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Abstract
CD4 T Cell Responses in Mycobacterium tuberculosis and HIV Co-infection

By Morgan S. Barham

Mycobacterium tuberculosis (Mtb) is the infectious agent that causes
tuberculosis (TB) disease. TB is the leading cause of death due to a single infectious
agent and has remained one of the top 10 causes of death worldwide for decades. In
2017, 10 million new cases of TB disease were reported, resulting in 1.6 million deaths.
An estimated 1.7 billion people, representing nearly a quarter of the world’s population,
are latently infected with Mtb and therefore at risk for developing active TB disease.
Infection with HIV induces immune suppression and depletion of CD4 T cells, which
play a critical role in limiting Mtb bacterial growth and reducing progression to active
TB disease.

Mtb-specific CD4 T cells in HIV-infected individuals exhibit elements of immune
dysfunction, including impaired proliferative capacity, heightened immune activation
and cell death, and reduced cytokine production capacity. Using cohorts of HIV-infected
and HIV-uninfected individuals with latent and active TB in South Africa and Kenya,
two high TB burden countries, we conducted a thorough examination of T cell inhibitory
receptor expression profiles on antigen-specific CD4 and CD8 T cells and the
upregulation of surface activation-induced markers (AIM) CD25, 0X40, CD69 and
CD40L on Mtb-specific CD4 T cells. Further, we extended our studies to analyze the
effect of HIV co-infection on Mtb-specific cytokine production profiles.

Our findings provide novel evidence that the majority of Mtb-specific CD4 T cells
do not co-express multiple inhibitory receptors, regardless of HIV infection status. Our
findings also highlight a previously unrecognized role of BTLA expression on Mtb-
specific CD4 T cells. In addition, our findings suggest that infection with HIV modifies
Mtb-specific cytokine production profiles towards elevated TNF-a production and that
AIM assays enable identification of Mtb-specific CD4 T cell responses in a cytokine-
independent manner in HIV-uninfected and HIV-infected individuals. Overall, our
findings provide a foundation for future studies to further define immune correlates of
protection to Mtb and elucidate mechanisms of HIV-associated dysregulation of anti-
mycobacterial immunity.
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The Global Burden of TB

Tuberculosis (TB) is an ancient disease that remains a global public health threat,
affecting almost every nation and ethnicity (1), yielding 22 high TB-burdened countries
(Figure 1). TB disease is caused by an infectious agent discovered in 1882 by Robert
Koch called Mycobacterium tuberculosis (Mtb), also known as Koch’s bacillus (2). Mtb
has the highest mortality rate worldwide due to a single infectious agent (3).
Approximately 90% of Mtb-infected individuals are considered latently infected and do
not exhibit clinical symptoms of TB disease. In 2017, 10 million people were reported to
be infected with TB disease and 1.6 million reported deaths due to TB disease (3).

Tuberculosis disease incidence decreased approximately 5.8% each year, from
1953 to 1984, as a result of national surveillance and systematic reporting in the United
States (4). Further, death rates decreased from 200 deaths per 100,000 death each year,
to one death per 100,000 each year (4). Unfortunately, the emergence of multidrug
resistant tuberculosis and the HIV epidemic lead to the reemergence of TB and
declaration of TB as a global public health emergency by the World Health Organization
(WHO) in 1993 (5). As a result, the Centers for Disease Control and Prevention
(CDC) allocated funds to tuberculosis control programs in large cities and states (4),
resulting in a 7.3% decrease in TB incidence annually by 2001. However, this decline
was transient, leading to only a 2% decrease in TB incidence by 2015. As a result, the
WHO propelled a 20-year strategy aiming to end the global TB epidemic called “The End
TB Strategy’ (6, 7). The goals of the End TB Strategy were to end the TB epidemic

nationally and internationally — zero deaths, disease and suffering (6, 7) (Figure 2).
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The Global Burden of TB/HIV Co-infection

There is a substantial global burden of Mtb and HIV infections independently, as
well as a very large global burden of Mtb and HIV co-infection (8). Although 90% of Mtb
infected individuals are considered latently infected and do not exhibit clinical
symptoms of TB disease, infection with HIV is the single greatest risk factor causing
reactivation from LTBI to active TB disease TB. HIV-uninfected individuals have a 10%
lifetime risk of development of TB, compared to immunocompromised HIV-infected
individuals who have an 8-10% annual risk of developing TB disease (3, 9).

Worldwide, about 9% of new reported TB cases are in people living with HIV, and
over 50% of new TB cases are in high burden countries, such as Kenya and southern
Africa (3) (Figure 3). HIV-infected individuals with LTBI have above a 20% higher risk
of developing active TB compared to HIV-uninfected persons (10), despite antiretroviral
therapy (11). Of the 1.6 million reported deaths due to TB in 2017, approximately

300,000 of these deaths are among people living with HIV.
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History of TB

The acid-fast, aerobic bacterium responsible for over a million deaths each year is
Mycobacterium tuberculosis (Mtb). Mtb is a human pathogen that is thought to have
originated from Mycobacterium bovis, the bovine strain of tuberculosis, yielded from
the domestication of cattle. In the seventeenth century, the ‘Great White Plague’ spread
from England to most of Western Europe, infecting most of the European population
and killing one-fourth of the population over a span of 200 years.

In 1872, Dr. Edward L. Trudeau contracted TB and fled to the Adirondack
Mountains to die. Contrary to his expected outcomes, he did not perish. As a result, he
concluded that fresh air, exercise, and healthy living were the cure for TB. Thus, in 1874,
he established the Trudeau laboratory, a sanitorium which became the popular method
for treatment against TB before the discovery of antibiotics (12). On March 24, 1882, the
German physicians and bacteriologist, Robert Koch discovered Mtb, the causative agent
of TB. In 1890, he discovered tuberculin, a substance which he proposed could prevent
bacterial growth (13, 14) and defined the criteria to establish a causative relationship
between a microbial organism and a disease, now known as Koch’s postulates (15),

contributing to the vast advancements in the current TB field.
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The Pathogen, Transmission, and Replication

Mtb is a nonmotile, aerobic, acid-fast bacilli. It is a rod-shaped bacterium that
can range from 0.2 to 0.5 micrometers in length and are nonsporulating. The bacilli are
surrounded by a waxy cell wall and have an envelope that contains mycolic acids that
are thought to play a role in Mtb pathogenesis. The bacilli are slow-growing,
reproducing within 24-48 hours and can take up to twenty-one days to culture. Unlike
most mycobacteria, Mtb is pathogenic due to its loci RD1 through RD16, which is not
present in nonpathogenic strains, such as M. bovis (16). In particular, Mtb contains the
RD1 (ESX-1) locus, which is required for the full virulence of Mtb. RD-1 encodes for
secretion of the prominent antigens, early secretory protein 6 (ESAT-6) and culture
filtrate protein 10 (CFP-10), and translocates into the cytosol of infected macrophages
from the phagosome (17, 18).

Mtb is transmitted from person to person by aerosolized droplet nuclei (19). An
individual with active TB disease can effortlessly infect other individuals by simply
coughing, sneezing or speaking. The infectious bacilli are exhaled into the atmosphere
and can remain airborne from hours to ten weeks. As little as a single bacilli can cause
Mtb infection (20). Once Mtb droplet nuclei enter the airways of an Mtb uninfected
individual, it can infect the alveolar macrophages in the lung, which may lead to
development of causing pulmonary TB. Other forms of Mtb infection include
disseminated TB, such as miliary TB, lymph node TB and TB meningitis, which affect
sites of the body outside of the lung (21).

After inhalation, aerosolized Mtb enters the lungs and are phagocytosed by

alveolar macrophages. Mtb interacts with phagocytic receptors on the surface of the
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macrophage in order to enter the cell. Once in the cell, components of the Mtb cell wall
prevent killing by the macrophage via inhibition of fusion of the phagosome and
lysosome. Once Mtb has evaded the innate immune defenses, it replicates in alveolar
macrophages and then spreads to tissues via the lymphatic system, activating the
adaptive immune response, which asymptomatically controls the infection in

approximately 90% on Mtb-infected individuals (16).



16

Diagnostics

Infection with Mtb can result in latent infection or development of active TB
disease. There are multiple tests to determine Mtb infection; however, few can
differentiate between LTBI and active TB disease. A common method used worldwide to
test for Mtb infection is the Mantoux test, better known as the tuberculin skin test
(TST). TST utilizes the intradermal administration of purified protein derivative (PPD),
which is sterilized Mtb culture filtrate proteins, to measure a delayed hypersensitivity
reaction within 48 — 72 hours. However, an individual that has been vaccinated with
BCG may yield a false positive due to induction of cross-reactive anti-mycobacterial
immune responses induced by live BCG vaccine; moreover, TSTs require at least two
patient visits for injection of PPD and subsequent reading of induration. In recent years,
new diagnostic test for Mtb have been developed utilizing whole blood, known as
interferon-gamma (IFN-y) release assays (IGRA) (22).

Currently, the two U.S. Food and Drug Administration (FDA)-approved and
commercially available IGRAs are QuantiFERON®-TB test (QFT) and T-SPOT®.TB
test (T-Spot). IGRAs measure IFN-y production in whole blood or PBMC, supply a result
within 24 hours and only require one patient visit. More importantly, IGRAs measure
IFN-y production in response to the Mtb-specific immunodominant antigens CFP-10
and ESAT-6, which are not present in BCG, and thus eliminating false positive results
from individuals who are BCG-vaccinated but not infected with Mtb. QFT is an enzyme-
linked immunosorbent assay (ELISA), whereas T-Spot is an enzyme-linked immunospot
(ELISPOT)-based assay. Although both tests are highly effective in detecting Mtb

infection, neither test is able to differentiate between LTBI and active TB disease.
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In addition to a positive TST or IGRA, active TB disease can be confirmed via
sputum smear microscopy, cultures, and chest x-rays or CT scans. Sputum smears are
fixed and stained with an acid-fast stain to determine the presence of Mtb. Sputum
smear microscopy is the most common method used for diagnosis of active TB disease
(23, 24). Following smear microscopy, solid and/or liquid cultures can be performed to
confirm the presence of live, replicating Mtb. Smears can often result in false positive
results, since live and dead bacteria are not distinguished, and cultures can take up to 21
days or longer due to the slow-growing nature of Mtb. Chest x-rays or CT scans can
visually depict granuloma formation, which displays as white spots.

More recently, one of the newest molecular systems to detect active TB is the
GeneXpert MTB/RIF (Xpert) assay, which can simultaneously determine rifampin drug
resistance (25). GeneXpert utilizes a sputum sample for real-time PCR to amplify the
Mtb gene rpoB and can provide results within two hours. A next-generation Xpert assay
has been released, Xpert Ultra, which provides superior sensitivity in detecting TB

disease in patients with paucibacillary TB and in HIV-infected TB patients (26).
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Spectrum of Mycobacterium tuberculosis infection

Mtb infection is characterized by the formation of cellular structures known as
granulomas (27). Ninety percent of individuals with Mtb infection present no symptoms
of infection and are considered to have latent tuberculosis infection (LTBI) (3). LTBI is
not infectious and is characterized by the successful formation of granulomas. The
remaining 5-10% of individuals infected with Mtb that exhibit symptoms such as
fatigue, loss of appetite, coughing, chills, fever, weight loss, chest pain, hemoptysis, or
night sweats are considered to have active TB disease (28). Pulmonary TB disease is
infectious and characterized by failed immune cell aggregation to ‘wall off” the infection
(28), yielding to the spread of bacteria from person to person and a weakened immune
system.

Though LTBI is commonly described in individuals whom present immunological
responses to Mtb but manifest no clinical symptoms and TB disease associated with the
presence of clinical symptoms, the spectrum of Mtb infection is far more complex. A
host of scenarios can define an individual as latently infected, ranging from inactive Mtb
contained in a granuloma to actively replicating Mtb but no clinical manifestations (29,
30). Incipient and subclinical TB lie in the gray areas between LTBI active TB. Incipient
TB is described as an early stage of Mtb containment manifesting no clinical symptoms.
Further along the spectrum, an individual is considered to have subclinical TB when
they have actively replicating bacteria but present no clinical symptoms (Figure 4) (30,
31). Overall, stages of Mtb infection before development of active TB disease are

commonly accepted to have some aspect of granuloma formation (29).
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Granulomas are cellular structures that control Mtb infection by surrounding the
bacteria with innate and adaptive immune cells preventing the spread from person to
person (27). Necrotizing or caseous granulomas occur in most cases of LTBI and active
TB. These granulomas consist of various innate and adaptive immune cells, including B
cells, neutrophils, CD4 and CD8 T cells, fibroblasts, and macrophages. In the center of
the immune cells lie free floating bacteria and infected macrophages. Fibrotic
granulomas are mostly identified in individuals with LTBI, majorly consisting of
fibroblasts and a few infected macrophages. Dissimilar, non-necrotizing or non-caseous
granulomas are majorly comprised of macrophages and a few lymphocytes. In addition,
these granulomas do not have a caseous center and are customarily seen in individuals
active TB disease (32).

Other forms of extrapulmonary TB include miliary TB and TB meningitis. Miliary
TB occurs when Mtb infects the bloodstream, affecting multiple organs simultaneously
(33). TB meningitis manifests when Mtb infects the central nervous system instead of
the lung (34). Both miliary TB and TB meningitis are active forms of TB that have high
morbidity and mortality rates if not treated early. Further, an individual with LTBI can
develop reactivation TB disease. Longitudinal epidemiological studies indicate that TB

disease predominately occurs within a few months to two years after Mtb infection (35).
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Vaccines and Treatment

The Bacille Calmette-Guerin (BCG) vaccine, which is a preventative vaccine, is
the only licensed vaccine against TB. Administration of BCG varies depending on
geographic location. The BCG vaccine is not commonly used in the United States,
however, in high TB burden countries, this vaccine is ordinarily administered to infants
as a preventative mode against disseminated Mitb infection. The BCG vaccine is a live,
attenuated vaccine formulated from M. bovis, in which the virulent RD-1 locus has been
deleted (36). It has been proven effective for the prevention of disseminated TB in
infants, however results remains less effective against pulmonary TB disease in adults
(37, 38).

Over the years, there has not been another vaccine licensed for prevention of Mtb
infection or TB disease. However other vaccine candidates have provided insight to
different immune correlates and a few are currently being developed and tested, with
clinical trials completed on over a dozen novel TB vaccine candidates. Recombinant
BCG vaccine candidates and live-attenuated BCG are currently being tested as a possible
replacement for the current BCG vaccine given to infants at birth (39). The other TB
vaccine candidates target adolescent and adult populations, which according to
mathematical modeling reported by Harris et al are the target population to achieve the
goals of the WHO End TB Strategy, potentially preventing 17 million TB cases over 10
years (40). These candidates utilize a host of approaches ranging from protein and
adjuvant combinations to attenuated strains of BCG and Mtb to recombinant viral

vector subunit vaccines. In addition, one of the recombinant BCG vaccine candidates,
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VPM1002, is being evaluated as a therapeutic vaccine to prevent recurrence of disease in
adults who have previously been treated for pulmonary TB (39).

Treatment of Mtb also varies depending on disease state and geographic location.
Within the United States, treatment of LTBI with antibiotics is recommended in order to
keep TB disease controlled. However, in high TB burden countries, due to the high
probability of reinfection, individuals with LTBI usually remain untreated and are
considered healthy unless immunocompromised (41). Worldwide, individuals with
latent and active TB disease are currently treated with antibiotics.

Latently infected individuals are treated with the antibiotics isoniazid (INH),
rifapentine (RPT), rifampin (RIF), or a combination. Treatment is generally for three to
9 months. However, the recommended treatment from the Center for Disease Control
and Prevention (CDC) is a weekly dosage of INH and RPT for 12 weeks (42). Similarly,
active TB disease is treated with the antibiotics, however, for a longer period of time —
six to nine months, and with a combination of antibiotics. There are multiple antibiotics
approved for the treatment of active TB disease, however the four predominantly used
drugs in combination are isoniazid (INH), rifampin (RIF), ethambutol (EMB), and
pyrazinamide (PZA). Typically, all 4 antibiotics are given together for the first two
months as an intensive treatment phase, followed by 4 months of INH and RIF in the
continuation phase (3, 43).

It is particularly imperative to monitor TB treatment vigilantly in order to
maintain antibiotic effectiveness. Incomplete antibiotic regimens, inappropriate dosage
and time, as well as recurrent treatments can lead to drug resistant TB, which has
become increasingly problematic. An Mtb strain that is resistant to one or more of the

first-line anti-TB drugs is known as drug-resistant TB. Mtb strains resistant to INH,
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RIF, and an additional anti-TB drug is known as multidrug-resistant TB (MDR-TB).
Worse, Mtb strains resistant to INH, RIF, any fluoroquinolone, and one of the second-
line drugs (amikacin, kanamycin, or capreomycin) is known as extensively drug-
resistant TB (XDR-TB) (3, 43).

There currently lies a challenge to the treatment of Mtb-infected individuals due
to the lack of compliance of completing a prescribed TB regimen in combination with
the lack of a cure. In order to fulfill the goals that have been set by the WHO’s ‘End TB
strategy’, a more effective vaccine targeting pulmonary TB in adolescents and adults is

needed (44).
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The Immune Response

The immune system is the mechanism of defense for a host against the outside
world. It is comprised of a network of cells and small molecules capable of recognizing
and responding to invasion, such as pathogenic organisms or altered self antigens. The
immune system constantly surveys the host searching for foreign entities. Recognition
of non-self antigens initiates an immune response, leading to elimination of the foreign
agent. The immune system is divided into two main branches, the innate and adaptive
immune systems, that cover a spectrum of possible dangers (Figure 5).

The initial responses of the immune system constitute the innate immune
response. Innate immunity is considered nonspecific and functions in creating
physiological and anatomical barriers that protect the host in response to any perceived
threat. The innate system responds rapidly after an invading pathogen is encountered
(45). In this event, an inflammatory response is initiated that causes vasodilation and
increased vascular permeability to allow for the recruitment of non-specific phagocytic
cells, such as monocytes, macrophages and neutrophils. The next line of defense is the
adaptive immune response which is responsible for antigen specificity. The adaptive
immune response recognizes and responds to specific foreign entities. It has the ability
to distinguish self from non-self as well as immunological memory, which yields a
robust response to antigens previously encountered. Cells involved in adaptive

immunity include T cells, B cells and antigen presenting cells (APCs) (45).
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The Immune Response to Mtb

Protection against Mtb infection is comprised of both the innate and adaptive
immune responses (46). Once Mtb enters the airways, an immune response is initiated
via toll-like receptors, most commonly toll-like receptor 2 (TLR-2) and toll-like receptor
4 (TLR-4) which recognize mycobacterial ligands and has been associated with
apoptosis induction. TLR-2 and TLR-4 mediate a downstream signal via MyD88 for
production of pro-inflammatory cytokines such as interlukin-12 (IL-12), interlukin-1-
beta (IL-1B), tumor necrosis factor alpha (TNF- a), and interlukin-6 (IL-6) (47), which
induce recruitment of the first responders of the immune system, neutrophils, and
additional macrophages. After responding to the site of infection, ninety percent of Mtb
infected individuals have successful granuloma formation (3), which is aided by
direction of cytokines (48).

Macrophages, dendritic cells, myeloid cells and NK cells play important roles in
controlling TB infection. However, Mtb-specific CD4 and CD8 T cells play critical roles
in limiting Mtb bacterial growth and reducing progression to active disease via
activating macrophages and cultivating granuloma formation (46, 49). CD4 T helper 1
(Th-1) cytokines IFN-y and TNF-a, and IL-2 are required for these processes (50-55). In
mice, studies have shown that CD4 T cell depletion yields increased susceptibility to Mtb
infection (56-58). In addition, CD4 T cell depletion in non-human primates with LTBI
resulted in reactivation to active TB (59, 60). CD8 T cells also play critical roles in the
containment of Mtb via their cytolytic activity and production of cytotoxic molecules
(61-63). Chen et al demonstrated the important role of CD8 T cells in BCG-vaccinated

rhesus macaques. Depletion of CD8 T cells in these animals led to decreased vaccine
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induced immunity as well as a loss of anti-tuberculosis immunity after reinfection with
Mtb (64). Furthermore, studies have been shown that vaccine candidates that enhance
CD8 T cell responses, in addition to CD4 T cell responses, provide more adequate

protection against Mtb (65, 66).
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The Immune Response to Mtb/HIV Co-infection

With treatment and uncompromised immunity, especially CD4 T cells, Mtb
infection can result in satisfactory outcomes. However, a simultaneous Mtb and HIV
infection, the single greatest risk factor for reactivation of LTBI, often results in
progression to TB disease (3). HIV-infected individuals have an increased risk of
developing TB disease within the first year of HIV infection and this risk continues to
increase as HIV depletes CD4 T cells (67). While the introduction of antiretroviral
therapy (ART) has greatly decreased the incidence of TB disease, the risk of TB disease
still remains higher in HIV-infected individuals compared with those that are not
infected with HIV (11, 68).

Aside from the various immunological effects of Mtb-HIV co-infection, simply
diagnosing Mtb within HIV infected individuals is challenging in itself. HIV-infected
individuals often have difficulty producing sputum for sputum-based diagnostic tests. In
addition, individuals with Mtb-HIV co-infection frequently have paucibacillary disease
or disseminated disease and may present false negative results on sputum testing (69).

In addition to diagnostic challenges, HIV infection induces immune suppression
and depletion of CD4 T cells, which are critical for protection against Mtb (70-72). In
addition to CD4 T cell depletion, HIV impairs cytokine production, the induction of
apoptosis and phagosome-lysozyme fusion in macrophages (73, 74). Cytokine-
producing Mtb-specific T cells have been detected in HIV-infected individuals, these
cells are dysfunctional, including impaired proliferative capacity and induced CD4 T cell
death (775). Preferential infection of CD4 T cells by HIV and rapid depletion of Mtb-

specific CD4 T cells within one year of HIV seroconversion have been reported (76, 77).
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In addition, in the setting of chronic viral infections such as HIV, T cells can become
dysfunctional. These dysfunctional cells overexpress inhibitory receptors, downregulate
pro-inflammatory cytokines, have altered T cell receptors, and express different genes
and transcription factors than effector T cells (78).

Furthermore, HIV interrupts the formation and integrity of granulomas that
contain Mtb in individuals with latent infection (779). Diedrich et al reports an
association between higher bacterial load and lower CD4 T cell count with poor
granuloma formation (80, 81), yielding a correlation between granuloma integrity and
absolute CD4 T cell count (Figure 6). As HIV depletes CD4 T cells, macrophage
activation and differentiation are diminished along with the presence of epithelial cells
that surround the bacilli, leading to increased neutrophil infiltration, necrosis, and
higher bacillary load (69, 80, 81). Further, Mtb-HIV infection leads to higher bacterial
loads in the tissues, which in turn enhances HIV replication. Therefore, a better
understanding of the immunological mechanisms that are modulated in Mtb-HIV
infection is required to develop strategies that augment immune control of Mtb in HIV-

infected individuals (69).
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Thesis Overview

The work described in this dissertation assesses the effect of HIV on antigen-
specific T cell responses across a spectrum of Mtb infection states, including IGRA-
negative individuals, IGRA-positive individuals with LTBI, and patients with pulmonary
TB disease. To do so, we conducted analysis of antigen-specific CD4 T cells utilizing
peripheral blood mononuclear (PBMC) samples collected from individuals residing in
high TB and HIV burden settings in South Africa and Kenya. In addition, studies were
completed to assess the effect of HIV on the Mtb-specific CD4 T cells activation induced
marker profile within IGRA-negative individuals and individuals with LTBI, with and
without HIV infection. Furthermore, we analyzed the effect of HIV infection on cytokine
production profiles within IGRA-negative individuals and individuals with LTBI, with
and without HIV infection. Overall, we defined phenotypic and function profiles of Mtb-
specific T cells that are associated with HIV infection, across a spectrum of Mtb
infection states. These findings contribute to a better understanding of HIV-associated
perturbations of T cell immunity to Mtb infection and open up new avenues of research
in developing immunotherapeutic interventions to enhance T cell-mediated immune

control of Mtb infection in HIV-infected individuals.
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Figure 3. Estimated HIV prevalence in new and relapse TB cases in 2017 (3).
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Figure 4. Spectrum of Mtb infection and TB disease (30).
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Abstract

Nearly a quarter of the global population is infected with Mycobacterium
tuberculosis (Mtb), with 10 million people developing active tuberculosis (TB) annually.
Co-infection with HIV has long been recognized as a significant risk factor for
progression to TB disease, yet the mechanisms whereby HIV impairs T cell-mediated
control of Mtb infection remain poorly defined. We hypothesized that HIV infection may
promote upregulation of inhibitory receptors on Mtb-specific CD4 T cells, a mechanism
that has been associated with antigen-specific T cell dysfunction in chronic infections.
Using cohorts of HIV-infected and HIV-uninfected individuals with latent Mtb infection
(LTBI) and with active TB disease, we stimulated peripheral blood mononuclear cells
(PBMC) for 6 hours with Mtb peptide pools and evaluated co-expression profiles of the
inhibitory receptors BTLA, CTLA-4, and PD-1 on IFN-y+*/TNF-a+ Mtb-specific CD4 T
cells. Mtb-specific CD4 T cells in all participant groups expressed predominately either
one or no inhibitory receptors, unlike cytomegalovirus- and HIV-specific CD4 T cells
circulating in the same individuals, which were predominately CTLA-4+*PD-1+. There
were no significant differences in inhibitory receptor expression profiles of Mtb-specific
CD4 T cells between HIV-uninfected and HIV-infected individuals with LTBI.
Surprisingly, BTLA expression, both alone and in combination with CTLA-4 and PD-1,
was markedly downregulated on Mtb-specific CD4 T cells in HIV-infected individuals
with active TB. Together, these data provide novel evidence that the majority of Mtb-
specific CD4 T cells do not co-express multiple inhibitory receptors, regardless of HIV
infection status; moreover, they highlight a previously unrecognized role of BTLA

expression on Mtb-specific CD4 T cells that could be further explored as a potential
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biomarker of Mtb infection status, particularly in people living with HIV, the population

at greatest risk for development of active TB disease.
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Introduction

Mycobacterium tuberculosis (Mtb) is the infectious agent that causes
tuberculosis (TB) disease (3). TB is the leading cause of death due to a single infectious
agent and has remained one of the top 10 causes of death worldwide for decades (3). In
2017, 10 million new cases of TB disease were reported, resulting in 1.6 million deaths
(3). An estimated 1.7 billion people, representing nearly a quarter of the world’s
population, are latently infected with Mtb and therefore at risk for developing active TB
disease (82). Although the precise immune correlates of protection against TB have not
been defined, co-infection with human immunodeficiency virus (HIV) is the single
greatest risk factor for reactivation from latent Mtb infection (LTBI) to active TB disease
(3, 83). Worldwide, approximately 9% of new reported TB cases occur in people living
with HIV, of which 72% live in Africa (3).

Infection with HIV induces immune suppression and depletion of CD4 T cells,
which play a critical role in limiting Mtb bacterial growth and reducing progression to
active TB disease (49). Mtb-specific CD4 T cells in HIV-infected individuals exhibit
elements of immune dysfunction, including impaired proliferative capacity, heightened
immune activation and cell death (75), and intermediate differentiated effector memory
profiles (51). IL-2 producing Mtb-specific CD4 T cells have been inversely correlated
with HIV viral load in individuals with LTBI (51), and decreased frequencies of cytokine-
producing Mtb-specific CD4 T cell subsets in HIV-infected individuals (75, 84-87).
Other studies have demonstrated that Mtb-specific CD4 T cells are depleted early after
HIV seroconversion (77) and that Mtb-specific CD4 T cells may be preferentially

infected by HIV (76). Although HIV co-infection clearly disrupts protective immunity to
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Mtb, the precise mechanisms whereby HIV impairs Mtb-specific T cell immunity and
accelerates progression to TB disease have not been fully elucidated.

Ag-specific T cell dysfunction is a well described feature of chronic infections,
including HIV, with upregulation of negative regulatory receptors on Ag-specific T cells
described as one mechanism contributing to inhibition of T cell activation and effector
functions such as cytokine production, cytotoxicity and proliferation (88). In mice with
chronic lymphocytic choriomeningitis virus (LCMV) infection, transcriptional profiling
of dysfunctional or ‘exhausted’ LCMV-specific CD8 T cells identified inhibitory
receptors with sustained expression at high levels on dysfunctional T cells, including
PD-1, CTLA-4, 2B4, CD160, and LAG-3 (78, 89). While T cell dysfunction in chronic
infections was initially described in Ag-specific CD8 T cells, Ag-specific CD4 T cells also
exhibit functional impairment and high expression of inhibitory receptors in the setting
of persistent Ag stimulation (90). Similar to CD8 T cells, Ag-specific CD4 T cell in
chronic infections express high levels of PD-1 and CTLA-4, as well as Band T
lymphocyte attenuator (BTLA), which is upregulated on Ag-specific CD4 T cells but not
Ag-specific CD8 T cells in chronic infection (91, 92). Moreover, co-expression of
multiple inhibitory receptors is associated with greater severity of Ag-specific T cell
dysfunction (91), thus providing evidence of the additive and detrimental effect of co-
expression of multiple inhibitory receptors on Ag-specific T cell function.

T cell dysfunction associated with increased expression of inhibitory receptors
has been well described in chronic HIV infection (93), and expression of inhibitory
receptors, including PD-1 and CTLA-4, on HIV-specific T cells correlates with viral load
and absolute CD4 T cell count (94, 95), important parameters of HIV disease

progression. Moreover, HIV-specific CD4 T cells co-express combinations of PD-1,



41

CTLA-4 and LAG-3 (95-97), which correlates with viral load and decreases after
suppression of HIV viremia by antiretroviral therapy (96). Blockade of PD-1 and CTLA-
4 signaling in HIV-specific CD4 T cells enhances cytokine production and proliferation
(94, 95, 97, 98), thus providing further evidence of the relationship between inhibitory
receptor expression and HIV-specific CD4 T cell dysfunction. Although systemic
immune activation and upregulation of inhibitory receptors on HIV-specific CD4 T cells
are well-described in HIV-infected individuals, it is currently unclear whether HIV
infection is also associated with increased expression of inhibitory receptors on CD4 T
cells specific for other co-infections, such as Mtb, which may subsequently impair T cell-
mediated control of infection.

Given that HIV infection is associated with upregulation of inhibitory receptors
on CD4 T cells, and that the risk of developing active TB disease is more than 20-fold
higher in HIV-infected individuals, compared with HIV-uninfected individuals (3, 83),
we sought to determine if inhibitory receptors are upregulated on Mtb-specific CD4 T
cells in individuals co-infected with Mtb and HIV, which may ultimately contribute to
impairment of Mtb-specific CD4 T cell functional capacity and progression to active TB
disease. Using cohorts of HIV-infected and HIV-uninfected individuals with LTBI and
active TB in South Africa and Kenya, two high TB burden countries (3), we conducted a
thorough examination of inhibitory receptor expression on Ag-specific CD4 T cells. We
evaluated expression patterns of BTLA, CTLA-4, and PD-1, three inhibitory receptors on
T cells that are members of the immunoglobuin (Ig) superfamily and have reported to
be upregulated on Ag-specific CD4 T cells in chronic infections (92, 95-97).

Furthermore, we compared inhibitory receptor expression profiles of Mtb-specific CD4
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T cells to that of human cytomegalovirus (HCMV)- and HIV-specific CD4 T cells within

the same individual.
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Materials and Methods

Study participants and sample collection: Blood samples were collected from
individuals >18 years of age living in Western Kenya and in the Western Cape province
of South Africa. Study participants included HIV-uninfected and HIV-infected adults
with latent Mtb infection (LTBI) or active TB disease (75, 99). Individuals with LTBI
included in the study had a positive QuantiFERON-TB Gold (QFT) test result and no
previous history of active TB; LTBI participants were asymptomatic for TB, with no
cough, weight loss, night sweats, or fever. Participants with active TB disease were acid-
fast bacilli (AFB) sputum smear-positive or Xpert MTB/RIF assay-positive, with
pulmonary TB disease confirmed by a positive mycobacterial sputum culture. Blood was
collected from patients with TB disease within the first 7 days of starting the standard 6-
month course of TB treatment. Serologic testing for HIV antibodies was done for all
individuals using the Alere Determine HIV-1/2 Ag/Ab Combo test. Plasma HIV viral
load and CD4 T cell counts were measured for HIV-infected individuals; viral load
results were not available from three HIV-infected participants with active TB. All HIV-
infected individuals with LTBI had >200 CD4 T cells/ul. With the exception of 4
individuals with active TB disease, all HIV-infected participants were antiretroviral
therapy-naive at the time of analysis. Blood samples from all participants were collected
in sodium heparin tubes for isolation of peripheral blood mononuclear cells (PBMC) for

analysis of Ag-specific CD4 T cells, as described below.

Ethics statement. This study was conducted in accordance with the principles expressed

in the Declaration of Helsinki. All subjects provided written informed consent for
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participation in the study, which was approved by the Human Research Ethics
Committee at the University of Cape Town, the Western Cape Province Department of
Health, the Kenya Medical Research Institute Scientific and Ethics Review Unit, and the

Emory University Institutional Review Board.

PBMC isolation and antigen stimulation: Within 4 hours of blood collection, PBMC
were isolated from heparinized whole blood via density gradient centrifugation using
Ficoll-Hypaque (Sigma-Aldrich) and then cryopreserved and stored in LN until use.
Cryopreserved PBMC were thawed in a 37°C water bath and immediately added to
RPMI 1640 (Cellgro) containing deoxyribonuclease I (DNase, 10 pg/ml, Sigma-Aldrich).
Cells were centrifuged at 2,000 RPM for 5 minutes at 25°C, resuspended in RPMI, and
centrifuged again under the same conditions. Cells were suspended in R10 media (RPMI
1640 supplemented with 10% heat-inactivated fetal calf serum [FCS], 100 U/ml
penicillin, 100 pg/ml streptomycin, and 2 mM L-glutamine) and rested for a minimum
of 4 hours 37°C and 5% CO.. After resting, cells were stimulated with the following
antigens: pooled, overlapping 15-mer peptides corresponding to the sequences of CFP-
10 (22 peptides, 1 ug/ml/peptide), ESAT-6 (21 peptides, 1 ug/ml/peptide), and human
CMV (HCMV) pp65 (138 peptides, 1 ug/ml/peptide). Pooled, overlapping 15-mer
peptides comprising HIV-1 consensus A Gag (122 peptides, 1 ug/ml/peptide) and HIV-1
consensus C Gag (121 peptides, 1 ug/ml/peptide) were used to stimulate PBMC from
Kenyan and South African HIV-infected individuals, respectively. The CFP-10 and
ESAT-6 peptide pools were obtained through BEI Resources, NIAID, NIH (catalog
numbers NR-50712 and NR-50711, respectively). The HCMV pp65 peptide pool was

obtained from the National Institutes of Health AIDS Reagent Program, Division of
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AIDS, NIAID, NIH (100-102). The HIV Gag peptide pools were obtained through the
NIH AIDS Reagent Program, Division of AIDS, NIAID, NIH: HIV-1 Subtype C (DU422)
Gag Peptide Set and HIV-1 Consensus A Gag Peptides — Complete Set. PBMC were
stimulated with staphylococcal enterotoxin B (SEB; 1 ug/ml; Sigma-Aldrich) as a
positive control. PBMC incubated with no Ag were used as a negative control. Brefeldin
A (10 pg/ml; Sigma-Aldrich) was added after a 1-hour incubation at 37°C and the

incubation continued for an additional 5 hours at 37°C.

Antibodies and intracellular cytokine staining (ICS) assay: Stimulated cells were
washed with PBS and stained for 20 minutes at room temperature with Zombie NIR™
Fixable Viability Dye (BioLegend). Cells were surface stained for 30 minutes at room
temperature with anti-CD3 Brilliant Violet 711 (UCHT1; BD Horizon), anti-CD4 Brilliant
Violet 570 (RPA-T4; BioLegend), anti-CD8 PerCP-Cys.5 (SK1; BioLegend), anti-PD-1 PE
(EH12.2H7; BioLegend), and anti-BTLA APC (MIH26; BioLegend). Cells were washed
with PBS containing 1% FCS and fixed with FACS Lysing Solution (BD Biosciences),
then washed with Perm/Wash Buffer (BD Biosciences). Cells were stained
intracellularly for 30 minutes at room temperature with anti-IFN-y FITC (B27; BD
Pharmingen), anti-TNF-a Brilliant Violet 421 (Mab11; BioLegend), and anti-CD152 PE-
CF594 (BNI3; BD Horizon), washed with Perm/Wash Buffer (BD Biosciences) and

suspended in PBS prior to acquisition.

Flow cytometry and data analysis: Cells were acquired on a BD LSRII flow cytometer
with BD FACSDiva software (v8.0) and analyzed using FlowJo software (v9.7.6; Tree

Star). Compensation was calculated using single-stained anti-mouse Ig,k beads (BD
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Biosciences). Doublet cell populations were excluded by plotting forward scatter area
versus forward scatter height. Viable lymphocytes were defined as Zombie NearIR-low
cells. Combinations of cytokine-producing cells were determined using Boolean gating
in FlowJo. The flow cytometry gating strategy is indicated in Figure S1in

Supplementary Material.

Data analysis and statistics: Only individuals with a positive response to a given Ag
were included in the phenotypic analyses of Ag-specific CD4 T cells. CD4 T cells
producing TNF-a and/or IFN-y were used to determine Ag-specific responses via the
Bayesian mathematical model, MIMOSA (Mixture Models for Single Cell Assays) (103)
to account for cell counts and background cytokine secretion. TNF-a- and IFN-y-
producing CD4 T cells with a positive response rate >75% and a false discover rate
(fdr/q-value) <3% were considered positive responses. R programming software was
used to perform statistical analyses of frequencies and phenotype of Ag-specific CD4 T
cells (104). Differences between two groups were evaluated using a non-parametric
Mann-Whitney test. Differences between three or more groups were first evaluated
using a non-parametric Kruskal-Wallis test, with p-values adjusted for multiple
comparisons using Dunn’s post-test. P-values of less than 0.05 was considered to be

statistically significant.
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Results

Study participants.

Blood samples were collected from 32 HIV-uninfected and 22 HIV-infected participants
with LTBI, and from 37 HIV-uninfected and 19 HIV-infected participants with
pulmonary TB disease enrolled in Western Kenya and in the Western Cape Province of
South Africa (Table 1). The median CD4 T cell count of HIV-infected participants with
LTBI was 562 cells/ul; the median viral load was 11,710 HIV RNA copies/ml plasma.
The median CD4 T cell count of HIV-infected participants with active TB disease was

420 cells/ul; the median viral load was 6,350 HIV RNA copies/ml plasma.

Frequencies of Mtb-specific CD4 T cells producing IFN-y and/or TNF-a are
similar in HIV-infected and HIV-uninfected individuals.

Infection with HIV is associated with CD4 T cell depletion and dysfunction. To
further characterize the effect of HIV infection on the frequency of Mtb-specific CD4 T
cells, we used a flow cytometry-based ICS assay to measure Ag-specific CD4 T cell
responses in HIV-infected and HIV-uninfected individuals with LTBI and with active TB
disease. PBMCs were stimulated for 6 hours with the immunodominant Mtb Ags CFP-10
and ESAT-6 and viral Ags (HCMYV pp65 and HIV Gag peptide pools); Ag-specific CD4 T
cells were identified by production of IFN-y and TNF-a (Figure 1A). No significant
differences in the frequency of CFP-10/ESAT-6-specific CD4 T cells producing IFN-y

and/or TNF-a were observed between HIV-uninfected and HIV-infected individuals
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with LTBI (Figure 1B, C) or active TB disease (Figure 1D, E). The frequencies of CD4 T
cells producing IFN-y and/or TNF-a following stimulation with HCMV pp65 and SEB
were also similar between HIV-infected and HIV-uninfected individuals with latent and
active TB (Figure S2 in Supplementary Material). These data indicate that circulating
CFP-10/ESAT-6-specific CD4 T cells with the capacity to produce the Th1 effector
cytokines IFN-y and TNF-a are not significantly depleted in HIV-infected individuals

with either LTBI or active TB, compared with HIV-uninfected individuals.

Active TB disease is associated with reduced inhibitory receptor co-
expression on total CD4 T cells

In addition to the frequency of cytokine-producing T cells, expression profiles of
multiple types of receptors are indicative of functional status of Ag-specific T cells.
Given that infection with HIV has been shown to lead to modulation of T cell phenotypic
profiles (105), we next determined the effect of HIV infection on the total CD4 T cell
expression profiles of BTLA, CTLA-4, and PD-1 in individuals with LTBI and with active
TB, using a Boolean gating strategy (Figure 2). In individuals with LTBI, the
predominant population consisted of CD4 T cells expressing BTLA alone, regardless of
HIV infection status (Figure 2A). In individuals with active TB, CD4 T cells
predominately express either BTLA alone or PD-1 alone (Figure 2B).
Although there were no significant differences in the frequency of CD4 T cell subsets
expressing each combination of BTLA, CTLA-4, and PD-1 between HIV-infected and
HIV-uninfected individuals (Figure 2A, B), we did observe significant differences in the

overall total number of inhibitory receptors expressed by CD4 T cells in individuals with
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LTBI and active TB (Figure 2C). Individuals with active TB had significantly lower
frequencies of CD4 T cells expressing either two or three inhibitory receptors, compared
with individuals with LTBI. The decrease in CD4 T cells expressing two or three
inhibitory receptors in individuals with active TB corresponded to a significant increase
in their proportion of CD4 T cells lacking co-expression of the three inhibitory receptors
measured (Figure 2C). Importantly, the expansion of CD4 T cells expressing no
inhibitory receptors in active TB, compared with LTBI, was evident in both HIV-infected
and HIV-uninfected individuals. Taken together, these data suggest that TB disease
status impacts CD4 T cell inhibitory receptor expression profiles and is associated with

expansion of circulating CD4 T cells that lack co-expression of BTLA, CTLA-4 and PD-1.

Mtb-specific CD4 T cell inhibitory receptor expression profiles are
modulated in HIV-infected individuals with active TB

Next, we sought to determine whether co-infection with HIV significantly
modifies inhibitory receptor expression profiles of Mtb-specific CD4 T cells. To do so,
we used our ICS assay to analyze expression of BTLA, CTLA-4, and PD-1 on CD4 T cells
producing IFN-y and/or TNF-a following stimulation with CFP-10 and ESAT-6 peptide
pools (Figure 3A, D). MIMOSA was used to define cytokine-positive Mtb-specific CD4 T
cell responses for further phenotypic analysis of BTLA, CTLA-4, and PD-1 expression
(103).

We first determined the total number of inhibitory receptors expressed by Mtb-
specific CD4 T cells in individuals with LTBI. In both groups of individuals with LTBI,

the majority of Mtb-specific CD4 T cells expressed either no inhibitory receptors or only
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one inhibitory receptor (Figure 3B). There were no significant differences in the
proportion of Mtb-specific CD4 T cells expressing three, two, one, or no inhibitory
receptors in HIV-infected individuals, compared with HIV-uninfected individuals with
LTBI (Figure 3B). Similar to individuals with LTBI, the majority of Mtb-specific CD4 T
cells in individuals with active TB disease expressed either no or only one inhibitory
receptor (Figure 3E). However, HIV-infected individuals with active TB disease had a
significantly lower proportion of Mtb-specific CD4 T cells co-expressing all three
inhibitory receptors, compared with HIV-uninfected patients with active TB.

We next evaluated the proportion of Mtb-specific CD4 T cells expressing each
combination of BTLA, CTLA-4, and PD-1. Among Mtb-specific CD4 T cells that
expressed between one and three inhibitory receptors, there was no single dominant
subset represented in either HIV-infected or HIV-uninfected individuals with LTBI;
moreover, there was no significant difference in the proportion of Mtb-specific CD4 T
cells expressing each combination of inhibitory receptors between HIV-infected and
HIV-uninfected individuals with LTBI (Figure 3C). By contrast, HIV infection of
individuals with active TB disease was associated with a significant decrease in three
subsets of Mtb-specific CD4 T cells, compared with HIV-uninfected individuals:
BTLA+*CTLA-4*PD-1*, BTLA*CTLA-4*PD-1", and BTLA+*CTLA-4"PD-1" cells (Figure 3F).
Together, these data indicate that Mtb-specific CD4 T cell inhibitory receptor expression
profiles are significantly modified in the setting of HIV co-infection with active TB, but

not LTBI.
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BTLA expression is downregulated on Mtb-specific CD4 T cells HIV-infected
individuals with active TB

A common feature of the three phenotypic subsets of Mtb-specific CD4 T cells
that are significantly decreased in HIV-infected individuals with active TB is expression
of BTLA, which has previously been reported to be downregulated on T cells in HIV-
infected individuals, compared with HIV-uninfected individuals (106). Therefore, we
next evaluated whether CD4 T cell expression of BTLA expression alone, independent of
PD-1 and CTLA-4 expression, was different between HIV-infected and HIV-uninfected
individuals (Figure 4A). We found that BTLA expression was downregulated on total
CD4 T cells from HIV-infected individuals with active TB, compared with HIV-
uninfected individuals with active TB and with HIV-infected individuals with LTBI
(Figure 4B). Although BTLA expression on Mtb-specific CD4 T cells was similar in HIV-
infected and HIV-uninfected individuals with LTBI (Figure 4C, D), it was significantly
downregulated on Mtb-specific CD4 T cells in HIV-infected individuals with active TB,
compared with HIV-uninfected individuals with active TB (Figure 4D). Furthermore,
BTLA expression on Mtb-specific CD4 T cells in HIV-infected individuals with active TB
was significantly lower than Mtb-specific CD4 T cells in HIV-infected individuals with
LTBI (Figure 4D). By contrast, evaluation of CTLA-4 alone and PD-1 alone did not
indicate any significant differences in expression levels on either total or Mtb-specific
CD4 T cells in HIV-infected and uninfected individuals with either LTBI or active TB
(Figure S3 in Supplementary Material). Together, these data provide further evidence
that HIV infection is associated with downregulation of BTLA expression on CD4 T

cells; moreover, they identify BTLA as a phenotypic marker on Mtb-specific CD4 T cells
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that is specifically downregulated in HIV-infected individuals with active TB disease, but
not LTBI.

To determine whether CD4 T cell expression of BTLA is associated with
parameters of HIV disease progression, we analyzed the relationship between CD4 T cell
BTLA expression and HIV viral load (Figure S4 in Supplementary Material) and
absolute CD4 T cell count in individuals with LTBI and with active TB (Figure S5 in
Supplementary Material). We found no significant correlation between HIV viral load
and the proportion of either total CD4 or Mtb-specific CD4 T cells expressing BTLA
(Figure S4 in Supplementary Material). Additionally, we found no significant correlation
between absolute CD4 T cell count and BTLA expression on either total CD4 or Mtb-
specific CD4 T cells (Figure S5 in Supplementary Material). These data indicate that
CD4 T cell downregulation of BTLA expression in HIV-infected individuals is not
directly related to HIV disease progression. Moreover, they suggest that marked
downregulation of BTLA expression on Mtb-specific CD4 T cells occurs particularly in

the setting of concurrent active TB disease and HIV infection.

Inhibitory receptor expression on Mtb-specific CD4 T cells differs from
HCMV- and HIV-specific CD4 T cells

Previous studies have indicated that expression of PD-1 and CTLA-4 is
upregulated on HIV-specific CD4 T cells (95), yet we did not find evidence that HIV co-
infection is associated with upregulation of PD-1 and CTLA-4 expression on Mtb-
specific CD4 T cells, compared with HIV-uninfected individuals. To further define

inhibitory receptor profiles of Mtb-specific CD4 T cells in the setting of HIV infection,
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we directly compared expression of BTLA, CTLA-4, and PD-1 on circulating Mtb-,
HCMV-, and HIV-specific CD4 T cells within the same individual (Figure 5A). HCMV-
and HIV-specific CD4 T cells predominately co-expressed CTLA-4 and PD-1 (Figure 5B).
By contrast, Mtb-specific CD4 T cells from the same individuals consistently exhibited
markedly lower proportions of CTLA-4*PD-1+ cells and PD-1 single-positive cells,
compared with virus-specific CD4 T cells in both HIV-infected and HIV-uninfected
individuals with LTBI and active TB (Figure 5B, D). A significantly higher proportion of
Mtb-specific CD4 T cells from all four participant groups were CTLA-4 single-positive,
compared with HCMV-specific CD4 T cells in the same individuals (Figure 5B, D). With
the exception of HIV-infected individuals with active TB disease, in who BTLA is
downregulated (Figure 4D), a significantly higher proportion of Mtb-specific CD4 T cells
were also BTLA single-positive, compared with HCMV- and HIV-specific CD4 T cells
(Figure 5B, D).

Since expression of multiple inhibitory receptors on HIV-specific CD4 T cells has
been associated with HIV disease progression (96), we also evaluated the proportion of
Mtb-, HCMV- and HIV-specific CD4 T cells expressing three, two, one, or no inhibitory
receptors in individuals with LTBI and active TB (Figure 5C, E). In all 4 participant
groups, the majority of Mtb-specific CD4 T cells expressed either no or one inhibitory
receptor, whereas the majority of HCMV- and HIV-specific CD4 T cells co-expressed
two inhibitory receptors (predominately CTLA-4 and PD-1). Overall, HCMV- and HIV-
specific CD4 T cells exhibit similar inhibitory receptor expression profiles, which differ

considerably from Mtb-specific CD4 T cells, regardless of HIV infection status (Figure

5).
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In addition to our analysis of inhibitory receptor co-expression profiles, we also
considered the differential expression of total BTLA, CTLA-4, and PD-1 on Mtb-,
HCMV- and HIV-specific T cells (Figure S6 in Supplementary Material). With the
exception of HIV-infected individuals with active TB disease, Mtb-specific CD4 T cells
from all groups expressed significantly higher levels of BTLA, compared to HCMV-
specific CD4 T cells. By contrast, HCMV- and HIV-specific CD4 T cells were consistently
characterized by significantly higher expression of PD-1, compared with Mtb-specific
CD4 T cells, regardless of Mtb or HIV infection status (Figure S6 in Supplementary
Material). Taken together, these data indicate that while virus-specific CD4 T cells co-
express high levels of CTLA-4 and PD-1, Mtb-specific CD4 T cells within the same
individuals do not upregulate expression of multiple inhibitory receptors

simultaneously.
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Discussion

A state of T cell dysfunction, including dampened effector functions, upregulated
inhibitory receptor expression and decreased proliferation has been described during
chronic infections (107), yet the relationship between HIV infection and the phenotype
and function of Mtb-specific CD4 T cell responses has not been fully elucidated. This
study was conducted to evaluate the effect of HIV on the concurrent expression of the Ig
superfamily T cell inhibitory receptors BTLA, CTLA-4, and PD-1 on total and Ag-specific
CD4 T cells from individuals with LTBI and active TB disease. We demonstrated that
active TB disease in both HIV-uninfected and HIV-infected individuals is associated
with reduced proportions of total CD4 T cells co-expressing three inhibitory receptors,
compared with LTBI. Surprisingly, we found no evidence of increased expression of
BTLA, CTLA-4, or PD-1, either alone or in combination, on Mtb-specific CD4 T cells in
HIV-infected individuals, compared with HIV-uninfected individuals. Moreover,
expression of BTLA was significantly lower on Mtb-specific CD4 T cells from HIV-
infected individuals with active TB, compared with the other three participant groups.
By directly comparing inhibitory receptor phenotypes of Mtb-, HCMV-, and HIV-
specific CD4 T cells circulating concurrently within the same individual, we provide
compelling evidence that, by contrast with virus-specific CD4 T cells, Mtb-specific CD4
do not co-express inhibitory receptors at high levels, regardless of HIV infection status.

Mtb-specific CD4 T cell production of the Th1 cytokines IFN-y and TNF-a is
important for activating macrophages and promoting formation of granulomas in the
lung for containment of Mtb (108). By stimulating whole blood with PPD, we have

previously found that HIV-infected individuals with LTBI had lower frequencies of Th1



56

cytokine-producing CD4 T cells than HIV-uninfected individuals with LTBI (75),
consistent with previous reports (76, 77). While PPD contains greater than 150 Ags (109,
110), in this study we used peptide pools spanning two immunodominant Ags to identify
Mtb-specific CD4 T cells. By focusing on CFP-10/ESAT-6-specific CD4 T cells, we found
similar frequencies of IFN-y and/or TNF-a-producing CD4 T cells in HIV-infected and
HIV-uninfected individuals with either LTBI or active TB disease, consistent with
previous studies (111-113). In addition to Ag specificity, another important consideration
in determining whether or not Mtb-specific CD4 T cells are depleted in HIV-infected
individuals is the number and type of cytokines measured. While production of Th1
cytokines, including IFN-y, TNF- a and IL-2 are commonly evaluated in studies of Ag-
specific CD4 T cells, we did not include IL-2 in this study to identify Mtb-specific CD4 T
cells for phenotypic analysis. IL-2 is important for T cell survival and is one of the first
cytokines that is lost by dysfunctional Ag-specific T cells in chronic infections (107). A
recent study of individuals with LTBI and active TB in Tanzania revealed that HIV
infection is associated with reduced proportions of Th2 and IL-2-producing Mtb-specific
CD4 T cells (87), thus highlighting the importance of evaluating multiple different
cytokines to more comprehensively evaluate the effect of HIV co-infection on Mtb-
specific T cell immune function. It is possible that future studies measuring CD4 T cells
specific for Ags other than CFP-10 and ESAT-6, and that include measurement of
additional cytokines, such as additional Th1 cytokines as well as Th2 and Th17
cytokines, may reveal additional information on the frequency and phenotype of Mtb-
specific CD4 T cells that differentiate HIV-infected and HIV-uninfected individuals.
Although we did not find evidence of preferential depletion of CFP-10/ESAT-6-

specific CD4 T cells in HIV-infected individuals, evaluation of phenotypic markers, such
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as the inhibitory receptors BTLA, CTLA-4, and PD-1, provide additional insight into the
functional nature of Ag-specific T cells. Multiple inhibitory receptors have been
implicated as key contributors to the loss of immune control in cancer and chronic viral
infections (93, 114), yet the role of inhibitory receptors immune control of Mtb is less
clear. Given that HIV-infected individuals are at substantially higher risk of developing
active TB, compared with HIV-uninfected individuals, we initially hypothesized that
inhibitory receptors may be upregulated on Mtb-specific CD4 T cells in HIV-infected
individuals, thus identifying a possible mechanism contributing to Mtb-specific CD4 T
cell dysfunction in HIV infection. We were specifically interested in determining
whether Mtb-specific CD4 T cells co-expressed multiple inhibitory receptors in HIV-
infected individuals, as concurrent expression of multiple inhibitory receptors on the
same Ag-specific T cell has been previously associated with greater T cell dysfunction
(91, 96). While previous studies have reported co-expression of up to three inhibitory
receptors on HIV-specific CD4 T cells (95-97), co-expression of multiple inhibitory
receptors has not been thoroughly investigated on Mtb-specific CD4 T cells. Contrary to
our initial hypothesis, we found that co-expression of all three inhibitory receptors was
significantly lower on Mtb-specific CD4 T cells in HIV-infected individuals with active
TB disease, compared with HIV-uninfected individuals with active TB. Interestingly,
HIV infection did not have a significant impact on inhibitory receptor expression
profiles of Mtb-specific CD4 T cells among individuals with LTBI. These data suggest
that the combination of active TB disease and HIV infection together modify the
phenotypic profiles of Mtb-specific CD4 T cells. However, it is important to note that we
defined Mtb-specific CD4 T cells as those cells producing IFN-y and/or TNF-a following

short-term peptide stimulation, and it is possible that other approaches to defining Mtb-
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specific T cells (i.e., different Ag specificity, different effector functions, or direct MHC
tetramer staining without peptide stimulation) may reveal differences in inhibitory
receptor expression by Mtb-specific T cells than we observed in this study. Furthermore,
increasing evidence indicates that age, sex, and genetics contribute significantly to
heterogeneity in immune response profiles in humans (115, 116), thus additional
differences in Mtb-specific T cell responses may emerge in studies utilizing cohorts from
diverse geographical regions.

Through Boolean analysis of BTLA, CTLA-4, and PD-1 expression on Mtb-specific
CD4 T cells, we identified three distinct BTLA-expressing subsets that are significantly
lower in HIV-infected active TB patients, compared with HIV-uninfected TB patients:
BTLA+*CTLA-4*PD-1*, BTLA*CTLA-4*PD-1", and BTLA+*CTLA-4"PD-1" cells. We found
that BTLA expression is downregulated on bulk CD4 T cells in HIV-uninfected and HIV-
infected individuals with active TB, a finding that is consistent with a previous report
that BTLA expression is progressively downregulated on CD4 and CD8 T cells in chronic
HIV infection (106). However, when evaluating Mtb-specific CD4 T cells, we found that
BTLA was markedly downregulated only in HIV-infected patients with active TB,
compared with all three other study groups. Thus, these data identify a novel phenotype
of Mtb-specific CD4 T cells that is particular to the dual combination of active TB and
HIV infection. The identification of potential biomarkers that can distinguish
individuals with latent and active TB is particularly important in the setting of HIV
infection, where HIV-infected individuals are less likely to have cavitary TB disease and
less likely to be smear-positive for Mtb, compared with HIV-uninfected individuals
(117), thus making microbiologically confirmed diagnosis of active TB disease

particularly challenging in people living with HIV. Larger prospective, longitudinal
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studies of HIV-infected individuals are warranted to determine whether downregulation
of BTLA expression on Mtb-specific CD4 T cells is a prognostic indicator of active TB
disease, or whether BTLA expression is downregulated only after exposure to high levels
of Mtb Ag in the context of HIV infection.

The role of BTLA expression in T cell-mediated immune control of Mtb infection
has not been investigated and requires further study. BTLA was defined as an inhibitory
receptor containing two immunoreceptor tyrosine-based inhibition motifs (ITIMs) in its
cytoplasmic tail that is functionally and structurally similar to CTLA-4 and PD-1 (118).
BTLA is expressed on multiple immune cell types and interacts with the costimulatory
molecule herpes virus entry mediator (HVEM) (119, 120), which is also widely expressed
on immune cells. Increasing evidence indicates bidirectional signaling occurs through
the interaction between BTLA and HVEM, with HVEM ligation of BTLA leading to
inhibitory signals through phosphorylation of ITIMs and recruitment of the tyrosine
phosphatases SHP1 and SHP2 (118, 121), and BTLA ligation of HVEM leading to
proinflammatory signals through activation of NF-«kB (122), thus providing a unique
opportunity for BLTA and HVEM engagement to balance resulting immune responses.
Studies in mice indicate that BTLA expression is necessary to prevent prolonged
inflammation in the lung (123) and that BTLA-deficient CD4 T cells have altered
expression of genes involved in effector function and memory differentiation, including
decreased expression of CD127, granzyme B, MIP-1a. and MIP-1pB (124). Moreover,
generation of protective memory Ag-specific CD8 T cell responses was significantly
impaired in vaccinia virus-infected mice deficient in either BTLA or HVEM (125). Taken
together, these data suggest co-signaling of BTLA and HVEM may regulate

inflammatory responses in tissues and may also be necessary for generation of long-
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lived Ag-specific memory T cell responses. Further studies are thus warranted to
determine whether lack of BTLA expression on Mtb-specific CD4 T cells in HIV-infected
individuals with active TB disease is associated with a sustained state of inflammation in
these individuals, and/or with impaired ability to generate robust Mtb-specific memory
CD4 T cell responses in HIV-infected individuals. Future studies are also necessary to
determine whether modulation of BTLA/HVEM co-signaling can fine tune the immune
response to Mtb to promote durable control of infection and prevent progression to TB
disease.

While we found compelling evidence that BTLA expression is downregulated on
Mtb-specific CD4 T cells in HIV-infected patients with active TB, we found no evidence
that CTLA-4 and PD-1 are upregulated in Mtb-specific CD4 T cells in HIV-infected
individuals, unlike previous studies that have reported upregulation of CTLA-4 and PD-
1 on HIV-specific CD4 T cells in HIV-infected individuals (126). To further substantiate
our Mtb-specific CD4 T cell inhibitory receptor profiles in the context of the literature
on inhibitory receptor profiles in HIV infection, we directly compared expression
profiles of BTLA, CTLA-4, and PD-1 on Mtb-, HIV-, and HCMV-specific CD4 T cells
within the same individual. Consistent with previous reports (95-97), HIV- and HCMV-
specific CD4 T cells co-express CTLA-4 and PD-1, in both groups of LTBI and active TB,
at significantly higher levels than Mtb-specific CD4 T cells. The direct comparison of
inhibitory receptor profiles across multiple Ag-specific CD4 T cells circulating in
peripheral blood provides compelling and novel evidence that the majority of Mtb-
specific CD4 T cells do not upregulate co-expression of multiple inhibitory receptors,

regardless of HIV infection status, and that Ag-specific CD4 T cells circulating in HIV-
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infected individuals display markedly different phenotypic profiles, depending on the Ag
specificity.

A limitation to our study was the use of overlapping peptide pools to stimulate
IFN-y and/or TNF-a production to identify Ag-specific CD4 T cells, which precludes our
ability to detect Mtb-specific cells that do not produce these cytokines and thus may
display different inhibitory receptor profiles than Ag-specific CD4 T cells that maintain
Th1 cytokine production capacity. Nonetheless, our findings are consistent with a
previous study using MHC class II tetramers bearing CFP-10 and ESAT-6 peptides,
which demonstrate low levels of PD-1 expression on tetramer+ Mtb-specific CD4 T cells
in HIV-infected and HIV-uninfected individuals with LTBI and with active TB (113). An
additional limitation was evaluation of inhibitory receptor expression on Mtb-specific
CD4 T cells circulating in peripheral blood, and not at the site of Mtb infection in the
lung. While analysis of lung-resident T cells is technically challenging in humans, a
recent study has evaluated expression of inhibitory receptors on T cells isolated from
granulomas of Mtb-infected macaques. Consistent with our findings in peripheral blood
of humans, expression of the inhibitory receptors CTLA-4, PD-1, and LAG-3 was very
low on T cells isolated from granulomas of Mtb-infected macaques and did not correlate
with Mtb bacterial load (127). Furthermore, while we evaluated expression of BTLA,
CTLA-4 and PD-1 in this study, there are additional inhibitory receptors, such as T cell
immunoglobulin and mucin domain-containing molecule 3 (TIM-3) and Lag-3, that
could be differentially expressed on Mtb-specific CD4 T cells in HIV-infected and HIV-
uninfected individuals. Interestingly, expression of TIM-3 on CD4 and CD8 T cells in
the lungs of Mtb-infected mice has been associated with T cell exhaustion (128),

whereas TIM-3 expression on CD4 and CD8 T cells in PBMCs from patients with active
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TB disease exhibited greater Th1 cytokine production capacity and cytotoxic molecule
production, compared with T cells lacking TIM-3 expression (129). These studies thus
highlight the variability in the functional significance of inhibitory receptor expression
in Mtb infection, which can differ depending on the particular inhibitory receptor, cell
populations evaluated, and the model system used. Future studies employing RNA
sequencing of Mtb-specific CD4 T will be necessary to more comprehensively define
CD4 T cell signatures of latent and active TB, and further define how co-infection with
HIV impairs protective T cell immunity to Mtb infection. An additional important
consideration in evaluating the effect of HIV co-infection on Mtb-specific T cell
immunity is HIV disease state. While the HIV-infected participants in our cohorts had
relatively preserved CD4 T cell counts, it is possible that more substantial differences in
inhibitory receptor expression on Mtb-specific CD4 T cells would be apparent in HIV-
infected individuals with CD4 T cell counts <200 cells/ul and more advanced HIV
disease.

In summary, by evaluating concurrent expression of the Ig superfamily inhibitory
receptors BTLA, CTLA-4, and PD-1, we determined that these inhibitory receptors are
not upregulated on Mtb-specific CD4 T cells in peripheral blood of HIV-infected
individuals, compared with HIV-uninfected individuals, in the context of either LTBI or
pulmonary TB disease. These data suggest that the increased risk of developing active
TB disease in HIV-infected individuals is not due solely to upregulation of inhibitory
receptors and subsequent immune exhaustion of Mtb-specific CD4 T cells, a mechanism
of Ag-specific T cell dysfunction that has been well described in other persistent
infections (93, 114). Moreover, we provide evidence that BTLA is markedly

downregulated on Mtb-specific CD4 T cells in HIV-infected individuals with active TB,
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thus highlighting a previously unrecognized role of BTLA expression levels on Mtb-
specific CD4 T cells as a potential biomarker of active TB disease, particularly in people
living with HIV. Together these data provide new insights into the phenotype of Mtb-
specific CD4 T cells in the setting of co-infection with Mtb and HIV and provide
rationale for future studies to evaluate the utility of targeting BTLA and HVEM signaling

pathways to enhance protective immunity to Mtb.
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Table I. Characteristics of study participants
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CD4 Count, HIV Viral Load,

Participant Age, y? Sex
n Cells/plP Copies RNA/ml plasmaP

Group (IQR) (% Male)

(IQR) (IQR)
LTBI/HIV- 32 32 (20—41) 38 N/A N/A
LTBI/HIV+ 22 35(28-44) 18 562 (432-595) 11,710 (2,855-30,586)
TB/HIV- 37 31(22-37) 68 N/A N/A
TB/HIV+ 19 36 (20—42)¢ 42 420 (261-614) 6,350 (256—36,368)¢

ayalue denotes median age in years

bvalues denote median

¢p < 0.05, compared with TB/HIV—

dViral load not available for 3 TB/HIV+ participants
IQR, interquartile range; N/A, not applicable
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Figure Legends

Figure 1. Similar frequencies of Mtb-specific T cells producing IFN-y and
TNF-a in HIV-infected and HIV-uninfected individuals with latent and
active TB. PBMCs from HIV-uninfected (n=32) and HIV-infected (n=22) individuals
with LTBI and HIV-uninfected (n=37) and HIV-infected (n=19) individuals with active
TB were incubated for 6 hours in media alone (negative control) or stimulated with Ags
(CFP-10/ESAT-6 peptide pools, HCMV pp65 peptide pool, HIV Gag peptide pool, and
SEB). Intracellular expression of IFN-y and TNF-a was measured by flow cytometry. (A)
Representative flow cytometry data from an HIV-uninfected individual with LTBI (top
row), and an HIV-infected individual with LTBI (bottom row). Plots are shown gated on
live CD3+CD4+ lymphocytes. (B) Total frequency of cytokine+ Mtb-specific CD4 T cells
from HIV-uninfected and HIV-infected individuals with LTBI. (C) Frequencies of the
indicated cytokine+ subsets of Mtb-specific CD4 T cells from HIV-uninfected and HIV-
infected individuals with LTBI. (D) Total frequency of cytokine+ Mtb-specific CD4 T
cells from HIV-uninfected and HIV-infected individuals with active TB. (E) Frequencies
of the indicated cytokine+ subsets of Mtb-specific CD4 T cells in HIV-uninfected and
HIV-infected individuals with active TB. Horizontal lines represent the median. Data
are shown after subtraction of background cytokine production in the unstimulated
negative control condition. Differences in the frequencies of each cytokine+ T cell
population between HIV-uninfected and HIV-infected individuals were assessed using a

Mann Whitney U test.
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Figure 2. Active TB disease is associated with reduced inhibitory receptor
co-expression on total CD4 T cells. PBMC from HIV-uninfected and HIV-infected
individuals with LTBI (n=32 and n=22, respectively) and active TB (n=37 and n=19,
respectively) were analyzed by flow cytometry for expression of the inhibitory receptors
BTLA, CTLA-4, and PD-1 on total CD4 T cells. (A, B) The frequencies of total CD4 T cells
expressing each combination of BTLA, CTLA-4 and PD-1 are shown for individuals with
LTBI (A) and active TB (B). (C) Summary data representing the proportion of total CD4
T cells expressing three, two, one, or no inhibitory receptors from HIV-uninfected and
HIV-infected individuals with LTBI and active TB. Boxes represent the median and
interquartile ranges; whiskers represent the 5t and 95t percentiles. Differences in the
proportion of CD4 T cells expressing each inhibitory receptor population between HIV-
uninfected and HIV-infected individuals (A, B) were assessed using a Mann-Whitney U
test. Differences among groups in the number of inhibitory receptors expressed by CD4
T cells in panel C were assessed using a Kruskal-Wallis test, with p-values adjusted for
multiple comparisons using Dunn’s post-test. *p< 0.05; **p<0.01; ***p< 0.001;

*¥¥%¥p<0.0001.

Figure 3. Modulation of Mtb-specific CD4 T cell inhibitory receptor
expression profiles in HIV-infected individuals with active TB. PBMCs from
HIV-uninfected and HIV-infected individuals were stimulated with CFP-10 and ESAT-6
peptide pools and evaluated for expression of IFN-y and TNF-a by flow cytometry, as
described in Figure 1. Mtb-specific CD4 T cells meeting the criteria for a positive

response (see Materials and Methods) were evaluated for expression of BTLA, CTLA-4,
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and PD-1. (A, D) Representative flow cytometry data of BTLA, CTLA-4, and PD-1
expression are shown from an HIV-uninfected and HIV-infected individual with LTBI
(A) and active TB (D). Flow plots are shown gated on live CD3+CD4+ lymphocytes. Gray
dots represent the total cytokine-negative CD4 T cell population; blue and red dots
represent IFN-y and/or TNF-a producing CD4 T cells from individuals with LTBI and
TB, respectively. (B, E) Composite data from individuals with LTBI (B) and TB (E)
indicating the proportion of CFP-10/ESAT-6-specific CD4 T cells expressing three, two,
one or no inhibitory receptors. (C, F) Composite data from individuals with LTBI (C)
and TB (F) indicating the proportion of CFP-10/ESAT-6-specific CD4 T cells expressing
the indicated combinations of BTLA, PD-1 and CTLA-4 (LTBI/HIV—, n=27; LTBI/HIV+,
n=17; TB/HIV—, n=35; TB/HIV+, n=16). Boxes represent the median and interquartile
ranges; whiskers represent the 5th and 95th percentiles. Differences in the proportions
of Mtb-specific CD4 T cells expressing the indicated inhibitory receptors between HIV-
uninfected and HIV-infected individuals were assessed using a Mann-Whitney U test.

¥¥¥ D < 0.001, after applying the Bonferroni correction for multiple comparisons.

Figure 4. HIV infection is associated with downregulation of BTLA
expression on total CD4 T cells and Mtb-specific CD4 T cells in active TB. .
PBMC from HIV-uninfected and HIV-infected individuals with LTBI and TB were
evaluated for BTLA expression by flow cytometry. (A) Flow plots are shown gated on live
CD3+CD4* lymphocytes. (B) Summary of BTLA expression on total unstimulated CD4 T
cells from HIV-uninfected and HIV-infected individuals with LTBI and active TB. (C)
Representative flow data of PBMC following stimulation with CFP-10/ESAT-6 peptide

pools, as described in Figure 1. Cells were gated on live CD3+*CD4+IFN-y* T cells, then
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evaluated for BTLA expression. (D) Summary of BTLA expression on CFP-10/ESAT-6-
specific CD4 T cells from HIV-uninfected and HIV-infected individuals with LTBI and
active TB. Boxes in panels B and D represent the median and interquartile ranges;
whiskers represent the 5t and 95t percentiles. Differences in BTLA expression among
groups in panels B and D were assessed using a Kruskal-Wallis test, with p-values
adjusted for multiple comparisons using Dunn’s post-test. * p<0.05, ** p<0.01,

**¥p<0.001, ****p<0.0001.

Figure 5. Differential inhibitory receptor expression profiles on Mtb-
specific CD4 T cells, compared with HCMV- and HIV-specific CD4 T cells
within the same individuals. PBMC were stimulated with CFP-10 and ESAT-6
peptide pools as described in Fig 1, as well as HCMV pp65 peptide pool and HIV Gag
peptide pool. Ag-specific CD4 T cells meeting the criteria for a positive response (see
Materials and Methods) were evaluated for expression of BTLA, CTLA-4, and PD-1. (A)
Representative intracellular cytokine staining flow cytometry data from an HIV-infected
individual with LTBI. Plots are shown gated on live CD3*CD4* lymphocytes. Gray dots
represent cytokine-negative CD4 T cells; blue dots represent IFN-y* and/or TNF-a*
CD4 T cells. (B, C) Summary data of the proportion of Ag-specific CD4 T cells expressing
the indicated subsets of inhibitory receptors (B) and the proportion of Ag-specific CD4 T
cells expressing three, two, one, or no inhibitory receptors (C) in individuals with LTBI
(top row, HIV-uninfected LTBI; bottom row, HIV-infected LTBI). (D, E) Summary data
of the proportion of Ag-specific CD4 T cells expressing the indicated subsets of

inhibitory receptors (D) and the proportion of Ag-specific CD4 T cells expressing three,
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two, one, or no inhibitory receptors (E) in individuals with active TB (top row, HIV-
uninfected TB; bottom row, HIV-infected TB). Boxes represent the median and
interquartile ranges; whiskers represent the 5t and 95th percentiles. Differences
between Mtb- and HCMV-specific CD4 T cells in HIV-uninfected individuals (panels B
and D) were assessed using a Mann-Whitney U test. Differences between Mtb-specific
and HCMV- and HIV-specific CD4 T cells in HIV-infected individuals (panels B and D)
were assessed using a Kruskal-Wallis test, with p-values adjusted for multiple

comparisons using Dunn’s post-test. *p< 0.05; **p< 0.01; ***p< 0.001; ****p<0.0001.
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Figure 1. Similar frequencies of Mtb-specific T cells producing IFN-y and
TNF-a in HIV-infected and HIV-uninfected individuals with latent and

active TB.
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Supplementary Figure Legends

Figure S1. Gating strategy for flow cytometry analysis. In this sample gating,
cells were first gated for singlets (FSC-H vs. FSC- A) and lymphocytes (SSC-A vs. FSC-
A). The lymphocyte gate is further analyzed for their uptake of the Zombie IR Live/Dead
stain to determine live versus dead cells and their expression of CD3 (Zombie NIRl°,
CD3+). CD4 and CD8 surface expression is then determined from this gated population,
followed by inhibitory receptor (BTLA, CTLA-4, and PD-1) expression and intracellular
cytokine production (IFN-y and TNF-a). Cytokine production is shown by CD4 T cells

following stimulation with SEB.

Figure S2. Similar frequencies of SEB and HCMV-specific T cells producing
IFN-y and TNF-a in HIV-infected and HIV-uninfected individuals with
latent and active TB. PBMCs from HIV-uninfected and HIV-infected individuals with
LTBI and HIV-uninfected and HIV-infected individuals with active TB were incubated
for 6 hours with SEB (positive control) or HCMV pp65 peptide pools. Intracellular
expression of IFN-y and TNF-a was measured by flow cytometry. Frequencies of the
indicated cytokine+ subsets of (A) SEB-stimulated and (B) HCMV-specific CD4 T cells
from HIV-uninfected and HIV-infected individuals with LTBI. Frequencies of the
indicated cytokine+ subsets of (C) SEB-stimulated and (D) HCMV-specific CD4 T cells
from HIV-uninfected and HIV-infected individuals with active TB disease. Horizontal
lines represent the median. Data are shown after subtraction of background cytokine
production in the unstimulated negative control condition. Differences in the

frequencies of each cytokine+ T cell population between HIV-uninfected and HIV-



78

infected individuals were assessed using a Mann Whitney U test; no significant

differences were found between HIV-uninfected and HIV-infected groups.

Figure S3. CTLA-4 and PD-1 expression on Mtb-specific CD4 T cells in latent
and active TB. PBMCs from HIV-uninfected and HIV-infected individuals with LTBI
and TB were either left unstimulated or stimulated with CFP-10 and ESAT-6 peptide
pools as described in Figure 1. (A) Representative flow cytometry data from an HIV-
uninfected individual with LTBI. Plots are shown gated on live CD3+*CD4* T cells. (B, C)
Composite data of the percentage of CTLA-4 (B) and PD-1 (C) expression on total
unstimulated CD4 T cells and CFP-10/ESAT-6-specific CD4 T cells from individuals
with LTBI. (D, E) Composite data of the percentage of CTLA-4 (D) and PD-1 (E)
expression on total unstimulated CD4 T cells and CFP-10/ESAT-6-specific CD4 T cells
from individuals with active TB. Boxes represent the median and interquartile ranges;
whiskers represent the 5t and 95t percentiles. Differences in the percentages between
HIV-uninfected and HIV-infected individuals were assessed using a Mann-Whitney U

test.

Figure S4. BTLA expression does not correlate with HIV viral load in HIV-
infected individuals with LTBI and active TB. PBMCs from HIV-infected
individuals with LTBI and TB were either left unstimulated or stimulated with CFP-10
and ESAT-6 peptide pools as described in Figure 1. (A, B) Correlation between HIV viral
load and BTLA expression on bulk CD4 T cells (A) and Mtb-specific CD4 T cells (B) in
HIV-infected individuals with LTBI. (C, D) Correlation between HIV viral load and

BTLA expression on bulk CD4 T cells (A) and Mtb-specific CD4 T cells (B) in HIV-
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infected individuals with active TB. Statistical significance was evaluated using the non-

parametric Spearman rank test.

Figure S5. BTLA expression does not correlate with absolute CD4 T cell
count in HIV-infected individuals with LTBI and active TB. PBMCs from HIV-
infected individuals with LTBI and TB were either left unstimulated or stimulated with
CFP-10 and ESAT-6 peptide pools as described in Figure 1. (A, B) Correlation between
absolute CD4 T cell count and BTLA expression on bulk CD4 T cells (A) and Mtb-
specific CD4 T cells (B) in HIV-infected individuals with LTBI. (C, D) Correlation
between absolute CD4 count and BTLA expression on bulk CD4 T cells (C) and Mtb-
specific CD4 T cells (D) in HIV-infected individuals with active TB. Statistical

significance was evaluated using the non-parametric Spearman rank test.

Figure S6. Mtb-specific CD4 T cells express higher levels of BTLA and lower
levels of CTLA-4 and PD-1, compared with HCMV- and HIV-specific CD4 T
cells. PBMCs were stimulated with peptide pools as described in Figure 1. Expression
levels of BTLA, CTLA-4, and PD-1 on Ag-specific CD4 T cells in HIV-uninfected and
HIV-infected individuals with LTBI are shown in panels A, B, and C, respectively, and in
HIV-uninfected and HIV-infected individuals with active TB in panels D, E, and F,
respectively. Boxes represent the median and interquartile ranges; whiskers represent
the 5t and 95t percentiles. Differences in the inhibitory receptor expression of HCMV-
or HIV-specific CD4 T cells was compared with Mtb-specific CD4 T cells using a Mann-

Whitney U test. * p < 0.05; ** p < 0.01; *** p < 0.001.
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Figure S3. CTLA-4 and PD-1 expression on Mtb-specific CD4 T cells in latent

and active TB.
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CHAPTER III

Activation-induced marker expression identifies Mtb-specific CD4 T cells

with altered cytokine production in HIV-infected individuals with latent TB
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Abstract

HIV infection is a significant risk factor for reactivation of latent Mtb infection
(LTBI) and progression to active tuberculosis (TB) disease, yet the mechanisms whereby
HIV impairs T cell-mediated immune control of Mtb infection have not been fully
defined. PBMCs from HIV-uninfected and HIV-infected Kenyan adults with LTBI were
stimulated with Mtb antigens and evaluated by flow cytometry for detection of antigen-
specific CD4 T cells by upregulation of surface activation-induced markers (AIM) CD25,
0X40, CD69 and CD40L. Mtb-specific cytokine production profiles were evaluated by
Luminex. We found that Mtb-specific CD25+*0X40* and CD69+*CD40L+ CD4 T cells
were detectable in the AIM assay in HIV-uninfected and HIV-infected individuals with
LTBI. Further analysis of cytokine production profiles indicated that HIV-infected
individuals have dampened Mtb-specific IFN-y, IL-2, IL-17AF, and IL-22 production
capacity and elevated TNF-a production capacity, compared with HIV-uninfected
individuals with LTBI. These data suggest that infection with HIV modifies Mtb-specific
cytokine production profiles towards elevated TNF-o production. Moreover, they
suggest that AIM assays enable identification of Mtb-specific CD4 T cell responses in a
cytokine-independent manner in HIV-uninfected and HIV-infected individuals, thus
facilitating studies to further define immune correlates of protection to Mtb and

elucidate HIV-associated dysregulation of anti-mycobacterial immunity.
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Introduction

Globally, one-fourth of the world is burdened by latent Mycobacterium
tuberculosis infection (LTBI) and therefore at risk for developing active tuberculosis
(TB) disease (82). Ten million new cases of TB disease and 1.6 million deaths were
reported in 2017 (3). TB incidence has significantly increased with the human
immunodeficiency virus (HIV) pandemic, with approximately 900,000 of new reported
TB cases in people living with HIV annually (3). HIV infection greatly increases the risk
of reactivation of LTBI and progression to active TB disease (3, 83), although the
mechanisms whereby HIV impairs successful immune control of Mtb infection have not
been fully elucidated.

HIV infection results in CD4 T cell depletion and increasing evidence indicates
that Mtb-specific CD4 T cells are either be preferentially depleted (75-77, 86) and/or
have impaired functional capacity in HIV-infected individuals. Decreased frequencies of
Mtb-specific CD4 T cells producing Th1, Th2, and Th17 cytokines have been described in
HIV-infected individuals, compared with those not infected with HIV (75, 84, 86, 87,
130). Mtb-specific CD4 T cells in HIV-infected individuals also have a heightened level
of activation (75, 131) and profoundly impaired proliferative capacity (75, 132). Although
mounting evidence indicates HIV infection impairs Mtb-specific T cell immunity, the
precise mechanisms whereby HIV dysregulates anti-mycobacterial immunity have not
been fully elucidated.

Currently available tools for Mtb infection include tuberculin skin test (TST) and
the IFN-y release assays (IGRA), T-SPOT.TB and Quantiferon (QFT) (133), which detect

immune sensitization to Mtb antigens, rather than the presence of the bacteria itself.
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IGRA positivity relies on detection of IFN-y-producing T cell responses to CPF-10 and
ESAT-6 antigens, yet increasing evidence highlights the importance of IFN-y-
independent immune responses contributing to the host immune response to Mtb
exposure and infection (134). Novel approaches to identify antigen-specific T cells in a
cytokine-independent manner have been developed, based on surface expression of
activation-induced markers (AIM). AIM assays for co-expression of CD25/0X40 and
CD69/CD40L have been described for detection for human CD4 T cells specific for
several viral (EBV, CMV, dengue virus, and HIV) and bacterial antigens (Group A
Streptococcus, pertussis and tetanus) (135-139). AIM assays measure surface expression
of activation markers on live cells, without the need for fixation and permeabilization of
cells for intracellular cytokine staining, thus facilitating sorting of live antigen-specific
CD4 T cells for downstream applications such as transcriptional profiling. CD25+*0X40+*
CD4 T cells to CFP-10 and ESAT-6 peptide pools have been reported in a small study of
QFT+ adults with LTBI in the U.S., which indicated positive CD25/0X40 AIM assay
responses in all individuals with LTBI tested (135). However, AIM assays have not been
evaluated for detection of Mtb-specific CD4 T cell responses in high TB burden settings;
moreover, the effect of HIV infection on detection of Mtb-specific CD4 T cell responses
have not been evaluated.

To further examine how CD4 T cell responses to Mtb are dysregulated in HIV-
infected individuals with LTBI, we evaluated the performance of AIM assays for
CD25/0X40 and CD69/CD40L in QFT~ and QFT+ Kenyan adults, with and without HIV
infection. Moreover, since the AIM assay measure surface expression of activation
markers, without the need for Golgi transport inhibitors, we also evaluated the effect of

HIV on Mtb-specific cytokine production profiles, including Th1, Th2, Th17 and
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regulatory cytokines. We found that the AIM assay identifies Mtb-specific CD4 T cell
responses in an IFN-y-independent manner in both HIV-uninfected and HIV-infected
individuals with LTBI in a high TB burden setting. Moreover, we determined that HIV
infection is characterized by diminished Mtb-specific IFN-y, IL-2, IL-17AF, and IL-22
production, and elevated TNF-a production, compared with HIV-uninfected

individuals.
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Materials and Methods

Study participants and sample collection: Peripheral blood samples were collected
from individuals >18 years of age at the Kenya Medical Research Institute (KEMRI)
Clinical Research Center in Kisumu, Kenya. Study participants included HIV-uninfected
and HIV-infected adults with a normal chest x-ray and no symptoms of active TB
disease and no history of diagnosis or treatment for active TB. Mtb infection status was
evaluated by QuantiFERON®-TB Gold In-Tube (QFT; Qiagen). Individuals with a
positive QFT result (TB Antigen-Nil >0.35 IU/ml) were defined as having latent Mtb
infection (LTBI). Individuals with a TB Antigen-Nil response <0.35 IU/ml were defined
as QFT-negative (QFT-). Serologic testing for HIV antibodies was done for all
individuals using the Diagnostic Kit for HIV (1+2) Antibody (Colloidal Gold) V2 (KHB®
Shanghai Kehua Bio-engineering Co., Ltd). Plasma HIV viral load and CD4 T cell counts
were measured for HIV-infected individuals. All HIV-infected participants were
antiretroviral therapy-naive at the time of analysis and had absolute CD4 T cell counts
>200 cells/ul. All subjects provided written informed consent for participation in the
study, which was approved by the Kenya Medical Research Institute Scientific and

Ethics Review Unit and the Emory University Institutional Review Board.

PBMC isolation and antigen stimulation: Peripheral blood was collected in sodium
heparin BD Vacutainer® CPT™ Mononuclear Cell Preparation Tubes (BD Biosciences,
San Jose, CA). Within 4 hours of blood collection, PBMC were isolated via density
gradient centrifugation and then cryopreserved and stored in LN, until use.

Cryopreserved PBMC were thawed in a 37°C water bath and immediately added to
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RPMI 1640 (Cellgro) containing deoxyribonuclease I (DNase, 10 pg/ml, Sigma-Aldrich).
Cells were washed twice in RPMI and suspended in R10 media (RPMI 1640
supplemented with 10% heat-inactivated fetal calf serum [FCS], 100 U/ml penicillin,
100 pg/ml streptomycin, and 2 mM L-glutamine) and rested for a minimum of 4 hours
at 37°C and 5% CO.. After resting, pure functional grade anti-CD40 antibody (0.5
ug/ml; Miltenyi Biotec) was added and cells were stimulated with the following
antigens: pooled, overlapping 15-mer peptides corresponding to the sequences of CFP-
10 and ESAT-6 (1 ug/ml), and human CMV (HCMV) pp65 (1 pg/ml). Mtb H37Rv whole
cell lysate (Mtb lysate) was obtained from BEI Resources, NIAID, NIH (NR-14822).
HCMYV pp65 peptide pool was obtained from the National Institutes of Health AIDS
Reagent Program, Division of AIDS, NIAID, NIH (100-102). PBMC were stimulated
with staphylococcal enterotoxin B (SEB; 1 ug/ml; Toxin Technology, Inc.) as a positive
control. PBMC incubated in R10 media with no antigen were used as a negative control.
PMBC were incubated at 37°C for 16 hours, after which supernatants were harvested
and stored for cytokine quantification (described below) and cells were analyzed by flow

cytometry (described below).

Antibodies and activation-induced marker (AIM) expression by flow cytometry:
Stimulated cells were washed with PBS and stained for 20 minutes at room temperature
with Zombie NIR™ Fixable Viability Dye (BioLegend). Cells were surface stained for 30
minutes at room temperature with anti-CD3 Brilliant Violet 711 (UCHT1; BD Horizon),
anti-CD4 Brilliant Violet 570 (RPA-T4; BioLegend), anti-CD8 PerCP-Cys5.5 (SKi;
BioLegend), anti-CD25 PE-Cy7 (MA251; BD Pharmingen), anti-OX40 (CD134) PE

(ACT35; BD Pharmingen), anti-CD69 PE/Dazzle 594 (FN50; BioLegend), and anti-
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CD40L (CD154) Brilliant Violet 421 (24-31; BioLegend). Cells were washed with PBS
containing 1% FCS and then resuspended in PBS with 2% paraformaldehyde prior to

acquisition on a BD LSRII flow cytometer.

Cytokine quantification: The following cytokines were measured in PBMC supernatants
using a ProcartaPlex immunoassay (Invitrogen), according to manufacturer’s
instructions: IFN-y, IL-2, IL-4, IL-10, IL-17AF, IL-21, IL-22, and TNFa. Immunoassay

plates were read using a Luminex MAGPIX® system with xPONENT® software

(Version 4.2) and analyzed using MILLIPLEX® Analyst 5.1 Software. The
concentrations of each cytokine were expressed as pg/ml and calculated according to a

standard curve.

Flow cytometry and data analysis: Cells were acquired on a BD LSRII flow cytometer
with BD FACSDiva software (v8.0) and analyzed using FlowJo software (v9.9.6).
Compensation was calculated using single-stained anti-mouse Ig,x beads (BD
Biosciences). Doublet cell populations were excluded by plotting forward scatter area
versus forward scatter height. Viable lymphocytes were defined as Zombie NIR-low
cells. Combinations of cells expressing AIM markers were determined using Boolean

gating in FlowJo.

Data analysis and statistics: Functionality scores of CD4 T cells expressing AIM
markers (CD25, 0X40, CD69 and CD40L) were determined via the Bayesian
mathematical model, COMPASS (Combinatorial Polyfunctionality Analysis of Single

Cells) (140). GraphPad Prism (version 8.1.2) and R programming software (104) was
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used to perform statistical analyses of frequencies and phenotype of antigen-specific
CD4 T cells. Correlogram and principal component analysis (PCA) plots were generated
in R. Frequencies of antigen-specific CD4 T cells expressing AIM markers are shown
after subtraction of background AIM marker expression in the negative control
condition. Cytokine data from antigen-stimulated cells are shown after subtraction of
background cytokine production in the negative control condition. The non-parametric
Mann-Whitney U test was used to compare AIM marker and cytokine production
between groups. Correlations were conducted using Spearman’s rank-order correlation.

Pvalues of less than 0.05 were considered to be statistically significant.
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Results

Study participants.

Blood samples were collected from 38 HIV-uninfected (n=19 QFT-, n=19 LTBI)
and 37 HIV-infected (n=20 QFT- and n=17 LTBI) adults enrolled in Kisumu, Kenya
(Table 1). There were no significant differences in the absolute CD4 T cell counts or HIV
plasma viral loads between HIV-infected individuals in the QFT- and LTBI groups. The
median QFT response (TB Antigen) was lower in HIV-infected individuals with LTBI,
compared with HIV-uninfected individuals with LTBI (Table 1 and Supplementary

Figure 1).

Upregulation of AIM markers identifies Mtb-specific CD4 T cells in HIV-
infected and HIV-uninfected individuals.

While HIV-infected individuals with LTBI had lower IFN-y responses to the QFT
TB Antigen than HIV-uninfected individuals with LTBI, there was no difference
between the two LTBI groups in their IFN-y responses to PHA in the QFT Mitogen tube
(Supplementary Figure 1). These data suggest that HIV-infected individuals either have
decreased frequencies and/or diminished IFN-y production capacity of Mtb-specific T
cells, compared with HIV-uninfected individuals with LTBI. To evaluate the frequency
of Mtb-specific CD4 T cells in HIV-infected individuals in a cytokine-independent
manner, we next evaluated whether upregulation of AIM markers can be used to
identify Mtb-specific CD4 T cells in both HIV-uninfected and HIV-infected individuals.

PBMCs were stimulated for 16 hours with Mtb antigens (CFP-10/ESAT-6 peptide pool
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and Mtb lysate) and SEB as a positive control, followed by flow cytometric analysis of
antigen-induced co-expression of CD25/0X40 or CD69/CD40L (Figure 1A).

Consistent with QFT responses, the frequencies of CD25+*0X40+ and
CD69*CD40L* CD4 T cells to CFP-10/ESAT-6 peptides were significantly higher in
individuals with LTBI, compared with QFT- individuals (Figure 1B). Moreover, there
was a significant positive correlation between QFT responses and the percentage of
CFP-10/ESAT-6-induced CD25*0X40* and CD69+*CD40L* CD4 T cells (data not
shown). By contrast with QFT responses, the frequencies of CFP-10/ESAT-6-specific
CD4 T cells co-expressing AIM markers were not significantly different between HIV-
infected and HIV-uninfected individuals with LTBI, thus providing further evidence that
the AIM assay facilitates detection of Mtb-specific CD4 T cells that may otherwise be
missed by evaluation of IFN-y production alone. Moreover, the frequencies of CD4 T
cells expressing AIM markers were similar across the 4 participant groups following
stimulation with HCMV pp65 peptide pool (Supplementary Figure 2A), thus providing
further evidence that the observed differences in CFP-10/ESAT-6-induced AIM marker
expression are reflective of Mtb infection status.

To evaluate broader Mtb-specific AIM marker expression beyond the
immunodominant CFP-10 and ESAT-6 antigens, we measured AIM marker expression
following stimulation with Mtb lysate. Consistent with the greater number of potential T
cell epitopes in the lysate, frequencies of CD4 T cells expressing AIM markers to Mtb
lysate stimulation were higher than to the CFP-10/ESAT-6 peptide pool (Figure 1B, C).
However, by contrast with CFP-10/ESAT-6 peptide pool, the frequency of Mtb lysate-
induced CD25*0X40+ CD4 T cells was similar across the 4 study groups (Figure 1C),

whereas CD69+CD40L* CD4 T cells were significantly higher in LTBI, compared with
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QFT- individuals. These data indicate that, when stimulating with complex antigens
such as Mtb lysate, evaluation of CD69/CD40L co-expression may detect a greater
frequency of Mtb-specific CD4 T cell responses than CD25/0X40 in the AIM assay. In
all 4 participant groups, stimulation with SEB induced robust expression of each of the
AIM markers (Figure 1D), thus suggesting that CD4 T cell AIM marker expression is not
inherently impaired in the setting of either LTBI and/or HIV infection.

We also determined whether simultaneous expression of all 4 AIM markers on
antigen-specific CD4 T cells would facilitate greater differentiation of the 4 participant
groups than analysis of two AIM markers. For each antigen stimulation tested,
frequencies of CD4 T cells simultaneously expressing all 4 AIM markers were lower than
the frequencies of either CD25+*0X40* or CD69*CD40L* CD4 T cells, and did not enable
greater discrimination of the 4 study groups than we observed by analysis of either
CD25*0X40* or CD69+*CD40L* CD4 T cells (Figure 1B-D).

To more comprehensively evaluate the impact of HIV co-infection on detection of
Mtb-specific CD4 T cell responses in the AIM assay, we utilized COMPASS, a Bayesian
hierarchical mixture model (140), to incorporate all possible combinations of antigen-
induced CD25, 0X40, CD69 and CD40L expression and generate an overall
functionality score for each participant that summarizes CD4 T cell AIM marker
expression profiles (Figure 2). While Mtb lysate and SEB induced higher CD4 T cell AIM
marker functionality scores than CFP-10/ESAT-6 peptide pool and HCMV pp65 peptide
pool (Supplementary Figure 2B), there were no significant differences overall in CD4 T
cell AIM marker functionality scores following antigen stimulation of PBMCs from HIV-
uninfected versus HIV-infected individuals with LTBI (Figure 2A — C and

Supplementary Figure 2B). Lastly, we conducted a principal component analysis (PCA)
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including each subset of antigen-specific CD4 T cells expressing all possible
combinations of CD25, 0X40, CD69 and CD40L. By PCA, HIV-uninfected and HIV-
infected individuals with LTBI could not be clearly differentiated by CD4 T cell AIM
marker expression, regardless of antigen stimulation (Figure 2A — C and Supplementary
Figure 2B). Taken together, these data indicate that AIM assays for CD25/0X40 and
CD69/CD40L co-expression detect Mtb-specific CD4 T cells in a cytokine-independent
manner, and that co-expression of AIM markers is not significantly compromised in our

HIV-infected cohorts.

Decreased frequencies of Th1 and Th17 cytokines and increased frequencies
of TNF-a produced by Mtb-specific CD4 T cells in HIV-infected individuals.
Having determined that Mtb-specific CD4 T cells in HIV-infected and uninfected
individuals are detectable by the AIM assay, we next utilized the PBMC supernatants
from the AIM assay to further probe the effect of HIV infection on Mtb-specific cytokine
production profiles. Using a Luminex assay, we measured production of Th1 (IL-2, IFN-
Y, TNF-a), Th2 (IL-4), Th17 (IL-17AF, IL-21, IL-22) and regulatory (IL-10) cytokines in
AIM assay supernatants from HIV-uninfected and HIV-infected QFT~ and LTBI
individuals. IL-4 and IL-21 were detectable in each participant group following
stimulation with SEB, although there were no differences in SEB-stimulated IL-4 or IL-
21 production capacity according to Mtb or HIV infection status (data not shown).
Moreover, these two cytokines were not detectable above background in any participant
group following stimulation with Mtb antigens (data not shown) and were therefore not

included in our downstream analyses.
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Since definition of our QFT- and LTBI groups was based on CFP-10/ESAT-6-
specific IFN-y production in the QFT assay, we first evaluated whether there was
evidence of CFP-10/ESAT-6-specific cytokine production other than IFN-y in QFT-
individuals. We did not find evidence of robust cytokine production to any of the 8
cytokines measured following stimulation with CFP-10/ESAT-6 peptide pool in QFT-
individuals (Supplementary Figure 3A and data not shown). As anticipated in
individuals with LTBI, IFN-y was detected at the highest concentrations following
stimulation with CFP-10/ESAT-6 peptide pool, compared with the other cytokines
measured (Figure 3A). However, CFP-10/ESAT-6-specific IL-2 production was
significantly lower in HIV-infected individuals with LTBI, compared with HIV-
uninfected individuals with LTBI (Figure 3A). By contrast, there was no evidence of
diminished IL-2 production capacity to HCMV pp65 peptide pool stimulation in HIV-
infected individuals (Supplementary Figure 3D).

When stimulated with a broader panel of antigens in Mtb lysate, PBMCs from
HIV-infected individuals with LTBI also exhibited significantly lower production of IFN-
Y, IL-17AF, and IL-22, compared with HIV-uninfected individuals with LTBI (Figure
3B). However, IFN-y, IL-17AF, and IL-22 production following stimulation with SEB
and HCMV pp65 peptide pool was similar between HIV-uninfected and HIV-infected
individuals (Figure 3C and Supplementary Figure 3D), thus indicating production of
these cytokines is not inherently impaired in HIV-infected individuals with LTBI, but
may be diminished specifically in the immune response to Mtb. By contrast, TNF-a
production to Mtb lysate was significantly increased in HIV-infected individuals,
compared with HIV-uninfected individuals with LTBI (Figure 3B). The finding of

dampened IFN-y and IL-22 production and increased TNF-a production to Mtb lysate
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in HIV-infected individuals with LTBI was also observed in HIV-infected QFT-
individuals, compared with HIV-uninfected QFT" individuals (Supplementary Figure
3B). Furthermore, TNF-a production to SEB was also significantly higher in HIV-
infected individuals, compared with HIV-uninfected individuals (Figure 3C), thus
suggesting a propensity for elevated pro-inflammatory TNF-a production in HIV-
infected individuals. We found no evidence for differential IL-10 production capacity
following stimulation with any antigens in HIV-infected and HIV-uninfected individuals
with LTBI (Figure 3A-C). Taken together, these data indicate that HIV infection
modifies Mtb-specific cytokine production profiles towards enhanced TNF-a production

and dampened IFN-y, IL-2, IL-17AF, and IL-22 production.

HIV infection alters the relationship between Mtb-specific CD4 T cell AIM
marker expression and cytokine production in individuals with LTBI
Using the AIM assay, we measured both antigen-induced co-expression of CD25/0X40
and CD69/CD40L on CD4 T cells and cytokine secretion in supernatants. To further
evaluate how HIV infection may influence the relationship between antigen-specific
CD4 T cell AIM marker expression and cytokine production in individuals with LTBI, we
generated a correlation matrix of CD4 T cell AIM marker expression and cytokine levels
for each antigen (Figure 4). As expected, there was a significant positive correlation
between the frequency of CD25+*0X40* CD4 T cells and CD69+CD40L* T cells for each
antigen in HIV-infected and HIV-uninfected individuals with LTBI (Figure 4A-C).

In both HIV-uninfected and HIV-infected individuals with LTBI, the frequency of
CFP-10/ESAT-6-induced CD69+*CD40L* CD4 T cells correlated more strongly with

cytokine production than CD25+0X40* CD4 T cells (Figure 4A). Moreover, there was a
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significant positive correlation between the frequency of CD69+CD40L+ CD4 T cells and
production of IFN-y, TNF-y, and IL-2, in both groups. Interestingly, while IL-22
production also correlated strongly with AIM markers in HIV-uninfected individuals,
there was no correlation with IL-22 production and AIM markers in HIV-infected
individuals with LTBI (Figure 4A).

While stimulation of PBMCs with CFP-10/ESAT-6 peptides has been shown to
stimulate predominately CD4 T cell responses in individuals with LTBI (99, 141),
stimulation with Mtb lysate will activate a broader range of lymphocytes in PBMCs,
including innate immune cells and non-classical T cells. Despite detection of high levels
of TNF-a and IL-10 in the Mtb lysate-stimulated AIM assay supernatants, there was no
significant correlation between CD4 T cell AIM marker expression and either TNF-a
and IL-10 production (Figure 4B), indicating these cytokines may be produced largely
by cells other than CD4 T cells. CD4 T cell AIM marker expression to Mtb lysate
correlated positively with IL-17AF and IL-22 in both HIV-uninfected and HIV-infected
individuals. However, there was also a significant positive correlation between CD4 T
cell AIM marker expression and IFN-y and IL-2 production in HIV-infected individuals,
which was not observed in HIV-uninfected individuals (Figure 4B).

Although stimulation of PBMCs with SEB induced robust AIM marker expression
on CD4 T cells (Figure 1D) and cytokine production (Figure 3C), there were surprisingly
little relationship between the frequency of AIM+ CD4 T cells and cytokine production
levels in SEB-stimulated cells from either HIV-uninfected or HIV-infected individuals
(Figure 4C). A positive correlation between the frequency of CD25+0X40* CD4 T cells

and IL-10 production was observed in HIV-uninfected individuals, but not HIV-infected
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individuals. There were otherwise no significant correlations between CD4 T cell AIM
marker expression and cytokine production in either HIV-infected or HIV-uninfected
individuals with LTBI (Figure 4C). Taken together, these data provide further evidence
that HIV infection perturbs the relationship between Mtb-specific CD4 T cell AIM

marker expression and cytokine production profiles in individuals with LTBI.

HIV infection modifies Mtb-specific cytokine production profiles in
individuals with LTBI

We next used correlation matrix and PCA approaches to further dissect the
impact of HIV infection on Mtb-specific cytokine production profiles in individuals with
LTBI. CFP-10/ESAT-6-specific IL-2 production was significantly reduced in HIV-
infected individuals (Figure 3A). Correlation matrices revealed that there was a
significant positive correlation between IL-2 and IL-22 production in HIV-uninfected
individuals, which is absent in HIV-infected individuals with LTBI (Figure 4A). PCA of
CFP-10/ESAT-6-specific cytokine production indicated that 98% of the variance in
cytokine production to this peptide pool could be explained by PC1. IFN-y contributed
the greatest variation in cytokine responses in HIV-uninfected individuals, whereas IL-2
and IFN-y contributed nearly equivalent levels of variation in cytokine profiles of HIV-
infected individuals with LTBI (Figure 5A). These data indicate that loss of IL-2
production capacity to CFP-10 and ESAT-6 is associated with HIV infection and that IL-
2 production capacity is a significant contributor to variation in cytokine production

profiles of HIV-infected individuals with LTBI.
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When evaluating cytokine production profiles to a broader array of antigens in
Mtb lysate, HIV-infected individuals produced significantly greater levels of TNF-o than
HIV-uninfected individuals (Figure 3B). Although there was a significant correlation
between TNF-a and IL-10 production to Mtb lysate in HIV-uninfected individuals, there
was no correlation between TNF-a and IL-10 production in HIV-infected individuals
(Figure 4B). Moreover, PCA indicated that over 93% of the variation in cytokine
production profiles to Mtb lysate could be explained by PC1. Further analysis of PC1
indicated that TNF-o was by far the dominant contributor to variation in cytokine
production capacity to Mtb lysate in HIV-uninfected and HIV-infected individuals with
LTBI (Figure 5B).

Robust cytokine production to SEB was observed in both HIV-uninfected and
HIV-infected individuals with LTBI (Figure 3C), and SEB cytokine production profiles
did not clearly distinguish HIV-uninfected and HIV-infected groups by PCA (Figure 5C).
While over 90% of the variation in Mtb-specific cytokine production profiles could be
explained by PC1, only 58% of the variation in cytokine production to SEB could be
explained by PC1. IL-17AF contributed the greatest variation in SEB cytokine profiles in
HIV-uninfected individuals in PC1, whereas IFN-y contributed the greatest level of

variation in HIV-infected individuals.
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Discussion

Although Mtb infection is commonly detected using IGRAs, there is mounting
evidence that T cell responses to Mtb are highly heterogenous and include important
roles for IFN-y-independent T cells (134, 142, 143). We used a cytokine-independent
AIM assay to identify Mtb-specific CD4 T cell responses in both HIV-uninfected and
HIV-infected individuals with LTBI in a high TB burden setting. Moreover, we
determined that HIV infection is characterized by diminished Mtb-specific IFN-y, IL-2,
IL-17AF, and IL-22 production, and elevated TNF-a production, compared with HIV-
uninfected individuals. These data indicate that AIM assays have potential to identify
novel populations of Mtb-specific CD4 T cells that may otherwise not be detected by
IGRAs or traditional intracellular cytokine staining assays, and hold promise for
facilitating future single-cell transcriptomic studies aimed at further defining T cell
correlates of successful immune control of Mtb infection.

While MHC Class II tetramers enable identification of antigen-specific CD4 T
cells regardless of their functional capacity, the use of tetramers is limited to detection
of T cells for which the specific epitope and HLA restriction have been defined.
Conventional methods for detection of antigen-specific CD4 T cells, such as flow
cytometry, ELISA and ELISPOT, are inherently biased due to their dependence on
cytokine production for detection of antigen-specific CD4 T cells. More recently, live-
cell, cytokine-independent methods have been developed to detect Ag-specific CD4 T
cells via AIM assays for CD25/0X40 and CD69/CD40L co-expression (135, 137, 144).
AIM assays for CFP-10/ESAT-6-induced CD25/0X40 expression have been reported in

a small number of HIV-uninfected adults with LTBI in the U.S. (135), and we now
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extend these studies to a TB-endemic setting and determined that CD25/0X40 and
CD69/CD40L AIM assays can be used to identify CFP-10/ESAT-6-specific CD4 T cells
in HIV-uninfected and HIV-infected Kenyan adults with LTBI. While AIM assays with
CFP-10/ESAT-6 peptide pool clearly differentiated QFT- and QFT* individuals, AIM
assays with Mtb lysate enable detection of a broader mycobacteria-specific CD4 T cell
response in our cohorts in Kenya, a high TB burden setting where infant BCG
vaccination is routine and there is high exposure to non-tuberculous mycobacteria
(145). In our cohorts, AIM assays for CD69/0X40L facilitated greater distinction of
QFT- and QFT+ individuals than CD25/0X40. Although we did not find evidence that
HIV infection compromises detection of Mtb-specific CD4 T cells in the AIM assay, it is
important to bear in mind that the participants in our cohort had relatively high CD4 T
cell counts (median >500 cells/pul). It is possible that performance of the AIM assay will
be more compromised in individuals with advanced HIV infection and more severe
immunosuppression.

An advantage of the AIM assay is the lack of a requirement for Golgi transport
inhibitors during the antigen stimulation period, thus enabling analysis of live cells and
analysis of soluble molecules secreted by antigen-specific cells. The functional capacity
of antigen-specific CD4 and CD8 T cells has been linked with their ability to produce
multiple cytokines, with HIV disease progression and viral load associated with loss of
polyfunctional T cell responses (146, 147). Using a multi-plex bead array, we analyzed a
panel of 8 cytokines secreted in response to antigen stimulation in the AIM assay. We

evaluated cytokine responses to CFP-10/ESAT-6 peptide pools in both QFT~ and QFT+

individuals and did not find evidence of significant levels of cytokine production in QFT-
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individuals, regardless of HIV infection status. Importantly, we found that IL-2
production capacity to CFP-10/ESAT-6 is reduced in HIV-infected individuals with
LTBI. These data are consistent with previous reports of decreased Mtb-specific IL-2
production capacity in HIV-infected individuals (51, 85, 87). The inverse relationship
between Mtb-specific IL-2 production and HIV viral load suggests progressive
impairment of Mtb-specific CD4 T cell immunity in chronic untreated HIV infection,
which may be prevented or restored upon initiation of anti-retroviral therapy. Future
prospective studies of Mtb-specific IL-2 production capacity in HIV-infected individuals
with LTBI are warranted to determine if loss of IL-2 production predicts progression to
active TB disease.

In addition to CFP-10/ESAT-6-specific CD4 T cell responses, we also stimulated
cells with Mtb whole cell lysate, thus facilitating a more comprehensive analysis of
cytokine production profiles to Mtb, beyond which is detectable to two
immunodominant antigens. By stimulating with Mtb lysate, we identified additional
perturbations in anti-mycobacterial cytokine profiles in HIV-infected individuals with
LTBI, including diminished IFN-y, IL-17AF, and IL-22 production and elevated TNF-a
production. These data are consistent with several previous studies indicating decreased
frequencies of Mtb-specific IFN-y-producing CD4 T cells in HIV-infected individuals
(75, 84, 86). There is increasing evidence from animal models and human studies for an
important role of IL-17 and IL-22 in the immune response to Mtb. IL-17+ CD4 T cells in
the lung correlated with protection against Mtb infection in BCG-vaccinated rhesus
macaques (65) and IL-22 was identified as a surrogate of protection against bovine TB
in BCG-vaccinated cattle (148). In mice, IL-17+ CD4 T cells in the lung recruit IFN-y*

CD4 T cells to restrict bacterial growth (149). In humans, patients with active
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pulmonary TB disease have decreased frequencies of mycobacteria-specific IL-17+ and
IL-22+ CD4 T cells, compared with healthy adults (150). Moreover, our findings of
reduced IL-17AF to Mtb lysate in HIV-infected individuals with LTBI are consistent with
two recent reports of significantly lower IL-17 production capacity in HIV-infected
individuals with LTBI, compared with HIV-uninfected individuals with LTBI (87, 130).
The importance of Th17 cells in immune control of Mtb infection is further supported by
longitudinal studies of South African adolescents with LTBI, which indicate early
suppression of Th17 responses in those who progressed to TB disease, compared with
adolescents who did not develop TB disease (151). Th17 cells are preferentially depleted
in HIV-infected individuals (152, 153) and loss of IL-17 production capacity in
individuals co-infected with HIV and Mtb may contribute to lack of successful immune
control of Mtb infection and subsequent progression to active TB disease.

By contrast with diminished IL-2, IFN-y, IL-17AF, and IL-22 production, the only
cytokine we found to be significantly increased in HIV-infected individuals was the pro-
inflammatory cytokine TNF-a. Our findings of significantly increased TNF-a production
to Mtb lysate in HIV-infected individuals, regardless of QFT status (Supplementary
Figure 3B), as well as increased TNF-a production to SEB, are consistent with a state of
persistent immune activation that has been well-described in chronic HIV infection
(154). High plasma levels of TNF-a in HIV-infected individuals are associated with
higher viral load set points and more rapid CD4 T cell depletion (155). Importantly, PCA
of our data indicated that TNF-a was the single greatest contributor to variation in the
cytokine production profiles to Mtb lysate in individuals with LTBI. Moreover, patients

with active TB disease have significantly increased frequencies of TNF-a+ Mtb -specific
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CD4 T cells, compared with individuals with LTBI (99, 156), thus suggesting a TNF-a-
dominated immune response to Mtb may be indicative of lack of immune control of the
infection.

To our knowledge, our study is the first to report utilizing AIM assays for
CD25/0X40 and CD40L/CD69 expression to identify antigen-specific CD4 T cells in
QFT and QFT+ individuals in a high TB burden setting, with and without HIV infection.
Our results indicate that AIM assays hold great potential to identify novel populations of
Mtb-specific CD4 T cells that may otherwise not be detected by IGRAs or traditional
intracellular cytokine staining assays. While we identified perturbations in Mtb-specific
cytokine production in HIV-infected individuals with LTBI, future studies are necessary
to more comprehensively define signatures of Mtb-specific CD4 T cells associated with
and/or predict specific outcomes following Mtb infection. In conclusion, the AIM assay
is thus a promising approach for sorting Mtb-specific CD4 T cell populations for
downstream applications such as single-cell RNA-sequencing, TCR sequencing, and T
cell cloning, which will greatly facilitate further definition of T cell immune correlates

that mediate durable control of Mtb infection and prevent progression to TB disease.
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Table 1. Characteristics of study participants

111

HIV- QFT- HIV+ QFT- HIV-LTBI HIV+ LTBI
n 19 20 19 17
Age, y* 23 29 30 32
(IQR) (19—28) (25-36)° (20-54) (24-37)
Sex
(% Male) 21 45 26 59
QFT, IFN-y IU/mlb 0 0 10 1.73
(IQR) (0 —0.07) (0 —0.08) (1.91—10) (0.94 — 5.41)d
CD4 Count, 515 590
Cells/yl> (IQR) N/A (320-758) /A (432 — 838)
HIV Viral Load, 85,488 17,550
Copies RNA/ml N/A (13,441 — N/A (3,873 —
plasmab (IQR) 537,421) 141,188)

ayalue denotes median age in years

byalues denote median

¢p < 0.05, compared with HIV- QFT—
dp < 0.01, compared with HIV—- LTBI



112

Figure Legends

Figure 1. Differential upregulation of AIM markers on Mtb-specific CD4 T
cells from QFT- and LTBI individuals. PBMCs from HIV- QFT- (n=19), HIV+
QFT- (n = 20), HIV- LTBI (n = 19) and HIV+* LTBI (n = 17) individuals were incubated
for 16 hours in media alone (negative control) or stimulated with SEB (positive control)
and Mtb antigens (CFP-10/ESAT-6 peptide pool and Mtb lysate). Surface expression of
the AIM markers CD25, 0X40, CD40L, and CD69 on CD4 T cells was measured by flow
cytometry. (A) Representative flow cytometry data indicating antigen-induced
expression of CD25*0X40+ and CD69*CD40L* CD4 T cells from an individual in each of
the 4 groups. Plots are shown gated on live CD3+CD4* T cells. Composite data are
shown of CD4 T cell expression for the indicated AIM markers following stimulation
with CFP-10/ESAT-6 peptide pool (B), Mtb lysate (C) and SEB (D). Data are shown
after subtraction of background AIM marker expression on CD4 T cells incubated in
media alone. Boxes represent the median and interquartile ranges; whiskers represent
the 5t and 95t percentiles. Differences in the frequencies of CD4 T cells expressing AIM
markers between QFT-and LTBI groups, and between HIV- and HIV+ groups were

assessed using the Mann-Whitney U test.

Figure 2. Antigen-specific CD4 T cell AIM assay functionality scores are
similar between HIV-infected and HIV-uninfected individuals with LTBI.
Combinations of AIM markers (CD25, 0X40, CD69, and CD40L) expressed on CD4 T
cells from HIV-uninfected and from HIV-infected individuals with LTBI were analyzed

by flow cytometry as described in Figure 1. Boolean analysis was used to define subsets
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of CD4 T cells expressing all possible combinations of the 4 AIM markers. COMPASS
was used to summarize the antigen-specific AIM marker upregulation profile of each
group, generating an AIM assay ‘functionality score’. Boxplots of functionality scores
(left panel) for CD4 T cells stratified by HIV infection status are shown for CFP-
10/ESAT-6 peptide pool (A), Mtb lysate (B), and SEB (C). Principal component analysis
(PCA) plots of characterized trends exhibited by the expression profiles of AIM markers
are shown in the right panel for each antigen. Boxes represent the median and
interquartile ranges; whiskers represent the 5t and 95t percentiles. Differences in the
functionality scores of CD4 T cells expressing AIM markers between HIV-uninfected

and HIV-infected individuals were assessed using the Mann-Whitney U test.

Figure 3: HIV co-infection modifies Mtb-specific cytokine production
profiles in individuals with LTBI. PBMCs from HIV- (n=19) and HIV* (n=17)
individuals with LTBI were stimulated with antigens as described in Figure 1. After 16
hours, cell supernatants were harvested, and cytokine levels quantified by Luminex bead
assay. Concentrations of IFN-y, IL-2, TNF-a, IL17AF, IL-22, and IL-10 are shown
following stimulation of PBMCs with (A) CFP-10/ESAT-6, (B) Mtb whole cell lysate,
and (C) SEB. Boxes represent the median and interquartile ranges; whiskers represent
the 5t and 95t percentiles. Differences in cytokine concentration between HIV- and

HIV+ individuals were assessed using the Mann-Whitney U test.

Figure 4. Co-infection with HIV skews the relationship between antigen-
specific CD4 T cell AIM marker expression and cytokine production profiles

in individuals with LTBI. Correlogram analysis between antigen-specific cytokine
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profiles and AIM marker expression on CD4 T cells from HIV-uninfected individuals
(n=19) and HIV-infected individuals (n = 17) with LTBI. Correlograms are shown
following stimulation of PBMC with (A) CFP-10/ESAT-6 peptide pool, (B) Mtb whole
cell lysate, and (C) SEB. Correlations were calculated by Spearman’s rank-order
correlation. The size and color intensity of each circle is proportional to the strength and
direction (blue: positive; red: negative) of each correlation coefficient. White asterisks
indicate significant P values as follow: ***P<0.001; ** P<0.01; * P<0.05. Correlograms
for each antigen are ordered by the angular order of the eigenvectors (AOE) of HIV-
uninfected individuals with LTBI; correlogram data from HIV-infected individuals are

ordered according to the AOE of HIV-uninfected individuals.

Figure 5. Comparative analysis of the effect of HIV infection on cytokine
profiles in LTBI. Cytokine production profiles from HIV- individuals (n=19) and from
HIV+ individuals (n=17) with LTBI were analyzed as described in Figure 3. PCA plots are
shown (left panels) of characterized trends exhibited by the cytokine expression profiles
following stimulation of PBMCs with (A) CFP-10/ESAT-6 peptide pool, (B) Mtb whole
cell lysate, and (C) SEB. Variables contributing to PC1 are shown from HIV- and HIV+

individuals (middle and right panels, respectively).
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specific CD4 T cell AIM marker expression and cytokine production profiles

in individuals with LTBI.
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Supplementary Figure Legends

Supplementary Figure 1. HIV infection is associated with a lower QFT TB
Antigen IFN-y response, compared with HIV-uninfected individuals with
LTBI. All study participants were tested by QFT. Composite data are shown of the IFN-
y response in the TB Antigen (left panel) and Mitogen (right panel) QFT tubes in the 4
study groups. All responses are shown after subtraction of background IFN-y
production in the QFT Nil tube. IFN-y responses >10 IU/ml were recorded as 10 IU/ml.
Horizontal lines represent the median. Differences in IFN-y levels between HIV-
uninfected and HIV-infected individuals and between LTBI and QFT- individuals were

assessed using a Mann-Whitney U test.

Supplementary Figure 2. HCMV-specific CD4 T cell responses in the AIM
assay are not significantly impacted by Mtb and HIV infection status. PBMCs
from HIV- QFT- (n=19), HIV* QFT- (n = 20), HIV- LTBI (n = 19) and HIV+ LTBI (n =
17) individuals were incubated for 16 hours in media alone (negative control) or
stimulated with HCMV pp65 peptide pool. Surface expression of the AIM markers
CD25, 0X40, CD40L, and CD69 on CD4 T cells was measured by flow cytometry. (A)
Composite data of CD4 T cell expression of the indicated AIM markers following
stimulation with HCMV pp65 peptide pool. Data are shown after subtraction of
background AIM marker expression on CD4 T cells incubated in media alone. (B)
HCMV pp65-specific AIM assay functionality scores generated by COMPASS (left

panel). A PCA plot incorporating all possible combinations of the 4 AIM markers is
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shown in the right panel. For panels A and B, boxes represent the median an
interquartile ranges; whiskers represent the 5t and 95t percentiles. Differences
between groups were assessed using a Mann-Whitney U test. No significant differences
were found between groups for HCMV pp65-specific CD4 T cell responses measured in

the AIM assay.

Supplementary Figure 3. HIV infection alters antigen-specific cytokine
production profiles in both QFT- and LTBI individuals. PBMC from HIV- QFT-
(n=19), HIV+ QFT- (n=20), HIV- LTBI (n=19), and HIV+ LTBI (n=17) individuals were
stimulated for 16 hours with the indicated Ags. Supernatants were collected and used to
measure cytokine concentrations by Luminex. IFN-y, IL-2, TNF-a, IL-17AF, IL-22, and
IL-10 concentrations are shown following stimulation of PBMCs with (A) CFP-
10/ESAT-6 peptide pool, (B) Mtb H37Rv whole cell lysate, (C) SEB, and (D) HCMV
pp65 peptide pool. Boxes represent the median and interquartile ranges; whiskers
represent the 5t and 95t percentiles. Differences in cytokine concentrations between
HIV- and HIV+ groups were assessed using a Mann-Whitney U test. * p<0.05; **

Pp<0.01; *** p<0.001
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CHAPTER IV

DISCUSSION
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Summary of Findings

This dissertation describes four main findings:

1.

Ig superfamily inhibitory receptors BTLA, CTLA-4, and PD-1 are not upregulated
on Mtb-specific CD4 T cells in peripheral blood of HIV-infected individuals,
compared with HIV-uninfected individuals, in the context of either LTBI or
pulmonary TB disease.

BTLA is markedly downregulated on Mtb-specific CD4 T cells in HIV-infected
individuals with pulmonary TB disease, compared with HIV-uninfected
individuals with pulmonary TB disease.

CD25/0X40 and CD69/CD40L AIM assays can be used to identify Mtb-specific
CD4 T cells in HIV-uninfected and HIV-infected Kenyan adults with LTBI.

HIV infection is characterized by diminished Mtb-specific IFN-y, IL-2, IL-17AF,
and IL-22 production, and elevated TNF-o production, compared with HIV-

uninfected individuals.
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Conclusions

Mycobacterium tuberculosis (Mtb) infection is the leading cause of death due to
a single infectious agent and has remained one of the top 10 causes of death worldwide
for decades (3). Mtb is the infectious agent that causes tuberculosis (TB) disease, results
in 10 million new cases of TB disease and approximately 1.6 million deaths (3).
Furthermore, though the immune correlates of protection against TB have not been
defined, co-infection with human immunodeficiency virus (HIV) is the single greatest
risk factor for reactivation from latent Mtb infection (LTBI) to active TB disease (3, 83).
In addition, co-infection with Mtb and HIV has proven difficult in the context of
prevention, diagnosis, and treatment due to immune suppression and depletion of CD4
T cells (49). The studies described in this dissertation were conducted to evaluate the
effect of HIV on the immunological response within individuals with LTBI and
pulmonary TB disease via analysis of analysis of antigen-specific CD4 T cell phenotypic
and functional profiles.

In Chapter 2, the effect of HIV on the concurrent expression of the Ig superfamily
T cell inhibitory receptors BTLA, CTLA-4, and PD-1 on total and antigen-specific CD4 T
cells from individuals with LTBI and active TB disease was described. We demonstrated
that active TB disease in both HIV-uninfected and HIV-infected individuals is
associated with reduced proportions of total CD4 T cells co-expressing all three
inhibitory receptors, compared with LTBI. In addition, we found no evidence of
increased expression of BTLA, CTLA-4, or PD-1, either alone or in combination, on Mtb-
specific CD4 T cells in HIV-infected individuals, compared with HIV-uninfected

individuals. Furthermore, expression of BTLA was significantly lower on Mtb-specific
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CD4 T cells from HIV-infected individuals with active TB, compared with the other
three participant groups. Lastly, by directly comparing inhibitory receptor phenotypes
of Mtb-, HCMV-, and HIV-specific CD4 T cells circulating concurrently within the same
individual, we provide evidence for the first time that, by contrast with virus-specific
CD4 T cells, Mtb-specific CD4 do not co-express inhibitory receptors at high levels,
regardless of HIV infection status.

In Chapter 3, the effect of HIV on the concurrent expression of the activation
induced markers (AIM) CD25/0X40 and CD40L/CD69 on total and antigen-specific
CD4 T cells from QFT- and LTBI individuals, as well as cytokine production profiles,
was described. We demonstrated that CD25/0X40 and CD69/CD40L AIM assays can
be used to identify CFP-10/ESAT-6-specific CD4 T cells in HIV-uninfected and HIV-
infected Kenyan adults with LTBI. We also show that AIM assays for CD69/0X40L
provided greater differentiation between QFT- and QFT+ individuals than CD25/0X40.
Furthermore, we evaluated Mtb-specific cytokine production profiles in both HIV-
uninfected and HIV-infected individuals with LTBI in a high TB burden setting and
showed that HIV infection is characterized by diminished Mtb-specific IFN-y, IL-2, IL-
17AF, and IL-22 production, and elevated TNF-a production, compared with HIV-

uninfected individuals.
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Future Implications

Nearly a quarter of the global population is infected with Mycobacterium
tuberculosis (Mtb), with 10 million people developing active tuberculosis (TB) annually.
The World Health Organization’s ‘End TB Strategy’ aims to end the TB pandemic by
drastically decreasing TB incidence, morbidly and death by 2030. To achieve this goal,
TB incidence rates need to decrease from an average 1.4% per year to 4-5% per year(6).
In order to do so, TB transmission, pathogenesis, vaccines and treatment need to be
addressed. In addition to defining immune correlates of Mtb infection, co-infection with
HIV has long been recognized as a significant risk factor for progression to TB disease,
yet the mechanisms whereby HIV impairs T cell-mediated control of Mtb infection
remain poorly defined. Thus, there is an urgent need to further define elements of
protective immunity to Mtb infection and determine precisely how co-infection with
HIV impairs anti-mycobacterial immunity.

In summary, this dissertation contributes novel evidence that the majority of
Mtb-specific CD4 T cells do not co-express multiple inhibitory receptors, regardless of
HIV infection status. Our data suggest that immune checkpoint blockade, which is
currently in use for cancer therapy and proposed for treatment of certain chronic viral
infections, may not be an effective approach for boosting T cell-mediated immune
control of Mtb infection. Furthermore, this dissertation highlights the previously
unrecognized role of BTLA expression on Mtb-specific CD4 T cells as a potential
biomarker of Mtb infection status, particularly in people living with HIV, the population
at greatest risk for development of active TB disease. In addition, this dissertation

demonstrates for the first time that AIM assays have potential to identify novel
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populations of Mtb-specific CD4 T cells in HIV-infected and uninfected individuals in a
high TB burden setting that may otherwise not be detected by IGRAs or traditional
intracellular cytokine staining assays. An additional important consideration in
evaluating the effect of HIV co-infection on Mtb-specific T cell immunity is HIV disease
state. While the HIV-infected participants in our cohorts had relatively preserved CD4 T
cell counts, it is possible that more substantial differences in inhibitory receptor
expression, AIM marker expression, or cytokine production profiles of Mtb-specific CD4
T cells would be apparent in HIV-infected individuals with CD4 T cell counts <200
cells/ul and more advanced HIV disease.

Moreover, the finding presented in this dissertation describe multiple phenotypic
and functional markers that facilitate characterization of antigen-specific CD4 T cells
within individuals across a spectrum of Mtb infection, with and without HIV. Further
studies are warranted to investigate additional markers, including but not limited to
activation markers, inhibitory and costimulatory markers, as well as cytokine
production by Mtb-specific CD4 T cells in order to better understand mechanisms and
develop more efficacious therapeutics and vaccines to combat the reactivation of LTBI
to active TB disease in individuals with Mtb/HIV co-infection. Further, in order to more
comprehensively define CD4 T cell responses in latent and active TB and further define
how co-infection with HIV impairs protective T cell immunity to Mtb infection, detailed
studies such as transcriptional and epigenetic profiling of Mtb-specific CD4 T cells will
be necessary to comprehensively define Mtb-specific CD4 T cell signatures associated
with successful control of Mtb infection. Our AIM assay can be utilized in future studies
to sort Mtb-specific CD4 T cells for single-cell RNA-sequencing, TCR sequencing, and T

cell cloning to define T cell immune correlates that mediate durable control of Mtb
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infection and prevent progression to TB disease. In addition, although our studies were
conducted using samples from cohorts enrolled in a cross-sectional manner, our results
provide rationale for conducting prospective, longitudinal studies of individuals with
LTBI and household contacts of TB index cases to define signatures of Mtb-specific CD4
T cells that can identify individuals at greatest risk for subsequent progression to TB
disease. Moreover, longitudinal studies of Mtb-specific CD4 T cell responses in
individuals with newly acquired HIV infection will be necessary to fully elucidate
mechanisms of HIV-associated dysregulation of anti-mycobacterial immunity that occur
very early in HIV infection. It remains to be seen whether early treatment of HIV with
antiretroviral therapy can preserve Mtb-specific CD4 T cell responses and reduce the
incidence of active TB disease in people living with HIV. Taken together, this knowledge
of immune correlates of Mtb infection can then be employed to develop novel
prophylactic and therapeutic vaccines and immunotherapies to significantly contribute

to decreasing TB incidence as proposed by the ‘End TB Strategy’.
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Figure 1. Similar frequencies of inhibitory receptor co-expression on total
CDS8 T cells in HIV-infected and HIV-uninfected individuals with LTBI.
PBMCs from HIV-uninfected and HIV-infected individuals with LTBI (n=32 and n=22,
respectively) were analyzed by flow cytometry for expression of the inhibitory receptors
BTLA, CTLA-4, and PD-1 on total CD8 T cells. (A) Summary data representing the
proportion of total CD8 T cells expressing three, two, one, or no inhibitory receptors
from HIV-uninfected and HIV-infected individuals with LTBI. (B) The frequencies of
total CD8 T cells expressing each combination of BTLA, CTLA-4 and PD-1 are shown for
individuals with LTBI. Boxes represent the median and interquartile ranges; whiskers
represent the 5t and 95t percentiles. Differences in the proportion of CD8 T cells
expressing each inhibitory receptor population between HIV-uninfected and HIV-
infected individuals with LTBI (A, B) were assessed using a Mann-Whitney U test. *** p

< 0.001.
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Figure 2. HIV infection is associated with upregulation of PD-1 expression
on Mtb-specific CD8 T cells in individuals with LTBI. PBMCs from HIV-
uninfected and HIV-infected individuals were stimulated with CFP-10 and ESAT-6
peptide pools and evaluated for expression of IFN-y and TNF-a by flow cytometry. Mtb-
specific CD8 T cells meeting the criteria for a positive response (see Chapter II,
Materials and Methods) were evaluated for expression of BTLA, CTLA-4, and PD-1. (A)
Composite data from individuals with LTBI indicating the proportion of CFP-10/ESAT-
6-specific CD8 T cells expressing three, two, one or no inhibitory receptors. (B)
Composite data from individuals with LTBI indicating the proportion of CFP-10/ESAT-
6-specific CD8 T cells expressing the indicated combinations of BTLA, PD-1 and CTLA-4
(LTBI/HIV-, n=27; LTBI/HIV+, n=17). Boxes represent the median and interquartile
ranges; whiskers represent the 5t and 95t percentiles. Differences in the proportions of
Mtb-specific CD8 T cells expressing the indicated inhibitory receptors between HIV-
uninfected and HIV-infected individuals were assessed using a Mann-Whitney U test. *

p < 0.05.
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Figure 3. BTLA, CTLA-4 and PD-1 expression on total and Mtb-specific CD8
T cells in individuals with latent Mtb infection. PBMCs from HIV-uninfected and
HIV-infected individuals with LTBI were either left unstimulated or stimulated with
CFP-10 and ESAT-6 peptide pools. Composite data of the percentage of BTLA (A),
CTLA-4 (B) and PD-1 (C) expression on total unstimulated CD8 T cells (left panel) and
CFP-10/ESAT-6-specific CD8 T cells (right panel) from individuals with LTBI. Boxes
represent the median and interquartile ranges; whiskers represent the 5t and g5th
percentiles. Differences in the percentages between HIV-uninfected and HIV-infected

individuals were assessed using a Mann-Whitney U test. ** p <0.01; *** p <0.001.
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Figure 4. Differential inhibitory receptor expression profiles on Mtb-
specific CD8 T cells, compared with HCMV- and HIV-specific CD8 T cells
within the same individuals. PBMCs were stimulated with CFP-10 and ESAT-6
peptide pools, as well as HCMV pp65 peptide pool and HIV Gag peptide pool. Ag-
specific CD8 T cells meeting the criteria for a positive response (see Chapter II,
Materials and Methods) were evaluated for expression of BTLA, CTLA-4, and PD-1.
Summary data of the proportion of Ag-specific CD8 T cells expressing the indicated
subsets of inhibitory receptors in individuals with LTBI (top row, HIV-uninfected LTBI;
bottom row, HIV-infected LTBI). Boxes represent the median and interquartile ranges;
whiskers represent the 5t and 95t percentiles. Differences in the inhibitory receptor
expression of Mtb-specific CD8 T cells was compared with paired HCMV- and HIV-
specific CD8 T cells from the same individuals using a Wilcoxon matched pairs test. * p

< 0.05; ** p < 0.01; *** p < 0.001.
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Figure 5. Similar frequencies of inhibitory receptor co-expression on total
CDS8 T cells in HIV-infected and HIV-uninfected individuals with active TB.
PBMCs from HIV-uninfected and HIV-infected individuals with active TB (n=37 and
n=19, respectively) were analyzed by flow cytometry for expression of the inhibitory
receptors BTLA, CTLA-4, and PD-1 on total CD8 T cells. (A) Summary data representing
the proportion of total CD8 T cells expressing three, two, one, or no inhibitory receptors
from HIV-uninfected and HIV-infected individuals with active TB. (B) The frequencies
of total CD8 T cells expressing each combination of BTLA, CTLA-4 and PD-1 are shown
for individuals with active TB. Boxes represent the median and interquartile ranges;
whiskers represent the 5t and 95t percentiles. Differences in the proportion of CD8 T
cells expressing each inhibitory receptor population between HIV-uninfected and HIV-
infected individuals with active TB (A, B) were assessed using a Mann-Whitney U test. *
P < 0.05; *¥* p < 0.01; ¥** p < 0.001, after applying the Bonferroni correction for

multiple comparisons.
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Figure 6. HIV infection is associated with upregulation of CTLA-4 and PD-1
expression and downregulation of BTLA on Mtb-specific CD8 T cells in
individuals with active TB disease. PBMCs from HIV-uninfected and HIV-infected
individuals were stimulated with CFP-10 and ESAT-6 peptide pools and evaluated for
expression of IFN-y and TNF-a by flow cytometry. Mtb-specific CD8 T cells meeting the
criteria for a positive response (see Chapter II, Materials and Methods) were evaluated
for expression of BTLA, CTLA-4, and PD-1. (A) Composite data from individuals with
active TB indicating the proportion of CFP-10/ESAT-6-specific CD8 T cells expressing
three, two, one or no inhibitory receptors. (B) Composite data from individuals with
active TB indicating the proportion of CFP-10/ESAT-6-specific CD8 T cells expressing
the indicated combinations of BTLA, PD-1 and CTLA-4 (TB/HIV-, n=36; TB/HIV+,
n=16). Boxes represent the median and interquartile ranges; whiskers represent the 5t
and 95th percentiles. Differences in the proportions of Mtb-specific CD8 T cells
expressing the indicated inhibitory receptors between HIV-uninfected and HIV-infected
individuals were assessed using a Mann-Whitney U test. * p < 0.05, ** p < 0.01, ***p <

0.001.
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Figure 7. BTLA, CTLA-4 and PD-1 expression on total and Mtb-specific CD8
T cells in individuals with active TB. PBMCs from HIV-uninfected and HIV-
infected individuals with active TB were either left unstimulated or stimulated with
CFP-10 and ESAT-6 peptide pools. Composite data of the percentage of BTLA (A),
CTLA-4 (B) and PD-1 (C) expression on total unstimulated CD8 T cells (left panel) and
CFP-10/ESAT-6-specific CD8 T cells (right panel) from individuals with active TB.
Boxes represent the median and interquartile ranges; whiskers represent the 5t and g5th
percentiles. Differences in the percentages between HIV-uninfected and HIV-infected

individuals were assessed using a Mann-Whitney U test.
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Figure 8. Differential inhibitory receptor expression profiles on Mtb-
specific CD8 T cells, compared with HCMV- and HIV-specific CD8 T cells
within the same individuals. PBMCs were stimulated with CFP-10 and ESAT-6
peptide pools, as well as HCMV pp65 peptide pool and HIV Gag peptide pool. Ag-
specific CD8 T cells meeting the criteria for a positive response (see Chapter II,
Materials and Methods) were evaluated for expression of BTLA, CTLA-4, and PD-1.
Summary data of the proportion of Ag-specific CD8 T cells expressing the indicated
subsets of inhibitory receptors in individuals with active TB (top row, HIV-uninfected
TB; bottom row, HIV-infected TB). Boxes represent the median and interquartile
ranges; whiskers represent the 5t and 95t percentiles. Differences in the inhibitory
receptor expression of Mtb-specific CD8 T cells was compared with paired HCMV- and
HIV-specific CD8 T cells from the same individuals using a Wilcoxon matched pairs

test. *p < 0.05; **p < 0.01; *** p < 0.001.



