Test with Welch’s T Test and alpha of 0.05 (*
= P<0.05, *= P<0.01, **=P<0.001, ****= P<0.0001). (D) Lungs, lymph node and spleen homogenates from seven
female mice per group were plated on 7H10 agar triplates to measure bacterial burden. Figure 2.1 was reproduced
from (140) with permission, Creative Commons Attribution 4.0 International License.
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We have previously seen that bacterial burden can be uncoupled from pulmonary
pathology in mouse models of TB, where pulmonary disease and morbidity endpoints may be
driven more by host factors (141). Interestingly, when assessing the lung pathology in these co-
infection studies (Figure 2.2A) there was no significant difference in percent lesion area between
co-infected animals and the SARS-CoV-2-only infected group at day 1 (Figure 2.2B). However,
by day 7 there was a trend towards decreased lesion scores in the co-infected groups compared
to the M.tb only infection group (Figure 2.2D), which became significant by day 14 (Figure 2.2E).
This trend has been published previously (138) and speaks to the complexities of lung pathology
in the context of co-infection. Conducting additional analysis which more clearly defines the
differences between TB and COVID-19 pathology is worth further exploration. While these data

suggest infection with SARS-CoV-2 may help resolve acute lesions from existing M.tb infection
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(Figure 2.2E), the primary focus of this work is to determine how infection with M.tb establishes

an inhospitable pulmonary environment for SARS-CoV-2.
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Figure 2.2. Kinetic quantitative lung histopathology among infection groups. (A) Representative H&E images of
accessory lung lobe sections showing the presence of pulmonary lesions (dark purple). (B) Percent lesion was
calculated by dividing the lesion area by the non-lesion area. Each time point was analyzed using one-way ANOVA
alpha of 0.05 (* = P<0.05, **= P<0.01). Figure 2.2 was reproduced from (140) with permission, Creative Commons
Attribution 4.0 International License.

2.3.2 Established M.tb infection influences lung inflammation during acute SARS-CoV-2
infection

Given the partial protective phenotype displayed by the co-infection model, the immune
profiles of M.tb-infected, SARS-CoV-2-infected and co-infected animals were evaluated. Using
flow cytometry, the kinetic influx of immune cells to the lung following co-infection were
compared to the other cohorts. Both M.tb-infected mice (21 days post infection) and M.tb-

infected mice subsequently infected with SARS-CoV-2 (co-infected group) showed elevated
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levels of neutrophils and macrophages at the day 1 and 3 post-virus challenge time points, and
increased influx of T cells and NK cells at day 3 compared to the group infected with SARS-
CoV-2 only (Figure 2.3). Absolute cell counts mirroring these trends were also observed

(Appendix supplementary figure A.2).
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Figure 2.3. Measured cell populations in mouse lungs following singular infection with M.tb and SARS-CoV-2, and co-
infection over time. (A-G) Whole lungs from six mice per group per time point were homogenized, processed, and
stained for surface markers to measure percent frequency of immune cell populations at 1 day or 3 days following
SARS-CoV-2 infection. Significant differences between cohorts at each time point were determined by One-way
ANOVA, alpha of 0.05 (* = P<0.05, **= P<0.01, ***=P<0.001, ***=P<0.0001). Figure 2.3 was reproduced from (140)
with permission, Creative Commons Attribution 4.0 International License.

This showcases the influence chronic M.tb infection has on the inflammatory environment of the
lung. Bronchioalveolar lavage fluid (BALF) from M.tb-infected and co-infected mice contained
significantly elevated IL-6, TNF-a, IFNy, IP-10, MIP-1a, MCP-1, and KC-GRO at days 1 and 3
post-co-infection, while the SARS-CoV-2 infection group displayed delayed induction of these
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same effector molecules until day 7 (Figure 2.4). Interestingly, there was an absence of strong
kinetic patterns of increases or persistent decreases in inflammatory gene expression within the
lung across infection groups (Figure 2.5A-C). On day 3 there were trends of increased expression
in certain ISGs, PRRs and inflammatory pathway genes in M.tb and co-infected groups (Figure

5B and appendix supplementary Figure A.4).
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Figure 2.4. Cytokine and chemokine responses in the lung early after infection with SARS-CoV-2 or co-infection with
M.tb. (A-M) Bronchoalveolar lavage fluid from seven female mice per group was collected 1, 3, and 7-days post-
infection with SARS-CoV-2. Significant differences between cohorts at each time point was determined by one-way
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ANOVA, alpha of 0.05 (* = P<0.05, **= P<0.01, **=P<0.001, ***=P<0.0001). Figure 2.4 was reproduced from (140)
with permission, Creative Commons Attribution 4.0 International License.

The increased inflammatory response observed in the co-infected group was initially surprising
since the robust pro-inflammatory response has been identified to be detrimental in SARS-CoV-
2 infection (113). However, the timing and type of immune response induced may be important
for priming the lung to combat SARS-CoV-2 infection. Mechanistic in vitro studies were next used
to evaluate which innate immune response induced by the primary M.tb infection provide

protection against subsequent SARS-CoV-2 infection.
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Figure 2.5. Lung mRNA expression of inflammatory-related genes early after infection with SARS-CoV-2 or co-infection
with M.tb. Accessories lobes from four female mice per group were collected 1, 3, and 7-days post-SARS-CoV-2
infection used in RT-qPCR to measure the delta-delta CT values. Heat map depicts Log?2 relative expression (delta-
delta CT) of selected cytokines, chemokines, IFNs, ISGs, and genes involved in inflammatory pathways and lung
inflammation (A) 1-day post SARS-CoV-2 infection (B) 3-days post SARS-CoV-2 infection, and (C) 7-days post SARS-
CoV-2 infection. Expression was normalized to non-infected saline control mice. Graphs were created using RStudio.
Figure 2.5 was reproduced from (140) with permission, Creative Commons Attribution 4.0 International License.

2.3.3 Cytokines produced from M.tb infected PBMCs provide passive protection from SARS-CoV-

2 challenge in vitro
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To model co-infection in vitro, PBMCs were infected with M.tb, as they serve as niche host
cells and are responsive to infection. Conversely, SARS-CoV-2 infection was modeled using
permissive epithelial cells, which fulfill a similar role. While lung epithelial cells show limited direct
responsiveness to M.th, they exhibit heightened reactivity and transcriptional changes when
exposed to M.tb-infected myeloid cells (142). Our investigation aimed to determine whether
cytokines generated during initial M.tb infection of immune cells could confer protection against
secondary SARS-CoV-2 infection in susceptible bystander epithelial cells.

We used PBMCs from healthy male and female donors, collected before and after 2019,
as well as from BCG-immunized donors (Appendix supplementary data A.5), to investigate the
effects of prior SARS-CoV-2 exposure or BCG immunization on immune responses. There was
additional interest in investigating prior BCG immunizations given the attenuated M. bovis vaccine
is currently the only licensed TB vaccine and regularly administered in TB endemic regions. While
early in the pandemic there were hypotheses that prior BCG immunization may provide protection
against SARS-CoV-2 (143), these claims were later dispelled in clinical studies (92, 144). Frozen
PBMCs were thawed and either mock-infected or infected with M.tb HN878 at a MOI of 1 for 96
hours (Figure 2.6A). Supernatants were harvested, filtered, and applied to Vero cells, which are
highly permissive to SARS-CoV-2 infection, to assess whether cytokines alone could confer
protection against SARS-CoV-2 infection. Treatment of Vero cells with supernatants from M.tb-
infected PBMCs resulted in significantly reduced viral titers, with no significant differences
observed among PBMC groups defined by date or vaccination history (Figure 2.6B). These
findings were confirmed using more physiologically relevant Calu-3 human airway epithelial cells
(145-147) where diminished viral titers were observed in samples pre-treated with supernatants
from M.tb-infected PBMCs (Figure 2.6C). To define the essential elements of protection, the
cytokine levels within the supernatants were quantified, revealing increased production of several
proinflammatory cytokines, including G-CSF, GM-CSF, TNF-q, IL-18, IL-6, and IFNy, following

M.tb infection compared to mock-infected PBMCs (Figure 2.6D). Given the absence of significant
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differences between PBMC groups, subsequent experiments were conducted using PBMCs
collected prior to 2019...
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Figure 2.6. Cytokine levels from M.tb-infected PBMCs and the effect of M.tb infected PBMC supernatants on viral
replication in cell culture. (A) Experimental scheme of in vitro PBMC M.tb infection. (B) Viral titers of SARS-CoV-2-
challenged Vero cells treated with supernatants from mock-infected or M.tb-infected human PBMCs collected prior to
2020 (N=4), post-2020 (N=4), or from BCG-immunized patients (N=2), and (C) viral titers of SARS-CoV-2-challenged
Calu-3 cells treated with supernatants from mock-infected or M.tb-infected human PBMCs collected prior to 2020 (N=4),
post-2020 (N=4), or from BCG-immunized patients (N=2). Titers between mock-infected and M.tb-infected supernatant
treatments for each PBMC group were analyzed using two-way ANOVA (* = P<0.05, **= P<0.01, **=P<0.001, ****=
P<0.0001). (D) Cytokine measurements of supernatants from mock-infected or PBMCs infected with M.tb HN878 at a
MOI of 1. Measurements analyzed using unpaired T-Test with Welch’s T Test and alpha of 0.05 (* = P<0.05, **= P<0.01,
***=pP<0.001, ****= P<0.0001). Figure 2.6 was reproduced from (137) with permission, Creative Commons Attribution
4.0 International License.

Supernatant-treated Calu-3 cells were then used in RT-gPCR analysis to determine if cells

underwent transcriptional changes upon treatment with supernatants. Treated Calu-3 cells
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showed significantly increased expression of ISGs such as OAS1, OAS3, MX2 and notably,
IFIH1, the gene encoding MDAS5, a primary PRR for SARS-CoV-2, compared to media-treated
cells (Figure 2.7A). Subsequently, 24 hours post-SARS-CoV-2 infection, the expression of these
ISGs increased in both control and M.tb-infected PBMC supernatant-treated cells, with a
significant increase in expression sustained in the supernatant-treated cells (Figure 2.7B). These
findings support our hypothesis that prior M.tb infection primes epithelial cells towards resisting

viral infection by inducing ISG expression.
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Figure 2.7. Gene expression changes in Calu-3 epithelial cells treated with supernatants from mock-infected or M.tb-
infected human PBMCs and infected with SARS-CoV-2. Graphs depict fold-change expression of ISGs normalized to
media-treated cells and the Beta-Actin house-keeping gene. (A) upregulation of genes 24 hours post-supernatant
treatment and (B) upregulation of genes 24 hours post-SARS-CoV-2 infection. Expression of genes between mock-
infected and M.tb-infected supernatant treatments was analyzed using two-way ANOVA (* = P<0.05, **= P<0.01,
***=pP<0.001, ****=P<0.0001). Figure 2.7 was reproduced from (137) with permission, Creative Commons Attribution
4.0 International License.

2.3.4 Passive protection from prior M.tb infection restricts viral replication
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While pre-treatment led to transcriptional changes and protection from SARS-CoV-2 after
48 hours of infection, pinpointing the stage of the viral infection cycle that may be affected was of
interest. To align with our transcriptional data, Calu-3 cells were treated with supernatants or
media (positive control) and infected with SARS-CoV-2 for 1, 6, 24, and 48 hours, then assessed
for viral load. Following 1 hour of infection, no significant differences in viral load were observed
(Figure 2.8A), suggesting no influence or perturbations in viral entry pathways—a result
consistent with the expected SARS-CoV-2 doubling time of around 6 hours (148). However, after
6 hours of infection, there was a noticeable trend toward decreased titers in treated Calu-3 cells
(Figure 2.8B). By 24 hours, treated cells displayed no plaques likely reaching the limit of detection
(Figure 2.8C), suggesting that treated cells were not permissive to replication and actively

eliminated the virus, thereby conferring protection.
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Figure 2.8. Viral load in Calu-3 cells treated with supernatants from mock-infected or M.tb-infected human PBMCs
following infection with SARS-CoV-2. Calu-3 cells were treated with supernatants and infected with 75 PFU of SARS-
CoV-2 for (A) 1 hour, (B) 6 hours, (C) 24 hours, and (D) 48 hours. Significant differences between groups at each time
point was determined by one-way ANOVA, alpha of 0.05 (* = P<0.05, **= P<0.01, ***=P<0.001, ****=P<0.0001). Figure
2.8 was reproduced from (137) with permission, Creative Commons Attribution 4.0 International License.

2.3.5 Neutralization of IFNy attenuates protection against SARS-CoV-2

To explore the mechanism of protection, an investigation into the involvement of specific

cell types and cytokines was conducted. While type | IFNs are normally associated as the
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predominant anti-viral response, we did not see significant levels within our measurements.
However, we did detect significant levels of IFNy in both in vivo and in vitro models, and wanted
to determine if blocking IFNy would attenuate the observed protection. Accordingly, major cell
types known to induce IFNy were targeted.

Human PBMCs were co-incubated with neutralizing antibodies against CD4+ T cells,
CD8a+ T cells, CD314+ NK cells, and IFNy at increasing concentrations, and then infected with
M.tb for 96 hours. Mouse 1gG1 and IgG2 antibodies were used as isotype negative controls, while
media-only treated cells served as a control for viral replication. After the 96-hour incubation
period, supernatants were collected, as previously described, and used to treat permissive Vero
cells to measure PFU following SARS-CoV-2 infection. Blocking of CD314+ NK cells did not result
in a significant increase in viral titer, and CD8a+ T cells reached significance only at the highest
concentration (Figure 2.9). Neutralization of IFNy led to diminished protection at 20 and 100
Mg/mL, as evidenced by an increase in viral titer, highlighting its importance in conferring
protection against SARS-CoV-2 (Figure 2.9).

Interestingly, neutralization of CD4+ T cells resulted in an increased viral load with
escalating antibody concentrations, suggesting that protection could be dependent on IFNy and

CD4+ T cell activity.
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Figure 2.9. Viral titers following the administration of neutralizing antibodies against immune components. PBMCs
were infected with M.tb in the presence of neutralizing antibodies against CD4, CD8a, CD314, and with isotype controls
mouse 1gG1 (mlgG1) and IgG2 (mlgG2). Some collected supernatants were treated with neutralizing antibodies against
IFNy. Vero cells were treated with the supernatants then challenged with SARS-CoV-2 and PFU recorded 48 hours
post-infection. Significant differences of PFUs between neutralization treatments and relative isotype controls, mouse
1gG1 (CD4, CD314, and IFNy) and 1gG2 (CD8a) were analyzed using two-way ANOVA (****=P<0.0001). Data are
representative of two independent experiments. Figure 2.9 was reproduced from (137) with permission, Creative
Commons Attribution 4.0 International License.

2.4 Discussion

TB and COVID-19 remain leading infectious disease killers, with 1.3 million TB-related
deaths reported by the WHO in 2022 (2) and a cumulative 6.8 million COVID-19-related deaths
as of March 2024 (43). The lack of definitive clinical data on the risks associated with M.tb and
SARS-CoV-2 co-infection has sparked significant interest in understanding the interplay between
these pathogens. In this study, we contribute to the growing body of data on co-infection using a
preclinical model, which allows for the investigation of specific interactions between infections
while controlling for factors that influence disease outcomes. This is crucial given the challenges
observed in many clinical studies on M.tb and SARS-CoV-2 co-infections, such as issues with
study sizes, comorbidities, coinciding risk factors and unknown infection timelines. Consistent
with previous findings, we observed a protective effect against SARS-CoV-2 following prior M.tb

infection. This model is additive and unique given variations in pathogen strains, including clinical
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M.tb isolates and variants of interest. By pairing in vivo results with in vitro mechanistic studies,
we were able to specifically examine the impact of M.tb-induced immune responses on epithelial
cells, which are the primary targets of SARS-CoV-2. This focused approach addresses potential
limitations of complex in vivo systems.

From our studies, we elucidated the importance of IFNy and CD4+T cell activity in driving
the protection seen in vitro. An early, and Thl-leaning CD4+ T cell response is deemed important
for combatting SARS-CoV-2 (149). Additionally, a study has shown that pre-existing CD4+ T cells
induced from previous infection provided protection against SARS-CoV-2 (150). Similarly, IFNy
has demonstrated driving vaccine-induced cellular immunity in K18-hACE2 transgenic B-cell
deficient (UMT) mice (151) and recently confirmed to induce early control of SARS-CoV-2 infection
when administered intranasally to wildtype C57BL/6 mice (152). Interestingly, clinical studies have
reported on M.tb and SARS-CoV-2 co-infected individuals’ limited cellular response to M.tb or
SARS-CoV-2 antigens potentially due to anergy or immune exhaustion (110, 153, 154). However,
we hypothesize that while prior M.tb induced immune priming can be protective during acute
SARS-CoV-2 infection, in certain individuals other factors may hinder this protection, allowing for
co-infection to persist and worsening disease outcomes. While we were able to get a controlled
look at M.tb and SARS-CoV-2 co-infection in a preclinical model there are many other conditions
to consider that may affect co-infection in clinical contexts.

In turn, we remain curious about how our use of a low-dose M.tb infection model, which
more closely mimics the chronic stage of human infection, may contribute to the observed
protection. Exploring the ultra-low dose M.tb model (155), which delivers 1-3 CFU and strongly
mirrors human pathology, may provide insight into whether the diffuse lung immune response
exhibited with a low-dose model, or other factors drive protection in co-infection models.
Interestingly, it has been reported that the magnitude of viral titers inversely correlated with
increasing M.tb infectious dose (126), providing further evidence towards the need of a diffuse

infection and accompanied response. Additionally, LMICs with large TB burden are heavily
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associated with comorbidities that affect TB and COVID-19 severity (156-158). To further
understand and close the gap between preclinical and clinical studies investigating these
additional factors such as sex, metabolic diseases, age, HIV co-infections, and antibiotic resistant
M.tb strains in the pre-clinical model, will be vital for furthering knowledge on M.tb and SARS-
COV-2 co-infections. Additionally, we acknowledge that differences based on the phase of M.tb
infection, such as active versus latent infection, can impact the outcomes of co-infection with
SARS-CoV-2, thus warranting further investigation.

Moreover, our study underscores the importance of innate immune induction in protection
against SARS-CoV-2. While increased global vaccination has significantly impacted the trajectory
and harm of COVID-19, the emergence of humoral immune evasion by SARS-CoV-2 variants of
concern highlighted the need for more comprehensive vaccine-induced responses. Our findings
further emphasize the crucial role of innate immune responses in combating the earliest stages
of viral infections. Additionally, this highlights the need to fine-tune inflammatory responses to
ensure they contribute to protection rather than exacerbate detrimental effects. These models
help winnow down potential therapeutic targets and define features desirable for prophylactic
vaccine strategies.

25 Methods
2.5.1 Preclinical mouse model

Female and Male K18-hACE2 mice [strain: 2B6.Cg-Tg(K18-ACE2)2Primn/J], 6-8 weeks
of age were purchased from Jackson Laboratory (Bar Harbor, ME). Mice were housed under
pathogen-free conditions at Seattle Children’s Research Institute (SCRI) biosafety level 3 animal
facility and were handled in accordance with the specific guidelines of SCRI’s Institutional Animal
Care and Use Committee (IACUC). Mice were infected with a low dose (50-100 bacteria) aerosol
(LDA) of M.tb HN878 using a Glas-Col whole-body exposure chamber (Glas-Col, Terre Haute,
IN). Twenty-four hours post challenge the lungs of three mice were homogenized and plated on

Mitchison 7H11 agar (Thermo Fisher Scientific, Waltham, MA) to confirm delivery of 50-100 CFU
40



per mouse. For SARS-CoV-2 infection mice were first put under anesthesia with intraperitoneal
(i.p.) administration of Ketamine (Patterson Veterinary, Loveland, CO) and Xylazine (Patterson
Veterinary). SARS-CoV-2 clinical isolates were administered at 200 PFU via intranasal installation
of 40uL per nare. Following SARS-CoV-2 infection mice were weighed daily. Animals that reached
20% weight loss and/or exhibited physical signs of morbidity were humanely euthanized.
2.5.2 Cells and pathogens

Vero TMPRSS2 (National Institute for Biological Standards and Control (NIBSC),
Hertfordshire, England), Vero E6 (ATCC, Manassas, VA), and Calu-3 epithelial cells (ATCC) were
maintained at 37 °C + 5% CO2 in Dulbecco’s modified Eagle’s medium (DMEM) supplemented
with 10% fetal bovine serum (FBS), 2 mM L-glutamine, and 1% penicillin/streptomycin (cDMEM).
Cells were tested regularly for mycoplasma with Mycoplasma PCR detection kit (MilliporeSigma,
Burlington, MA).

SARS-CoV-2 Beta (hCoV-19/SouthAfrica/KRISP-EC-K005321/2020) was obtained from
BEI Resources and housed under standard BSL-3 laboratory conditions. SARS-CoV-2 virus was
propagated and titered by plaque assay in Vero E6 cells. Cultured cells were infected with the
original stock at a MOI of 0.1 and incubated at 37 °C + 5% CO2 for 72 h. Supernatants were
harvested, centrifuged to remove debris, aliquoted and frozen at —-80°C.
2.5.3 Bacterial counts

At the indicated time points harvested organs were homogenized in DMEM using
gentleMACS Octo Tissue Dissociator (Miltenyi, Bergisch Gladbach, Germany). Serial dilutions of
organ homogenates were made in PBS with 0.05% Tween80, and aliquots of dilutions were plated
on Middlebrook 7H10 agar tri-plates (Molecular Toxicology, Boone, NC), as previously described
(141, 159). After 3-4 weeks of incubation at 37°C + 5% CO2, colony counts were recorded.
Bacterial burden, in colony forming units (CFU) per organ, was calculated, and expressed as
Logl0.

2.5.4 Viral load measurements
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Viral burden was measured with the plaque forming assay (PFA) using similar techniques
described previously (160). Vero TMPRSS2 cells were plated in 6-well plates one day prior to
titers at 4.8x105 cells/mL in 2mL of cDMEM per well. Harvested organs were homogenized in
DMEM containing 1% FBS (D1 media) using the gentleMACs Octo Dissociator. Organ
homogenates were serially diluted ten-fold using D1 media and added dropwise to the plated
Vero cells. Plates were incubated at 37 °C + 5% CO2 for 60 minutes, with 15-minute intervals of
rocking plates in all directions. After 60 minutes, 2mL of overlay media comprised of D1 media
and 0.2% agarose was added to each well and incubated at 37°C + 5% CO2 for 48 hours. Cells
were then fixed with 2 mL of 10% Formaldehyde solution and incubated at room temperature for
30 minutes. The overlay was removed, and cells stained with 1mL of Crystal Violet (BD
Biosciences, Franklin Lakes, NJ) per well for 20 minutes. Lastly, each well was washed with 1mL
of PBS and the number of plaques in each well were recorded.

# of plaques

PFU —
( /mL dilution factor x sample added

2.5.5 Histology

At the indicated time points, three whole lung and accessory lobes were collected per
group and fixed in 10% Neutral Buffer Formalin (NBF) for 24 hours. The fixed lung samples were
embedded in paraffin and sectioned by the University of Washington histology core. Blinded slides
were sent to Colorado State University and stained with hematoxylin and eosin (H&E) then
analyzed by veterinary pathologist Dr. Brendan Podell as previously published (141, 159). H&E
stained sections were scanned at 20X magnification using an Olympus VS120 microscope,
Hamamatsu ORCA-R2 camera, and Olympus VS-ASW 2.9 software. Visiopharm software was
used for image analysis. For each tissue section, a region of interest (ROIl) was generated at a
low magnification with a custom tissue detecting algorithm using decision forest training and
classification to differentiate tissue versus background based on color and area. Lesions were

identified within tissue ROIs at a high magnification with an additional custom-made algorithm
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using decision forest training and classification based on staining intensity, color normalization
and deconvolution, area, and morphological features. Percent lesion calculations were integrated
into the same algorithm and calculated from tissue area and lesion area as designated by the ROI
and lesions detected. Lesion identification and quantification were then reviewed by Dr. Podell
(141, 159).
2.5.6 Flow cytometry

Cell populations within the lung were measured kinetically utilizing methods previously
published (159). Briefly, lung homogenates were incubated in RBC lysis buffer
(eBioscience/Thermo Fischer Scientific), washed and resuspended in RPMI 1640 + 10% FBS,
and then evenly dispensed into 96-well round bottom plates. Cells were stained for surface
markers with fluorochrome-conjugated monoclonal antibodies against mouse Ly6G (FITC, clone
1A8, Biolegend), Ly6C (PerCP-Cy5.5, clone HK1.4, eBioscience), MHCII I-A/I-E (eF450, clone
M5/114.15.2, Invitrogen), CD11c (Bv510, clone N418, Biolegend), CD3 (Bv650, clone 17A2,
Biolegend), CD19 (APC, clone 6D5, Biolegend), CD11b (Alexa700, clone M1/70, eBioscience),
NK1.1 (PE, clone PK136, eBioscience), CD64 (PE-Cy7, clone X54-5/7.1, Biolegend) and 1 pg/mL
of Fc receptor block anti-CD16/CD32 (clone 93, eBioscience) in PBS with 1% bovine serum
albumin (BSA) for 15 minutes at room temperature. Samples were washed and before removing
samples from the BSL3, samples were incubated in 4% paraformaldehyde for 30 minutes. After
wash and resuspension in PBS + 1% BSA, cells were acquired on a BD Bioscience LSRII flow

cytometer (BD Bioscience) and analyzed using FlowJo version 10.8.1 (BD Bioscience).

2.5.7 Cytokine Measurement

Bronchoalveolar lavage fluid (BALF) was collected by flushing lungs with 1X PBS, then
centrifuged at 4009 for 7 minutes to remove cellular debris and filtered. The processed BALF was
used in the Meso Scale Discovey (MSD) V-PLEX Proinflammatory Panel 1 Mouse kit

(#K15048D), V-PLEX Cytokine Panel 1 Mouse Kit (#K15245D) and U-PLEX Interferon Combo 1
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(#K15320K) to measure cytokine levels on the MESO QuickPlex SQ 120MM (Meso Scale
Diagnostics, Rockville, MD). For similar in vitro endpoints from cultured Calu-3 supernatants, an
MSD human U-PLEX Viral Combo 1 kit was used (#K15343K-1).

2.5.8 In vivo RT-gPCR

Accessory lung lobes from mice at specified time points post SARS-CoV-2 co-infection
were harvested and homogenized in 900uL of Qiazol, followed by RNA extraction using the
QIAGEN RNeasy Plus Universal mini kit according to the manufacturer’s protocol (QIAGEN,
Hilden, Germany). RNA was eluted into 30ul. RNA concentration and quality was determined
using the NanoDrop 8000 (Thermo Fisher Scientific) and stored at -80°C until assayed. The
obtained RNA was then utilized in the High-Capacity RNA-to-cDNA kit for cDNA synthesis using
SuperScript™ IV Reverse Transcriptase (Thermo Fisher Scientific), containing a reverse
transcriptase with a high-fidelity enzyme following manufacture protocol.

For Fluidigm Real-Time PCR and Dynamic Array IFC (Integrated Fluidic Circuit) Setup,
specific target amplification (STA) was done as per the manufacturer's recommendations as the
initial step (pre-amplification of cDNA) for the Biomark HD system (Standard BioTools, formerly
Fluidigm) carried out on the Standard BioTools 48.48 Gene Expression (GE) Dynamic Array
integrated fluidic circuit (IFC) (161). Assay-sets (primers only) were combined as a delta gene
multiplex pool (see Appendix supplementary data A.3). Preamplification was carried out for each
cDNA sample against a reaction-set. Exonuclease | was then used to clean up the
preamplification reactions.

Subsequently, the Biomark Chip was primed, and assay premix for each target was
aspirated into the IFC assay inlets for a final concentration of 9 uM primers and 2.5 uM probe per
reaction, and pre-amplified samples were aspirated into sample inlets. The IFC was then run in
the Biomark HD thermocycler, using the manufacturer-supplied thermal cycling conditions.
Results were analyzed using the Fluidigm Real-time PCR Analysis software, where thresholds

were manually defined, the baseline was automatically assigned, and a Cycle of quantification
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(Cqg) cut-off value of 38 was applied. The cycle threshold (Ct) values for the candidate
housekeeping gene, RPL13, and target genes were obtained, and delta-delta CT values were
calculated.

2.5.9 In vitro experiments

For the in vitro experiments, frozen human peripheral blood mononuclear cells (PBMCs)
and whole blood were procured from Bloodworks Northwest (Seattle, WA). PBMCs were thawed,
counted, and resuspended to a concentration of 2x106 cells/mL, then rested overnight in RPMI
media supplemented with 10% FBS and 1% penicillin/streptomycin at 37 °C + 5% CO2. Cells
were counted the next day and viability was assessed before being adjusted to a concentration
of 1.5x106 viable cells/mL. Subsequently, the cells were infected with M.tb HN878 at a multiplicity
of infection (MOI) of 1 and incubated for 96 hours. Following infection, the cells were centrifuged
at 7009 for 3 minutes, and the supernatants were collected and filtered through a 0.22-micron
filter. Vero or Calu-3 cells were plated and treated with supernatants for 24 hours at 37°C + 5%
CO2. Media-only treated cells were used as controls. Post-treatment, the cells were challenged
with 75 PFU of SARS-CoV-2 Beta, and plaques were recorded 48 hours post-infection using the
viral titer PFA described above.

To assess MRNA expression in cultured cells, RNA was extracted from cultured Calu-3
cells using the QIAGEN RNeasy Plus Universal mini kit. The cells were harvested using 900pL of
Qiazol, followed by RNA isolation and cDNA synthesis employing the High-Capacity RNA-to-
cDNA kit. RNA and cDNA concentration and quality was determined using the NanoDrop 8000
(Thermo Fisher Scientific) and stored at -80°C until assayed. Quantification of mMRNA levels was
performed using the GoTagq qPCR and RT-gPCR Systems kit from Promega, following the
manufacturer’s protocol, and the StepOne Plus Real-Time PCR System (Thermo Fisher
Scientific). The mMRNA expression levels of Calu-3 cells are presented as Log?2 fold change (FC)

compared to media-only treated cells and normalized to the housekeeping gene, Beta Actin.
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Primers used were selected from published sequences in PrimerBank (RRID:SCR_006898) (see
Appendix supplementary data A.6).
2.5.10 Neutralization assay

For neutralization studies, PBMCs were thawed and counted as described previously.
PBMCs were plated in 12-well plates at 2.25x10° cells/mL in one mL of RPMI media
supplemented with 10% FBS and 1% penicillin/streptomycin. Neutralizing antibodies for human
CD4 (BE0351, BioXcell), Lebanon, NH), CD8a (BE0004-2, BioXcell), CD314 (BE0288, BioXcell),
and relevant isotype controls, mouse IgG1(BEO083, BioXcell), and mouse IgG2 (BEO0O085,
BioXcell) were then administered at 10pug/mL, 20pug/mL and 100ug/mL in 1 mL. PBMCs and
neutralizing antibodies were incubated for 1 hour at 37 °C + 5% CO2 prior to infection with M.tb
HN878 at MOI of 1 for 96 hours. For IFNy neutralization, the IFNy antibody (BE0235, BioXcell)
was added directly to the supernatant from PBMCs infected with M.tb HN878 at 10ug/mL,
20ug/mL and 100pug/mL escalating doses. After infection, supernatants were filtered through a
0.22-micron filter. Vero cells were treated with filtered PBMC supernatants for 24 hours, then
challenged with 75 PFU of SARS-CoV-2 Beta, and plaques were recorded 48 hours post-infection
using the viral titer PFA described above.
2.5.11 Statistical analysis

Survival analysis was based on the Mantel-Cox log-rank test with Bonferroni correction
for multiple comparisons and carried out using GraphPad Prism 9.3.1 (GraphPad Software, San
Diego, CA). The bacterial burden, viral titers, cytokine levels, and cell populations (percent
frequency and counts) were assessed at a single time point using one-way ANOVA with Tukey’s
multiple comparison test to compare infection groups. Flow cytometry data was assessed using
FlowJo v10.8.1 (BD) and statistical analyses were performed using GraphPad Prism 9.3.1
software. The graphics were made with Biorender. Heat maps of in vivo mRNA expression were

created with RStudio using ‘pheatmap’ function. P values <0.05 were considered significant and
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labeled accordingly in each of the figures (* = P<0.05, **= P<0.01, **=P<0.001, ****= P<0.0001).
Outliers were identified using Grubbs’ test at alpha 0.05.
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CHAPTER 3. CONCLUSIONS AND FUTURE PERSPECTIVES

3.1. Summary
In this thesis, | developed and characterized a M.tb and SARS-CoV-2 model. Upon

characterization the co-infected model exhibited a protective phenotype compared to the SARS-
CoV-2-only model. Given the co-infected model was first infected with M.tb it was probable that
the established immune response elicited by the M.tb infection prior to co-infection with SARS-
CoV-2 could be providing protection against SARS-CoV-2. This thesis describes experiments
aimed at investigating the immune mechanism that could be providing this protective phenotype
within our coinfection model.

In this thesis, | show that M.tb infection can induce a robust innate response, especially
IFNy. IFNs, including type I-Ill IFNs have been shown to promote antiviral environments to restrict
viral activity. In this work | propose that IFNy produced from M.tb infection can induce ISG
expression, creating an anti-viral environment and dampening secondary SARS-CoV-2 infection
severity. This work supports a model in which an existing infection can aid in priming the immune
response that upon a secondary immune response help contain and lessen its severity. By
exploring factors that can affect either infection we can better understand the complex interactions
of M.tb and SARS-CoV-2 co-infection. Additionally, by continuing investigation in characterizing
our co-infection we can further elucidate and validate the protective phenotype witnessed in our
co-infection model. Here, | present possible areas of further investigation and proposed

experiments, which are summarized in Table 3.1.

Question Experimental strategy
Does timing and type of M.tb infection affect | e Assess ULDA/VLDA M.tb infections
co-infection with SARS-CoV-2? e Investigate different TB stage
What roles do IFNs in M.tb and SARS-CoV- | e Expand IFN measurements in mouse and human
2 co-infection? samples
¢ Neutralize IFNs in vivo and in vitro
What is the function of identified ISGs in e Expand ISG expression measurements
providing protection e Conduct functional assays
What long term effects does co-infection ¢ Assess later timepoints in animals for disease burden
have on TB outcomes? e Measure if alterations in adaptive responses
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Do comorbidities affect co-infection e Investigate co-infection in aged mice
outcomes? e Investigate co-infection in obese mice

Table 3.1. Future experimental strategies

3.2. Limitations of the study

We acknowledge the limitations within this study and outline how these can be addressed
in future experimental strategies. One limitation involves the measurement of IFN proteins, which
can be variable and unreliable. To mitigate this, future experiments will expand IFN RNA
measurements to validate the observed trends from measured IFN protein levels. Additionally,
we emphasize the importance of including measurements of multiple IFN subsets to provide a
more comprehensive understanding.

In this study, we also investigate the protective role of IFNy against SARS-CoV-2. While
our focus was on IFNy’s role in inducing ISG expression and creating an antiviral environment,
we recognize that IFNy activates several mechanisms that may contribute to viral protection.
Moreover, given the extensive overlap in IFN activity, further studies are required to confirm the
specific role of IFNy in this context.

Despite these limitations, this study is the first to establish a preclinical co-infection mouse
model using the clinically virulent strain M.tb HN878 and the SARS-CoV-2 Beta variant of
concern, alongside a translational human PBMC in vitro co-infection model. This approach
provides novel insights into the complex interactions between M.tb and SARS-CoV-2 during co-
infection.

3.3. Exploring how timing and type of M.tb infection mouse model can affect co-infection
with SARS-CoV-2

For our co-infection model we utilized a low-dose aerosol (LDA) M.tb infection model. This
specific model has been well studied within the TB field and within our own lab (141, 159). With
this model, mice are infected with 50-100 CFU, this manifesting into an accelerated disease with
robust immune responses diffuse bilaterally throughout the lung, conducive of a more chronic
active stage of infection. While this model has been ideal to study TB disease and host response
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there are concerns whether it truly recapitulates human TB pathology, which more likely results
from infection from a single bacillus (155). In response to this concern there has been the
development of the ultra-low-dose aerosol (ULDA) M.tb infection model, where 1-3 CFU are
delivered to mice (155). With ULDA, mice develop more organized lesions like the granuloma see
in humans, a pathology not witnessed in LDA models. Given the unique characteristic of the
granuloma and the important role it plays in both pathology and the host response, investigating
how the ULDA model with co-infection fares in comparison to the LDA model we use may give
further context to whether different stages of active TB disease (chronic vs. acute) can result to
different outcomes with SARS-CoV-2 infection. In addition, given there is a spectrum of TB
disease there is still the question whether the stage of TB (latent, subclinical, active) can also
affect outcomes in co-infection with SARS-CoV-2. Due to limitations in clinical studies, there
haven’t been clear conclusions on the effects of the stage of TB. As previously mentioned, a study
conducted in India did find that LTBI was negatively correlated to COVID-19 mortality. However,
due to its small cohort size further studies are needed to confirm its finding. There have been
great strides in developing mouse models which cover the spectrum of TB disease. Kupz et. al.
developed a contained M.tb infection (CMTB) mouse model which contains M.tb infection and
believed to model individuals with asymptomatic infection who are also able to contain infection
(162). For the mouse model M.tb is delivered intradermally to the ear. The bacteria remain within
the ear draining lymph node and can be activated with CD4+ T-cell depletion as seen in M.tb and
HIV co-infection (162). Nemeth et. al. also showed that challenging the CMTB mouse model with
aerosol M.tb led to protection (163).

We conducted a small pilot study co-infecting the CMTB mouse model with SARS-CoV-2
(Figure B.1). Female, 6—8-week-old K18-hACE2 mice were administered 10,000 CFU of M.tb
HN878 in 10uL intradermally. Six weeks after M.tb administration, mice with either mock-infected
with saline or infected with 200 PFU of SARS-CoV-2 Beta, intranasally. After co-infection mice

were weighed twice daily and measured for morbidity conferred by 20% weight loss. Interestingly,
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we did not witness the same survival increase for the co-infected group compared to the SARS-
CoV-2 only groups as we did in the LDA M.tbh and SARS-CoV-2 co-infected group. We would like
to repeat this study to confirm our findings and expand it to measure if the bacterial burden is
affected overtime. In all, this study elucidates the importance of an active immune response
already established in the lung to confer protection against secondary SARS-CoV-2 infection.
3.4. What roles do IFNs play in M.tb and SARS-CoV-2 co-infection

In this study, | quantified local mucosal levels of IFNa, IFNB, and IFNy in mouse BALF
samples, with these findings further corroborated by lung PCR analysis. While we focused on key
IFN subtypes in this study, expanding the range of subtypes measured in future work could
provide deeper insights into the mechanisms of the induced immune response. Although all type
I IFN subsets bind to IFNAR to initiate signaling, they have been shown to exhibit distinct biological
activities in both humans and mice (164). By expanding our protein and RNA analyses to include
all mouse IFNa subtypes (IFNa1-13, IFNaA, IFNaB), we could enhance our measurements and
more precisely determine the abundance of each subtype induced during the infections (164).

Moreover, given the robust nature of M.tb infection and the dynamics of co-infection, it is
possible that measuring only global lung responses may have obscured certain signals.
Integrating more sensitive techniques such as single-cell RNA sequencing could help pinpoint the
activity of specific cell types, potentially revealing subsets that upregulated type | IFN but were
undetected in our global measurements. Additionally, this approach could help identify the specific
cells driving IFNy responses, which we sought to characterize in our in vitro neutralization studies
(Figure 2.9).

Although our study did not primarily focus on IFNA subsets (IFNA2, IFNA3), we did
measure its RNA expression in the in vitro studies (Figure 2.7), though it was not assessed in our
mouse model. Measuring IFNA protein and RNA levels in mouse BALF samples could reveal
whether it works synergistically with IFNy to establish an antiviral environment in the lung. Similar

to type I IFNs, IFNA has known antiviral properties, inducing the expression of ISGs and activating
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and recruiting immune cells (165, 166). However, unlike type | and Il IFNs, the IFNA receptor
(IFNLRY) is not ubiquitously expressed; it is primarily found on epithelial barrier cells and a subset
of immune cells, including neutrophils, macrophages, and plasmacytoid dendritic cells (DCs). This
selective expression may help prevent the hyperinflammation often associated with type | and Il
IFNs (165, 167). IFNA has demonstrated protective effects against SARS-CoV-2, with a clinical
study reporting higher IFNA1 and IFNA3 expression in the upper airways of mildly ill patients
compared to those with severe COVID-19 (168). Furthermore, direct IFNA treatment has been
shown to protect against severe SARS-CoV-2 infection outcomes in both mice and humans (169,
170) Although the role of IFNA in M.tb infection is not fully understood, its presence has been
detected in the sputum of individuals with active TB (171). Given the overlap in signaling
pathways among type |, I, and Il IFNs, co-expression—albeit at different levels—is anticipated.

To determine whether IFNs are working synergistically or if IFNy alone is driving the
protection observed in our co-infection models, further in vitro and in vivo neutralization studies
are needed. For in vivo studies, M.tb-infected animals would receive neutralizing antibodies
against IFNGR, IFNAR, or IFNLR administered intranasally (mucosally) or intraperitoneally
(systemically) just prior to SARS-CoV-2 infection, thereby inhibiting the corresponding IFN
activity. Survival rates and viral burden would then be measured and compared with non-treated
co-infected animals and singly infected animals. This would help determine whether the protective
phenotype is abrogated by neutralization and clarify the role each IFN plays in protection against
SARS-CoV-2. A short treatment regimen with neutralizing antibodies would be necessary to
prevent exacerbation of M.tb infection and to avoid introducing new variables to the model.

For in vitro studies, | had conducted neutralization experiments targeting IFNy (Figure
2.9), which demonstrated a loss of protection when IFNy was neutralized. The study could be
extended by incorporating neutralizing antibodies against IFNa, IFNB, and IFNA to assess the
roles of type | and Il IFNs.

3.5. What is the function of identified ISGs in providing protection
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In this study, we identified specific ISGs that are upregulated in epithelial cells following
M.tb-induced cytokine treatment, confirming their expression. However, the question remains as
to whether, and how, these ISGs contribute to restricting SARS-CoV-2 activity in this co-infection
model. To address this, a comprehensive approach could be employed. First, a microarray
analysis could be conducted on epithelial cells treated with cytokines derived from M.tb-infected
PBMC:s, likely expanding the scope of ISGs identified as being upregulated. Once these ISGs are
identified, their antiviral activity can be systematically evaluated using various techniques.

One approach is a small interfering RNA (siRNA) screening assay(172, 173), where pre-
treated epithelial cells are transfected with siRNAs targeting specific 1SGs, followed by a
challenge with SARS-CoV-2. Viral titers would then be measured to assess the impact of silencing
each ISG. If a particular ISG is crucial for inhibiting viral activity, we would expect to see a loss of
protection when it is silenced. Alternatively, a gain-of-function assay could be employed (174), in
which the identified ISGs are endogenously expressed in epithelial cells, which are then
challenged with SARS-CoV-2. In this scenario, a decrease in viral titers would be expected if the
expressed I1SG effectively inhibits viral replication.

It is important to note that identifying individual ISGs with significant antiviral activity may
be challenging due to the potential combinatorial effects of ISGs, where the collective action of
multiple 1SGs is necessary for robust antiviral defense. Consequently, individual ISGs may not
show significant inhibition of viral activity when expressed alone (172). If no substantial changes
in viral titer are observed in either assay, it would be prudent to investigate combinations of ISGs
to determine whether they exert a synergistic effect in restricting SARS-CoV-2 replication. Overall,
this multifaceted approach will help elucidate the specific roles of ISGs in the context of M.tb and
SARS-CoV-2 co-infection, potentially revealing new therapeutic targets for enhancing antiviral
immunity.

3.6. Long term effects SARS-CoV-2 co-infection has on TB outcomes
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For this thesis | focused primarily on the acute stage of M.tb and SARS-CoV-2 infection
to observe the SARS-CoV-2 infection course. Lung pathology and CFU were measured to assess
the TB disease outcomes within our mouse model. There were no significant changes found in
bacterial burden to suggest TB disease outcome was exacerbated by co-infection during the
acute timeline captured. However, there is a question of whether the effects of co-infection would
be witnessed during the chronic stages of M.tb infection. Interestingly, in a M.tb and 1AV co-
infection study in which the authors reported co-infection worsened TB outcomes, increase in
bacterial burden wasn’t measured until 120 days post-co-infection, well into chronic stage of
infection (86). Therefore, it is possible M.tb co-infection with a virus can induce a change in the
immune response that leads to worsened protection over time. However, the study also reported
a significant decrease in survival between the co-infected group and M.tb only group (86). We did
not see this trend with our long-term survival outcomes. There was no significant difference in
survival between the co-infected and M.tb only group (Figure B.2). Additionally, measured lung
pathology showed to be reduced in the M.tb and SARS-CoV-2 co-infected group compared to the
M.tb-only group at the later 14-day post-co-infection timepoint (35 days post M.tb infection)
(Figure 2.2E), which could potentially provide evidence of TB outcomes not worsening with co-
infection, but further research is needed to validate these findings. Given these contrasts, we
could infer that M.tb may dampen the effects of SARS-CoV-2 viral replication and associated
immunopathology, potentially leading to less exacerbation of TB outcomes compared to IAV and
M.tb co-infection. However, it is crucial to measure outcomes at the chronic stage to confirm this
hypothesis. Additionally, if there is a significant change in TB burden during later chronic time
points, we might expect alterations in the adaptive immune response, such as antibody production
or memory responses. Therefore, it is vital to assess whether co-infection modifies M.tb-specific
adaptive responses, providing a comprehensive understanding of the interplay between these
pathogens

3.7. Potential for comorbidities to affect co-infection outcomes
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While SARS-CoV-2 has affected all populations, individuals with comorbidities have
disproportionately experienced severe disease progression (175, 176). Factors such as obesity,
age, sex, metabolic disorders, and chronic diseases have been identified as high-risk factors for
SARS-CoV-2 infection and increased COVID-19 severity (175, 176). It has been hypothesized
that the elevated risk associated with obesity and age may be due not only to underlying metabolic
and inflammatory dysregulation but also to a higher likelihood of harboring other chronic
conditions. These conditions, such as diabetes, hypertension, and heart disease, are also risk
factors for severe SARS-CoV-2 outcomes (176). Immune profiling of COVID-19 patients with pre-
existing conditions found that those with chronic kidney disease displayed an overactive,
exhausted T cell compartment and less active innate immune response (177). Those with heart
disease and lung disease were associated with a hyperactive, exhausted NK and T cell
compartments (177). While male sex is a risk factor for severe COVID-19 disease outcomes
accompanied with increased hospitalization rates and slower viral clearance, the underlying
immune dysregulation that could be promoting it is still widely unknown (178).

Similarly, age, sex, and metabolic disorders, including diabetes, are recognized as risk
factors for TB progression (179). The increased TB burden among individuals with diabetes has
been linked to defects in early bacterial detection and impaired immune cell activation, which can
compromise downstream adaptive immune responses (180). Males with TB have been shown to
exhibit higher sputum culture loads and smear positivity rates, which are associated with lower
IgM antibody responses compared to females (181). While hormones are thought to drive these
sex-based differences in TB outcomes, further research is needed to clarify the distinct immune
responses to TB in males and females. Clinical findings, though mixed on the risk of co-infection,
have highlighted the significant influence of age and comorbidities on disease outcomes (84).

Given the importance of comorbidities in influencing M.tb and SARS-CoV-2 infection
outcomes, it is crucial to further investigate how these conditions might alter immune responses

and co-infection outcomes. Our findings demonstrate that an established immune response to

55



M.tb infection can prime the environment before co-infection with SARS-CoV-2. However, we
hypothesize that in the context of pre-existing conditions that dampen or dysregulate the immune
response to the initial M.tb infection, this priming effect and its protective nature may be lost during
co-infection.

To test this, aged mice and mice with metabolic disorders (e.g., diabetes, obesity) could
be incorporated into the M.tb and SARS-CoV-2 co-infection model to assess how these conditions
influence immune responses and disease outcomes. Additionally, although our co-infection
survival curve included both male and female mice and did not reveal any significant differences,
the following characterization was conducted exclusively in female mice. It would be important to
extend this characterization to male mice, given that sex can influence immune responses, and
males are known to have differing outcomes in both M.tb and SARS-CoV-2 infections. By
investigating the effects of age, sex and obesity in the context of co-infection, we can develop
comorbidity animal models to determine whether immune dysregulation is exacerbated by these
conditions and whether it correlates with TB and COVID-19 disease progression.

3.8. Concluding remarks

M.tb and SARS-CoV-2 are two highly prevalent pathogens that continue to pose
significant public health challenges globally. Despite considerable progress in managing and
mitigating the impact of these infections, both remain considerable causes of morbidity and
mortality, particularly among vulnerable populations. The persistence of these pathogens
underscores the need for a deeper understanding of their interactions, especially in the context
of co-infection, which can complicate disease progression and treatment outcomes.

The interaction of M.tb and SARS-CoV-2 presents a unique challenge, as both pathogens
elicit complex immune responses that can influence one another. Understanding these dynamics
is crucial for developing tailored strategies to prevent and manage co-infections. Additionally, this

knowledge could guide public health policies and clinical practices, ensuring that high-risk
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populations receive the most effective care. Ultimately, our aim is to advance understanding in

this area, with the hope of improving outcomes and reducing the global burden of these diseases.
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APPENDIX A. SUPPLEMENTAL DATA PERTAINING TO CHAPTER 2

Al  Flow gating strategy
Supplemental gating strategy may be downloaded from:

https://doi.org/10.3389/fimmu.2024.1424374

A.2  Measured lung cell populations counts over time
Supplemental cell population data may be downloaded from:

https://doi.org/10.3389/fimmu.2024.1424374

A3 Primers used for in vivo RT-qPCR
Supplemental primers may be downloaded from:

https://doi.org/10.3389/fimmu.2024.1424374

A.4  Kinetic lung mRNA expression of inflammatory-related genes from each mouse
infection group
Supplemental expression data may be downloaded from:

https://doi.org/10.3389/fimmu.2024.1424374
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A5 Patient information from collected human PBMCs
Supplemental information may be downloaded from:

https://doi.org/10.3389/fimmu.2024.1424374

A.6  Primers used for in vitro RT-gPCR
Supplemental primers may be downloaded from:

https://doi.org/10.3389/fimmu.2024.1424374

70


https://doi.org/10.3389/fimmu.2024.1424374
https://doi.org/10.3389/fimmu.2024.1424374

APPENDIX B. SUPPLEMENTAL DATA PERTAINING TO CHAPTER 3

B.1 CMTB and SARS-CoV-2 Survival Curve
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Figure B.1. CMTB and SARS-CoV-2 Survival Curve. Survival analysis of female infection groups with 10 mice per

group). Mouse weights (n=10/group) were recorded daily, and percent weight change calculated from the maximum
recorded weight.

B.2 Survival Over Time
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Figure B.1. Survival over time. Survival analysis of female infection groups with 10 mice per group). Mouse weights
(n=10/group) were recorded daily, and percent weight change calculated from the maximum recorded weight.
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