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“We enjoy the process far more than the proceeds”
Warren Buffett



ABSTRACT

Individually, tuberculosis (TB) and acquired immunodeficiency syndrome (AIDS) pose major global
health problems and together, they form a deadly liaison. Preventive vaccines for any of the diseases
are not yet available. Therefore, better understanding of protective immunity to each pathogen that
cause the diseases and how co-infection influences host immune responses are urgently needed. The
overall aim of this thesis was to increase our understanding of immune regulation and protective
immune responses during pulmonary TB and during Mycobacterium tuberculosis (Mtb)/ human
immunodeficiency virus-1 (HIV-1) co-infection in the mouse model.

In study I, we explored CD103+ dendritic cell (¢E-DC) and CD4+*Foxp3* regulatory T (Treg) cell
function during pulmonary TB. We showed that in mice resistant to Mtb infection the number of a.E-
DCs increased dramatically in response to Mtb infection. In contrast, highly susceptible mice failed to
recruit oE-DCs even during chronic infection. Instead of producing TNFa, aE-DCs preferentially
produced TGFpB. In contrast to resistant mice, the Treg cell population was diminished in the lungs,
but not in the draining pulmonary lymph node (PLN) of highly susceptible DBA/2 mice during
chronic infection. Further, we showed that Treg cells produced IFNy in response to infection with a
virulent clinical Mtb isolate. The reduced number of lung oE-DCs and Treg cells in susceptible mice
coincided with severe lung inflammation and increased bacterial burden. Our results indicated that
oE-DCs and Treg cells may play a role in regulating the host immune response during pulmonary TB.
In study II, we further investigated the origin, tissue localization, infection rate and cytokine profile of
aE-DCs during pulmonary TB. We showed that alveolar epithelial cells support monocyte survival
and differentiation in vitro. We demonstrated that bone marrow-derived monocytes were precursors
of aE-DCs in the lungs and PLN during pulmonary TB. We confirmed the localization of aE-DCs
beneath the bronchial epithelial cell layer and near the vascular wall during steady state conditions,
and showed that oE-DCs had a similar localizaton in the lungs during pulmonary TB. In addition, aE-
DCs were detected in the bronchoalveolar lavage during the infection. In contrast to other DC
subsets, we found that only a minor fraction of lung aE-DCs was infected with the bacterium. We also
showed that virulent Mtb did not significantly alter the cell surface expression level of MHC II on
infected cells in vivo and that aE-DCs contain the highest frequency of IL-12p40+ cells among the
myeloid cell subsets in infected lungs. Our results support a model in which inflammatory monocytes
are recruited into the Mtb-infected lung tissue and, depending on which non-hematopoietic cells they
interact with, differentiate along different paths to give rise to multiple monocyte-derived cells,
including DC with a distinctive oE-DCs phenotype.

In study III, we determined the impact of chronic Mtb infection on the immunogenicity of a HIV
vaccine candidate. We found that, depending on the vaccination route, Mtb-infected mice displayed
impairment in both the magnitude and in the quality of both antibody- and T cell responses to the
vaccine components p24Gag and gp160Env. Mtb-infected and HIV-vaccinated mice exhibited reduced
p24Gag-specific serum IgG and IgA titers, and suppressed gpl60Env-specific serum IgG titers
compared to uninfected HIV-1-vaccinated controls. Importantly, the virus neutralizing activity in
serum of intramuscular HIV-vaccinated Mtb-infected mice was significantly decreased relative to the
uninfected controls. In addition mice concurrently infected with Mtb had fewer p24Gag-specific
IFNy-expressing T cells and multifunctional T cells in the spleen. These results suggested that Mtb
infection may interfere with the effectiveness of HIV vaccines in humans.

In study IV, we established a mouse model for Mtb/HIV-1 co-infection by utilizing the chimeric
EcoNDK virus. During the time-course of the experiment, we did not detect signs of
immunodeficiency. However, we confirmed that the virus was present in Mtb/EcoNDK co-infected
mice at least 14 days after a single injection of the virus. In fact, the viral load was significantly higher
in the lungs and in the spleen of Mtb/EcoNDK co-infected mice compared to animals infected with the
virus alone. We showed that EcoNDK influence the adaptive T cell response directed towards the
bacterium. We observed that the number of Mtb-specific CD8* T cells was significantly increased in
the spleen compared to Mtb-infected animals. Furthermore, we characterized the cell surface
expression profile of T cell immunoglobulin and mucin domain-3 (Tim-3) and Program Death 1 (PD-
1) on T cell subsets during TB and during Mtb/EcoNDK co-infection. Even though we did not detect
any significant difference between Mtb-infected and co-infected mice, we did find that Tim-3 and PD-
1 were utilized differently by CD4* T cells and CD8* T cell subsets. Finally, we showed that TB10.4-
specific CD8+*Tim-3* T cells were enriched for both TNFa- and IFNy-producing cells. Our murine co-
infection model may be a useful tool to elucidate why pulmonary TB is such a problem in patients
with HIV-1/AIDS.
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1 INTRODUCTION

1.1 TUBERCULOSIS (TB) AND HUMAN IMMUNODEFICIENCY VIRUS
INFECTION (HIV-1): MAJOR GLOBAL HEALTH CONCERNS

Infectious diseases, particularly, HIV-1/AIDS (Acquired Immunodeficiency
Syndrome) and tuberculosis (TB) are among the top ten causes of death in low
and middle-income countries. TB ranks as the second cause of death from
infectious disease worldwide after HIV-1 [1]. Individually, HIV-1 and TB pose
major global health challenges and together, they form a deadly liaison. Either
individually or synergistically, these two diseases cause substantial morbidity,
mortality, negative socioeconomic impact and human suffering worldwide [2].

Mycobacterium tuberculosis (Mtb) has infected mankind for more than 4000 years.
Mtb is able to cause disease in many organs but the most common form of TB is
pulmonary TB. TB is a curable disease, even though drug resistance is an
emerging problem. The global TB incidence declined gradually since the
discovery of antibiotics against Mtb in 1940s and disappeared from the world
public health agenda in the 1960s and 1970s [3]. However, resurgence of TB
cases began in the early 1990s for many reasons, including the emergence of the
HIV-1/AIDS and the increase in incidence of multidrug resistant (MDR) and
extensively drug resistant (XDR) Mtb strains. The HIV-1/AIDS pandemic
produced a sharp increase in notifications of TB cases, particularly in sub-Saharan
Africa and South East Asia [4]. In parallel, TB started to re-emerge in several
industrialized countries including USA [5], most western European countries and
in Eastern Europe [6].

Despite attempts to stop the global TB burden by implementing TB control
programs, including the Directly Observed Treatment, Short-course (DOTS) by the
World Health Organization (WHO), TB remains a major global health problem
especially in areas where resources are limited. Even though the number of new
TB cases have been falling gradually since 2006 (Figurel), there were an
estimated 8.7 million new cases of TB and 1.4 million people died from TB in 2011
worldwide [1]. According to a WHO report, 82% of this global burden is
distributed among 22 high-burden countries [1]. The highest prevalence was
estimated in African, and Southeast Asian countries (Figure 2). India holds the
global rank-one position in the number of incident cases of TB, followed by China,
South Africa, Indonesia and Pakistan [1]. In addition, it has been estimated that 2
billion people are infected by TB and are living with latent TB.

Bacillus Calmette Guerin (BCG) is attenuated live Mycobacterium bovis, was first
used as TB vaccine in 1921 and it is the only vaccine against TB available globally
today. Unfortunately, the vaccine only protects infants from tuberculous
meningitis and against miliary TB [7], and has limited protective efficacy in
adolescents and adults. Finding a better vaccine is needed for global TB
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prevention. Development of new vaccines, including modified and strengthened
BCG vaccines, as well as novel vaccines designed for prime-boost vaccination
strategies, are in the pipeline and involves several academic groups, research
institutions and public-private partnerships such as AERAS and the TB Vaccine
Initiative [3]. To date, there are at least 12 new vaccine candidates at different
phases of clinical trial [8]. Unfortunately, no vaccine candidate has so far
succeeded in providing efficient protection. This indicates that we need better
understanding of the components of protective immune responses against Mtb.
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HIV-1 is a lentivirus and was recognized as the etiologic agent of AIDS more than
30 years ago, a century after the identification of Mtb. HIV-1 is transmitted by
blood, semen, vaginal fluids and breast milk. HIV-1 preferentially infects immune
cells, especially CD4+* T cells, and causes a significant reduction in the number of
CD4+T cells resulting in serious weakening of the immune system. AIDS is a lethal
disease associated with opportunistic infections, i.e. viral infections, fungal and
bacterial infections, particularly Mtb. In addition, due to the immunosuppressive
condition, AIDS patients develop autoimmune diseases and endocrine
disturbances [9].

The global AIDS epidemic peaked in 1999 and has been steadily declining.
According to UNAIDS, the Joint United Nations Program on HIV-1/AIDS, the
overall growth of the global aids epidemic appears to have stabilized. This is due
to various factors including preventive efforts, behavioural change, and better
access to treatment. Even though the number of new infection has been falling in
many countries, the number of new infections overall are still high with
approximately 2.5 million new cases of HIV-1 infection in 2011 [10]. This was
20% lower than that in 2001. The HIV-1 incidence declined in 39 countries by
more than 25% between 2001 and 2011 (Figure 3), most of which are in sub
Saharan Africa. Despite the appreciated decrease in infection rates, sub-Saharan
Africa continues to be heavily affected by HIV-1 and accounted for 72 % of all new
HIV-1 infections in 2011. Although there are improvements in most countries,
there were still at least 9 countries; most are in Asia and South East Asia, where
the incidence increased by more than 25 % from 2001 to 2011 (Figure 3). Since
the first cases were reported in 1981, the global HIV-1 epidemic has caused over
30 million deaths and left an estimated 34 million individuals living with HIV-1 at
the end of 2011. In addition, due to the significant scale up of antiretroviral
therapy in low- and middle-income countries over the past few years, the number
of AIDS related deaths has been falling. Approximately, 1.7 million people died
due to HIV-1/AIDS in 2011, down 24% from the peak in 2005 [10].

Many advances have been made in the prevention of HIV-1 transmission and
management of HIV-1/AIDS, i.e. the development of highly sensitive and specific
HIV-1 screening tests [11] which could successfully eliminate HIV-1 transmission
by blood transfusion, antiretroviral drugs [12, 13] which can stop the replication
of HIV-1 and delay the symptoms, turning HIV-1 infection into a chronic condition
instead of a rapidly terminal illness. Despite the advances, HIV-1 remains a major
public health challenge.

There is strong evidence that the risk of TB among HIV-1 infected individuals is
significantly higher than the general population. A WHO report with data from 64
countries revealed that HIV-1-infected people are over 20 times more likely to
develop active TB than HIV-1 negative individuals in settings with a generalized
HIV-1 epidemic. In countries with low HIV-1 prevalence, the risk was 26-37 times
that of HIV-1 negative individuals. Globally, about 13% of TB cases occur among
people infected with HIV-1 (>50%) in some African countries [1].
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Figure 3. Change in TB incidence rate of HIV-1 infection among adults 15-49
years old, 2001-2011, selected countries. Redrawn from ref[10].

The burden of co-infection is particularly high in sub-Saharan Africa, and is of
growing concern in Asia. TB is a major cause of death among people living with
HIV-1, whose impaired immune systems make them particularly susceptible to
TB. Co-infection with both microorganisms accelerates disease development,
worsens the pathogenesis and amplifies the transmission of TB. 430,000 of the
1,4 million people that died from TB in 2011 were HIV-1 positive (30%) [1].

In conclusion, despite the significant increase in financial support and recent
progress addressing HIV-1 and Mtb, these two pathogens continue to be linked in
a global pandemic and a global health concern. Preventive vaccines are not yet
available for any of the pathogens. The current challenge is to find ways of
controlling both TB and HIV-1, and to improve diagnosis and management of co-
infection. Therefore, better understanding of how Mtb and HIV-1 interacts
individually, or synergistically, with the host immune system is urgently needed.



1.2 PRIMARY AND LATENT TB

The acid-fast bacillus, Mycobacterium tuberculosis, was first identified by Robert
Koch in 1882 as the causative agent for TB. TB is an airborne disease transmitted
through inhalation of air droplets containing Mtb that are expelled when a patient
with active TB coughs or sneezes. Various outcomes following exposure to Mtb
can be predicted as shown in Figure 4 [14]. After Mtb exposure, only about 30%
of individuals become infected [14, 15]. Approximately, 5-10% of infected
individuals subsequently develop clinical disease (Primary TB) within 1 or 2
years, whereas the rest (90%-95%) will contain the bacteria and present no
disease symptom, which is defined as latent TB. This latent state is maintained by
host immune responses initiated after Mtb exposure. Reactivation of latent TB, or
post-primary TB, develops later in life and can be caused either by reactivation of
bacteria persisting from the initial infection or by failure to control a subsequent
reinfection. The lifetime reactivation risk is about 10% in healthy adults and can
occur at any time in life, but usually occurs within 2-5 years after infection. The
risk factors such as malnutrition, diabetes, aging, smoking, alcohol, chronic diseases,
and HIV-1 infection greatly contribute to the reactivation of the disease [1].
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Figure 4. Outcome after Mtb exposure. Adapted from ref[14],



Primary and post primary TB may have distinct clinical presentations. The
combination of symptoms and examination findings may range from systemic
responses such as fever, weight loss and night sweats, to local consequences of the
infection in the lungs such as cough and hemoptysis. Chest X-ray shows
radiological abnormalities such as hilar lymphadenopathy and lung cavities or
densities due to pathogenesis in the lungs [16]. Post primary TB is predominantly
a pulmonary disease, involving extensive damage to the lungs and efficient aerosol
transmission of bacteria, but can also present as extrapulmonary, or miliary TB.
On the other hand, patients with latent TB are asymptomatic and cannot spread
Mtb to other persons [14, 17].

Diagnosis of latent TB has been attempted by using the tuberculin skin test (TST)
where the cell-mediated immune response can be determined after intradermal
injection of purified protein derivative (PPD) antigens. A positive response leads
to an induration in the skin due to a delayed-type hypersensitivity reaction, 48-72
hours after the injection. However, the TST test gives low specificity since BCG-
vaccinated individuals, or environmental mycobacterial exposed individuals, also
respond to PPD. This is because PPD antigens are prepared from culture filtrates
of Mtb, which are also found in the attenuated BCG vaccine and in many
environmental mycobacteria [18]. More recently, the IFNy release assay (IGRA)
was developed to determine immune responses that are specific against Mtb.
Early secretory antigen target-6 (ESAT-6) and culture filtrate protein (CFP-10),
that are absent in BCG and most environmental mycobacteria, are proteins used in
IGRAs to determine IFNy production by antigen-specific T cells [19]. The IGRA
test offers improved specificity and sensitivity [18]. In addition, it is a non-
invasive test compare to TST test since the IGRA only requires whole blood or
peripheral blood mononuclear cells (PBMCs).

1.3 EXPERIMENTAL MODEL FOR TB

Animal models have contributed greatly to our understanding of TB. No single
animal model can completely mimic human TB since human TB exhibits a
complex disease spectrum. Each animal model provides pros and cons. The
choice of which model to use for these studies depends on the research questions,
as well as on practical issues i.e., cost, availability, biosafety level 3 (BSL3) animal
housing, ethical considerations and reagent availability. Several excellent animal
models are available including mice, guinea pigs, rabbits, non-human primates
(NHP) and fish.

1.3.1 The mouse model

Mice are widely used to study various aspects of TB: the study of Mtb mutants,
host immune responses and to determine the effectiveness of drugs and vaccine
candidates. This is because mice offer ease of manipulation and housing,



numerous inbred strains, availability of mutants and genetically altered strains, as
well as a wide range of available reagents.

Mice on the C57BL/6 and BALB/c genetic backgrounds are most commonly used
in mycobacterial research. The most physiologically relevant way, which mimics
the natural route of infection in human, is by aerosolization of the microorganism
for respiratory infection. Aerosol infection is performed by exposing the mice to
air droplets containing Mtb, which is generated by a nebulizer. The dose of
infection can be manipulated by varying the concentration of bacteria in the
nebulizer or time of exposure. Following low dose aerosol infection (50-200
colony forming units (CFU) per mouse) there is an increase in the number of live
bacteria in the lungs that reaches a peak by week 4 post infection (pi) (105-107
CFU) and then plateaus for several months [20]. The bacteria first disseminate to
the mediastinal lymph nodes [21] and then to other organs. Eventually, with slow
progression of pathogenesis, even resistant mice succumb to the infection within a
year [22, 23]. Studies on the induction of the adaptive immune response are
usually performed during the first 3-4 weeks after infection when the number of
CD4+* and CD8* T cell reaches a peak in the lungs [20].

Following low dose Mtb aerosol infection, different mouse strains display various
degree of susceptibility to TB. C57BL/6 and BALB/c mice are considered
relatively resistant to Mtb infection whereas DBA/2 mice and other strains are
more susceptible (Table 1). However, when the bacteria is given systemically to
BALB/c mice via the intravenous route, and not localized to the lungs, BALB/c
mice are considered susceptible to Mtb. Susceptible mice succumb to Mtb
infection rapidly due to extensive lung tissue damage and inability to control
bacterial growth. In contrast, resistant mice control bacterial growth better,
display less lung tissue damage, form granuloma-like structures and live longer
after Mtb exposure [24].

Table 1. Inbred mouse strains used in tuberculosis research. Adapted from ref[24].

Resistant Intermediate Susceptible
A/Sn BALB/c 129/Sv
BALB/c A/l
C57BL/10 C3Hc*
C57BL/6 CBA

DBA/2

1/St

*Including C3H/He]J, C3H/Sn], C3H/ HeOu]J, C3HeB/Fe] and C3H.SW-H2b



The mouse model has contributed immensely to our understanding of the
immune mechanisms that control Mtb infection. For example, studies using
inbred mice with deletions in genes encoding the cytokines IL-12, IFNy [25, 26], or
TNFa [27] showed that these immune factors are essential for controlling Mtb
infection. These findings in the mouse model have been translated into patient
studies where TNFa [28], IL-12, and IFNy have been shown to be critical for
preventing TB in humans [17].

Although the advantages of using mice in TB studies are pronounced, there are
limitations. For example, latent Mtb infection is difficult to model in mice. In
humans, the initial infection is usually controlled by host immune responses
resulting in no detectable bacteria and no symptoms. In resistant mice, although
the infection is controlled for some time, bacterial numbers are not reduced and
remain relatively high. Also, the pathogenesis in the lungs is progressive
throughout the course of infection. However, a latent model (the Cornell model) in
mice was developed in the 1950s and is still being used today. The Cornell model
is an attempt to mimic latent Mtb infection in mice in which the animals are
infected with Mtb, followed by a short antibiotic treatment regimen (isoniazid and
pyrazinamide), resulting in no detectable bacilli by culturing tissue lysates [29].
After antibiotic treatment, reactivation of the infection can occur spontaneously,
or in response to immunosuppressive agents [29-31]. There is little evidence that
this model actually reflects human latent TB [32].

TB pathology in mouse lungs is different from the pathology observed in humans.
The human granuloma is usually a well-circumscribed structure composed of
lymphocytes surrounding macrophages. In contrast, the mouse granuloma
comprises loose non-necrotic aggregates of macrophages and lymphocytes and do
not form into the classical granuloma structure seen in human TB. The granuloma
in mice although progressive, does not result in caseous necrosis and cavity
formation. However, some susceptible mouse strains such as C3HeB/Fe]J [33-35],
inducible nitric oxide synthase (NOS) 2-/- mice develop highly organized
encapsulated necrotic lesions [36].

1.4 PATHOGENESIS AND IMMUNE RESPONSES TO MTB

The outcome of Mtb infections depends on the interaction between the bacteria
and the host immune system. During the infection, these interactions can lead to
pathogen control and establishment of latent infection, or progressive disease.
Based on experimental models, Zuniga et al [37] have proposed that TB
pathogenesis can be divided in four well-defined events.

1. Inhalation of the mycobacteria: interaction with resident macrophages

through cellular receptors and internalization of the bacteria.
2. Inflammatory cell recruitment: recruitment of immune cells and

induction of the production of pro-inflammatory cytokines.



3. Control of mycobacteria proliferation: arrival of adaptive immune cells to
the site of infection.

4. Post primary TB: mycobacteria persistence associated with a failure in the
immunosurveillance system.

1.4.1 Mtb enters into the host cells and arrests phagosome maturation

Once the bacteria reach the lung parenchyma, it is generally accepted that resident
alveolar macrophages encounter and take up the bacteria first [38]. After this,
dendritic cells (DCs), macrophages, and neutrophils also take part in the phagocytic
process [39-41]. In fact, in low dose aerosol-infected mice, Wolf AJ et al showed
that Mtb can infect various myeloid cell subsets and that CD11b*/CD11c* cells
[39], which contains both myeloid DC and activated macrophages [42], contained
the highest percentage of infected cells. The result from our study (Study II)
revealed that the dominant infected population in the lungs was CD11b*/CD11c
cells, which contains neutrophils and small macrophages [43]. Although Mtb
preferentially infects phagocytic cells, it may also interact with nonprofessional
phagocytic cells, such as alveolar epithelial cells [44] and mesenchymal stromal
cells [45].

Endocytosis of Mtb involves numerous receptors such as macrophage mannose
receptor (MMR), the main receptor on macrophages, recognizes mycobacterial
cell wall components like lipoglycan, mannose-capped lipoarabinomannan
(ManLAM) and phosphatidylinositol mannosides (PIM) [46]; Complement
receptor (CR) on phagocytic cells such as CR3 and CR1 involved in complement-
opsonized Mtb uptake by which Mtb cell wall components activate the alternative
complement pathway and are opsonized by C3b and iC3b; DC-specific
intercellular adhesion molecule 3-grabbing nonintegrin (DC-SIGN), a major
uptake receptor in human DC, recognizes ManLAM, PIMs, arabinomannan and
lipomannan (reviewed in reference [46] and [47]). In addition, Scavenger
receptors (SRs) also play a role in Mtb binding and uptake [48].

Once the bacteria are internalized, the phagosome fuses with a lysosome to digest
the bacteria. The dogma is that Mtb is an intracellular bacillus able to manipulate,
persist and replicate within infected cells, particularly professional phagocytes.
Virulent Mtb is able to arrest phagosomal maturation by preventing
phagolysosomal fusion, inhibiting acidification of the phagosomal compartments
[38] and thereby adapting to the intracellular environment of the macrophages
and creating a niche for survival. However, there is evidence showing that the
bacteria escape into the cytosol [49-51]. It was recently emphasized by Houben
and colleagues that translocation from phagolysosomes into the cytosol
compartment of human macrophages and DCs requires the ESX-1 (type VII)
secretion system expressed by virulent Mtb [52]. ESX-1 has been proposed to be a
bacterial virulent factor that helps disseminate the bacterium by causing
phagosomal rupture, inhibiting cell apoptosis and promoting necrosis of the cell
and enhancing cell-to-cell spread [53].



In addition, much research is focusing on how Mtb modulates host macrophages
to benefit the bacterium itself. One interesting finding is that virulent Mtb strains
could inhibit apoptosis and promote necrosis of infected macrophages [54].
Apoptosis is a form of cell death in which plasma membrane integrity is preserved
and so called apoptotic vesicles are formed. It is considered an innate host
defence mechanism that allows DC to take up the infected apoptotic body and
prime naive T cells through a process known as cross-priming/cross-presentation,
which may stimulate naive CD8* T cells more efficiently. In contrast, necrosis is
the process of cell death characterized by plasma membrane disruption that
induces inflammation. In the context of Mtb infection, necrosis of the infected
macrophages releases the bacteria that can infect neighbouring cells (Figure 5).
The inhibition of apoptosis by virulent Mtb strains was later found involve the
balance in biosynthesis of prostaglandin E2 (PGE2) and Lipoxin A4 (LXA4) in the
host cells. PGE2 acts as a pro-apoptotic lipid mediator, which protects against
necrosis and it is important for stimulation of membrane repair mechanisms. In
contrast, LXA4 is a pro-necrotic lipid mediator that suppresses PGE2 synthesis,
resulting in mitochondrial damage and inhibition of plasma membrane repair
mechanisms and leads to the induction of necrosis [55]. Virulent Mtb inhibits
apoptosis and promotes necrosis of infected macrophages by stimulating the
production of LXA4 that inhibits the clycooxygenase (COX2) production and thus
effectively shuts down PGE2 biosynthesis [56, 57]. In conclusion, three major
outcomes following Mtb infected human or murine macrophages can be predicted,
namely necrosis, apoptosis, and survival of infected macrophages [58].
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Figure 5. Mycobacterium modulate the host macrophage. Adapted from ref [57].
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1.4.2 Innate immune response in TB

A study using the mouse model indicated that early innate immunity (within the
first 3 weeks of infection) could kill a substantial number of mycobacteria despite
unsuccessful complete clearance of the pathogen [59]. The bacteria that escape
the initial intracellular destruction can multiply and disrupt the cells, after which
chemokines attract uninfected monocytes and other inflammatory cells to the
lungs [38]. These recruited monocytes give rise to various myeloid cell types, i.e.
macrophages and DCs [42] and are ready to take up the bacterium [39, 60]. IL-8,
which attracts neutrophils and monocytes [61], monocyte chemoattractant
protein 1 (MCP-1), which acts on monocytes, macrophages and NK cells [62], are
examples of important chemokines that help inflammatory cell-trafficking upon
Mtb infection. Eventually, newly recruited cells are infected by Mtb at the site of
infection. Studies using the zebrafish model have shown that bacteria that are
released from the cell that was initially infected can infect more than two
previously uninfected cells and amplifying the number of infected cells in vivo
[63]. The zebrafish model has also provided data showing that recruited innate
immune cells are able to form the initial granuloma-like structure without
involving adaptive immune cells [64].

The initial immune activation starts with recognition of Mtb products by pattern
recognition receptors (PRRs). PRRs are the primitive part of the innate immune
system and could identify pathogen-associated molecular patterns (PAMPs),
which are associated with microbial product or cellular stress. Mycobacterial
products can be recognized by both extracellular and intracellular PRRs. Toll-like
receptors (TLR), membrane-bound PRRs, are essential for microbial recognition
on macrophages and DCs [65]. Of the 11 TLRs identified to date, TLR-2, TLR-4,
TLR-9 are involved in recognition of Mtb products. TLR-2 recognizes cell wall
glycolipids such as ManLAM and PIMs, while TLR-4 and TLR-9 recognize heat
shock protein 60/65 and unmethylated CpG motifs in bacterial DNA, respectively.
In addition, the intracellular receptors nucleotide-binding oligomerization domain
(NOD) 1 and NODZ2 are able to recognize bacterial peptidoglycan. C-type lectins
and DC-SIGN, other important receptors in the PRR family, serve both as receptors
for bacterial recognition and uptake [66].

Following recognition of Mtb antigens, the intracellular signalling cascades are
activated and lead to activation of the transcriptional factor NF-kB. Finally,
cytokines are released, which in itself triggers further cell activation and cytokine
production.

1.4.3 Adaptive immune response to Mtb infection

As mentioned earlier, Mtb can infect many myeloid cell subsets soon after aerosol
infection. Animal models have shown that lung DCs can be infected in vivo.
Migratory DCs could transport live mycobacteria or apoptotic vesicles containing
mycobacterial antigens to the draining pulmonary lymph node (PLN) and prime
naive T cells [21, 67, 68]. T cell priming requires expression of peptide antigen in

11



the context of MHC, co-stimulatory molecules, and the necessary cytokines, i.e. IL-
12 that promote the induction of a Th-1 phenotype. Since the cell wall of
mycobacteria contains lipids and glycolipids, in addition to presentation of
peptide antigens via the MHC pathways, various lipid antigens could be presented
by CD1 molecules to CD1-restricted T cells [69-71]. As a result of priming, by DCs,
effector T cells develop in the PLN and migrate to the site of infection where they
can exert their functions to control Mtb infection [21, 72].

In humans, the onset of adaptive immune responses in TB is considerably delayed
compared to other pathogens [73]. Studies of TB in isolated communities, where
naive populations were briefly (<24h) exposed to a patient with active pulmonary
TB, showed that immune responses to Mtb (measured as skin test reactivity using
the Pirquet test) occurred on an average 42 days after exposure [16, 74].
Experimental animal models suggest that, depending on the mouse strain, DCs
requires 8-9 days to migrate to the draining lymph node (LN) after aerosol
infection [21, 67]. Priming of T cells in the draining PLN does not occur before day
10 pi [21, 67, 68], and the migration of effector T cells to the site of infection
requires 15-18 days [68]. This delay is greatly different from other lung
infections such as influenza, where virus-specific cytotoxic T cells were seen as
early as 2-3 days pi in the mediastinal LN [75]. The reason for the delayed T cell
response is unclear. However, the delay in the CD4* T cell response is likely to
allow the bacteria sufficient time to establish persistent infection. Multiple
possible explanations for the delayed T cell response have been proposed:
* Delayed migration of professional antigen-presenting cells (APCs) from
the infected lungs to PLNs [67].
¢ Mtb interferes with antigen presentation by down modulating the co-
stimulatory molecule CD86 on macrophages [76]. The Mtb lipid cell wall
component Trehalose 6,6’-dimycolate (TDM) was found to reduce the
expression of MHC-II, CD1d and CD40 on mouse bone marrow-derived
macrophages in vitro. Also, TDM suppressed macrophage presentation
of the Mtb antigen Ag85B [77].
¢ Mtb inhibits macrophage and neutrophil apoptosis [55-58] that delays
activation of naive antigen-specific T cells.
* Foxp3*CD4* regulatory T (Treg) cells can inhibit [78, 79] and delay the
arrival of effector T cells in the lungs during early TB [78].
* IL-10: study from BCG infected IL-10~/- animals demonstrated that IL-
10 inhibited the migration of BCG infected DCs to the draining LN and
suppressed IL-12 production [80].
Once the onset of adaptive immune response is established, it is clear that there is
an influx of effectors cell in the lungs [81].
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1.4.3.1 CD4* T cells

It is well established that CD4+ T cells are crucial in the control of TB infection in
both humans and mice [82, 83]. Experimental data from the murine model
revealed that MHC-II-deficient mice, and in vivo CD4* T cell-depleted mice, rapidly
succumbed to infection [26, 84-86]. This is further validated by the fact that HIV-
1-infected individuals, with associated loss of CD4* T cells, are at an increased risk
of TB reactivation and new Mtb infection. Several CD4* T cell subsets play a role
in immune responses against Mtb infection. For example, Th1l, Th2, Th17 and
Treg cells [78, 79]. The best characterized are Th1l cells, which depend on the
cytokine IL-12 and the transcription factor T-bet. The primary effector function of
Th1 cells is to produce IFNy, TNFq, IL-2, which are important for macrophage
activation by induction of nitric oxide synthesis and potentiating the killing ability
of the macrophages [26, 83, 87]. Interestingly, effector Th1 cells can also produce
multiple cytokines (IFNy, IL-2, TNFa) at the same time and are referred to as
multifunctional T cells. These cells are thought to be functionally superior to T
cells that only produce one of the cytokines [88]. The exact role of multifunctional
T cells in TB is unclear. They are thought to be associated with better control of
Mtb growth in humans [89]. However, patient studies have shown that TB
patients with active disease elicited a significantly greater number of
multifunctional T cells compared to latently infected individuals, or household
contacts [90, 91]. In addition, these cells were induced in many murine TB vaccine
studies [88, 92] and were found associated with better protection. Not only are
they able to produce protective cytokines, human CD4* T cells are also able to
secret granulysin, and perforin to perform cytolytic function [93]. Furthermore,
CD4+ T cells help maintain optimal cytotoxic CD8* T cell responses [94].

Another CD4+ T cell subset that produce the signature cytokine IL-17, Th17 cells,
are also induced during mycobacterial infections [95]. IL-17 is a pro-
inflammatory cytokine driving the recruitment of effector cells, such as
neutrophils, and participating in the activation of macrophages. IL-17-producing
CD4* T-cells are present in mycobacterial granulomas [96]. Published data
indicated that repetitive subcutaneous BCG vaccination in Mtb-infected mice
results in an enhanced IL-17 response, which was accompanied by extensive
tissue damage and neutrophil accumulation [97]. In addition, mice with non-
hematopoietic cells unable to respond to IFNy elicited excessive IL-17 levels with
neutrophilics inflammation in the lungs and poor bacterial control [98].
Collectively, these data suggest a detrimental role for Th17 cell during the chronic
phase.

1.4.3.2 CD8* T cells

In addition to CD4* T cells, the importance of CD8* T cells in optimal immunity to
TB has been shown in animal models. Mice lacking CD8* T cells succumbed earlier
than wild-type (WT) mice following the low dose aerosol infection [99], and
susceptibility was even more pronounce if Mtb was given by the intravenous
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route [100]. Mice deficient in molecules such as transporter associated with
antigen processing (TAP), CD8, and perforin were shown to be more susceptible
to Mtb infection [101]. A critical role of CD8* T cell in immunity to Mtb has been
also shown in non-human primates. Depletion of CD8* T cells in BCG-vaccinated
rhesus macaques led to a significant decrease in vaccine-induced immunity
against TB [102]. Little is known about the role of CD8* T cells in human.
However, infected people generate Mtb-specific CD8* T cells [103-105] that
express effector functions that can suppress bacterial growth in vitro [106].

Priming of naive CD8* T cells requires peptide antigens presented by MHC-I,
which requires an endogenous antigen. Two possible mechanisms for the
presentation of Mtb antigens to CD8* T cells have been proposed: first, Mtb
translocates into the cytosol of infected DCs [50], or Mtb antigens leak from
phagolysosome [107, 108], leading to processing of the antigens via the cytosolic
pathway [109]. Second, DCs take up apoptotic vesicles from Mtb-infected cells
and then process and present antigens on MHC-I via cross-presentation [110,
111]. Antigen-specific CD8* T cell responses to various Mtb-derived peptides have
been identified both in human and mice [105, 112, 113]

One of the effector functions of activated CD8* T cells is the production of I[FNy
and TNFq, which could activate macrophages to suppress bacterial growth [114].
In addition to the production of cytokines, CD8*T cells mediate cellular
cytotoxicity. CD8* T cells from Mtb-infected humans express granulysin and can
directly kill intracellular Mtb [115, 116]. Even though mice lack granulysin, a
study showed that antigen-specific CD8* T cells generated following infection have
cytotoxic activity in vivo [117]. This cytolytic activity has been shown to involve
perforin-mediated cytolysis [118]. Many investigators now believe that CD8* T
cells are important to control Mtb growth and should be considered new vaccine
design [112, 119, 120]

1.4.4 Humoral immune response

The numerous studies on antibody-mediated immunity against Mtb over the past
100 years have resulted in contradictory results (extensive review in [121]). This
has led to general neglect of this area of investigation. Recently, B cell function
during TB has gained attention due to the role for B cells in host immunity against
other intracellular microbes [122], the understanding that B cells are required for
immune regulation, and the correlation of specific antibodies and protection in
some studies [121].

B cells are found abundantly within the lymphocytic cuff of granulomas in humans
and NHP [123, 124] and in the granulomatous lesion in mice [124]. Hence, B cells
may have a role in maintaining the granuloma structure. However, the definitive
mechanism remains to be defined. A study by Chan and colleagues has shown that
B cell-deficient mice have exacerbated immunopathology, including accumulation
of neutrophils and elevated IL-10 levels in the lungs. This phenotype was
reversed by B cell adoptive transfer [125]. A dramatic increase in the bacterial
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load was observed in the lungs and spleen of B cell-deficient mice [126]. In
contrast, another study has shown that B cell-deficiency resulted in a delay in
inflammatory progression [127]. This discrepancy has no reasonable explanation
except for the difference in the Mtb strains used in the experiments. The role of B
cell in TB is still unclear and remains to be fully delineated.

1.4.5 Granuloma formation and function

The characteristic lesions of TB are granulomas, which have long been considered
a host defence mechanism for containing persistent pathogens. Primary
granulomas start with the aggregation of infected macrophages, usually in the
lungs. Infected macrophages produce soluble mediators that recruit macrophage
and other cell types to the site of infection to form the granulomas. The basic
structure of granuloma composes of many cell types as shown in Figure 6 [128].
Macrophages can undergo additional changes: they can fuse and form
multinucleated giant cells or differentiate into foam cells, and can transform into
epithelioid cells. Other cell types that engage in the granuloma structure are
neutrophils, DCs, B and T cells, natural killer cells, fibroblasts and cells that secrete
extracellular matrix components, ie. collagens, laminin, fibronectin and matrix
metalloproteinases [129]. The granuloma in humans with active TB, demonstrates
central necrosis that grossly has a “cheese-like” appearance, so called the caseous
granuloma.

Due to the difficulties in obtaining granulomas in lung tissue biopsies from TB
patients, this has led to the widespread use of animal models, which have been
improved over the years to reproduce more closely the progression of the disease
observed in humans. As mentioned earlier, granulomas in most mouse strains are
comprised of loose non-necrotic aggregates, but a mouse strain that develops
necrotic granulomas has been identified. NOS 2-/- mice infected with Mtb develop
lung granulomas similar to those of humans [36]. In addition, Harper ] et al and
Driver ER et al recently reported that C3HeB/Fe] mice develop necrotic lesions in
response to Mtb infection [34, 35]. Furthermore, lung tissue sections from mice
with reactivation TB (the Cornell model: see section 1.3.1) demonstrate multiple
similarities to early post-primary TB in humans [130]. Guinea pigs and rabbits
produce necrotic granulomas, which are more human-like [118]. NHPs (rhesus
monkeys and macaques) have the additional advantage of presenting various
outcomes to infection, similarly to humans [118, 131-133]. However, cost,
availability of reagents and ethical considerations limit the widespread use of
NHPs in TB research. In addition, zebrafish larvae infected with marine
mycobacterium (Mycobacterium marinum) has been proposed as a model for
study primary role of innate immunity in initiation of granuloma formation solely
in the context of innate immune response since the adaptive immune response
has not yet developed in the embryos state [64].
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Figure 6. Structure and cellular constituents of the tuberculous granuloma. Redrawn
from[128].

There is still debate on the role and function of granulomas as to whether such a
structure benefits the host or the pathogen. On one hand, granuloma formation
seems to be primarily a host-defence mechanism for containing the bacteria. In
humans and NHPs, granulomas can become calcified; with the calcification
process beginning within the caseous center and this type of granuloma is capable
of limiting the growth and spread of Mtb [134]. On the other hand, the granuloma
also shelters the bacteria, providing them with a niche in which they can persist in
a latent form until an opportunity arises for re-activation. In addition, a study
from the zebra fish model suggested that the granuloma help spread infected
macrophages that can form secondary granulomas. The granulomas thereby
promote bacterial spread in the tissue and even systemically [63].

1.5 IMMUNE REGULATION DURING TB

Generally, when our body encounters a pathogen, the innate immune response is
triggered, resulting in the production of various pro-inflammatory cytokines and
chemokines that regulate the adaptive branch of the immune system, i.e. humoral-
and cell-mediated immune responses. The adaptive immune response responds
to infection by clonal expansion of antigen-specific cells. Effector cells exert their
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functions, i.e. secrete soluble mediators such as cytokines and chemokines, or via
direct cell-cell interactions, that orchestrate appropriate immune responses in a
complex system to the control the infection. Eventually, the immune system needs
to shut down after clearance of the microorganism [65].

In the context of Mtb infection, a quick and robust immune response is needed to
control bacterial growth and dissemination. Partial successful immunity is shown
in latent TB where bacterial growth is being controlled [14, 17]. Impaired
immune function could lead to failure to control the bacteria, resulting in
reactivation of latent TB and rapid progression to active disease. High antigenic
load due to bacterial replication could induce strong pro-inflammatory immune
responses and lead to excessive inflammation, lung tissue damage and loss of
function [97]. Therefore, the immune response needs to be finely tuned to
minimise tissue destruction while maintaining the effector functions that control
bacterial growth. Several mechanisms that involve cells, cytokines and inhibitory
molecules have been reported.

1.5.1 Participation of Treg cells

Treg cells are characterised by the expression of the Foxp3 transcription factor
and the CD4 molecule. Treg cells suppress the immune system and play pivotal
role in immune tolerance that prevents autoimmune diseases in humans and in
animal models [135]. In infection, Treg cell expansion occurs and suppresses the
intensity of effector immune responses, which may result in pathogen persistent
and chronic infection. On the other hand, Treg cells can potentially minimise
tissue damage caused by strong immune responses directed towards the
pathogens [136].

The Treg cell compartment expands both in patients with active TB [137-139] and
in experimental animal models of TB [79, 140, 141], and these cells have also been
shown to accumulate in both human and mouse lung granulomas [79, 139].
However, it is not known whether such an increase contributes to the
development of TB or is a result of increasing responses to inflammation or tissue
damage. The mechanism how Treg cells contribute to immune regulation in TB
remains to be fully characterised. Further, there is lack of conclusive data showing
that Treg cells play a detrimental or protective role during the inflammatory
response.

Recently, Urdahl et al provided some insights into the role of Treg cells in Mtb-
infected mice. The authors found that the induction of Treg cells occured in the
PLN in an antigen-specific manner. Antigen-specific Treg cells recognized Mtb
antigens presented by DCs in PLN and proliferated at this site [78, 79, 142]. The
expansion of antigen-specific Treg cells in the PLN and the arrival of Treg cells in
the lungs were also delayed, similar to what has been observed for effector T cells
[79]. Moreover, Treg cells limited the rate of effector T-cell priming and
expansion [78]. The role of Treg cells during pulmonary TB is still under debate.
While Scott-Browne et al demonstrated that depletion of Treg cells in Mtb infected
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mice resulted in decreased bacterial load in the lung but not in the spleen [79], the
observation by Quinn et al showed that inactivation Treg cells in vivo prior to Mtb
infection did not alter lung bacterial load or lung pathology [143]. Interestingly,
Ozeki et al demonstrated that during the early stage of infection, depletion of Treg
cells in Mtb-infected mice reduced both the bacterial load and the granuloma
lesions in the lungs compared to untreated Mtb-infected mice. In contrast, there
was no difference in bacterial burden and lung histopathology between Treg cell-
depleted mice and untreated animals at a later stage of the infection, suggesting
different roles for Treg cells at early and late stages of Mtb infection [144]. In
addition, a study from Chen et al has shown that following IL-2 treatment in the
early stage of Mtb infection in macaques, the expansion of Treg cells occurred
simultaneously with CD4+/CD8+/y8 T effector cell expansion in peripheral blood
and in the pulmonary compartment [145]. The monkeys who received IL-2
treatment showed significantly milder gross TB pathology and reduced bacterial
burden in the bronchoalveolar lavage (BAL) fluid compared to the saline-treated
group [145]. These findings suggest that simultaneous expansion of Treg and T
effector cells allows them to act in concert to attenuate severe lung damage and
reduce the bacterial load during pulmonary TB. Taken together, these data
suggest that the presence of Treg in the infected organs may be important for
balancing protective and damaging immune responses during pulmonary TB.

1.5.2 Cytokine-mediated regulation in TB

Many cytokines from the innate and the adaptive arm of the immune system are
induced upon Mtb infection and they are crucial in the control of the infection.
However, overexpression of some cytokines may cause excessive inflammation
and lead to immunopathology [97, 98, 146-148]. The pro-inflammatory cytokines
produced after Mtb infection are IL-2, [FNy, Type I IFN, IL-6, IL-1a/$3, IL-12, TNFa
and IL-17 while the anti-inflammatory cytokines, IL-4, IL-6, IL-10 and TGFf3 may
inhibit the effects of pro-inflammatory cytokines [149]. Actually, the main feature
of Mtb is the induction of a Th1 response. Therefore, one could speculate that Th2
response may balance Thl action and prevent the excessive inflammation
mediated by Th1 cytokines. However, the cytokines work in a complex process of
regulation and cross-regulation to each other to balance the immune response.
Recently, the knowledge of how cytokines interact during chronic infection has
contributed to our understanding of cytokine regulation during Mtb infection.

1.52.1 Interleukin- 12 (IL-12)

[L-12 is a heterodimeric cytokine composed of two the subunits p35 and p40.
When co-expressed in the same cell, these 2 subunits form the biologically active
p70 heterodimer [150]. IL-12 is essential to control Mtb infection. Neutralization
of IL-12p70 by specific monoclonal antibodies at the initiation of Mtb infection
resulted in increased bacterial load and loss of granuloma integrity [151]. The
p40 subunit of IL-12, which is mainly secreted by Mtb-activated DCs was found to
be required for DC migration and T cell priming during Mtb infection [152]. Mice
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lacking IL-12p40 cannot control bacterial growth and rapidly succumb to the
infection. This observation was associated with a reduction of IFNy-producing
cells [25, 153]. In addition, when IL-12p70 was given to IL-12p40-deficient mice,
the animals were able to limit bacterial growth, maintain the granuloma integrity
and prolong survival. After IL-12p70 withdrawal, the IL-12p40-deficient mice
exhibited reduced antigen-specific IFNy-producing cells in lungs, suggesting that
IL-12 is not only important during the initiation phase of the immune response
against Mtb infection, but is also required throughout chronic infection to
maintain immune control over bacterial growth [154].

1.5.2.2 Tumor necrosis factor alpha (TNFa)

The important role of TNFa in host defence against Mtb has been proven both in
animal models and in humans. Mice treated with anti-TNFa antibodies displayed
increased susceptibility to BCG infection [155]. Anti-TNFa antibody-treated mice
and TNFa receptor-deficient mice were highly susceptible to TB and died early
after infection with increased bacterial load in the lungs and necrosis within the
granulomas [27]. TNFa-deficient mice also showed increased susceptibility to
Mtb infection [156]. The critical role of TNFa in human was revealed by the
increased rate of reactivation of latent TB in rheumatoid arthritis (RA) patients
who received TNFa-blocking medication [28]. TNFa contributes to the control of
Mtb infection by the induction of reactive nitrogen and oxygen species by
macrophages. TNFa also induces early chemokines, which help activate
macrophages and recruit leukocytes during inflammation [157]. Moreover, TNFa
plays a role in maintaining the integrity of the granuloma structure as shown by
TNFa deficient-mice [156, 158], and in the RA patients treated with Infliximab
[28], that exhibit defective granuloma formation. However, TNFa has a
paradoxical role in immunity to TB. While it plays a critical role in protection, it
may also be a main factor in pathology since TNFa accounts for most of the lung
tissue damage caused by the excessive inflammatory response [159]. TB patients
treated with thalidomide, a compound that decreases the half-life of TNFa mRNA,
showed rapid symptomatic improvement [147]. In mice, local injection of TNFa
increased fibrosis [148].

1.5.2.3 Interferon gamma (IFNy)

It is generally accepted that IFNy is important to control Mtb infection in mice and
humans. IFNy-deficient mice rapidly succumb to infection with less nitric oxide
synthase mRNA in splenic cells, indicating that macrophage activation was
impaired leading to shortened life-span of the infected animals [26, 84, 85].
Humans who have a mutation in the IFNy receptor were found to be more
susceptible to mycobacterial infections [160]. In mice, IFNy controls bacterial
growth by the induction of nitric oxide synthesis in macrophages. NOS27/- mice
are more susceptible to Mtb infection than WT controls [36]. In human
macrophages, IFNy was found to induce the expression of NOS2 [161], however,
the role of nitric oxide in controlling Mtb in human remains unclear [161, 162].
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Recent data also support anti-inflammatory functions of IFNy during TB. For
example, [FNy directly inhibits neutrophil accumulation in the infected lung and
impairs neutrophil survival [163]. IFNy can also act on T cells to promote
apoptosis by modulating both T cell susceptibility to apoptosis and altering the
level of apoptotic signals [164]. Moreover, IFNy could regulate the immune
pathological response by reducing the level of IL-17 and IL-23 [98].

1.5.2.4 The interplay between IFNy, IL-17 and IL-23

The role of IL-17 and IL-23 was revealed by Cruz A et al [97]. In this study, the
animals were exposed to BCG several times after Mtb infection. The authors found
that repeated exposure to BCG after Mtb infection resulted in dramatic influx of
antigen-specific IL-17-producing cells in the animal lungs with severe
inflammation. Interestingly, neutralization of IL-17 or the absence of IL-23
improved the pathological reaction with reduced accumulation of
granulocytes/neutrophils in the lungs. It is known that IL-23 plays an important
role in the maintenance of the IL-17 producing cells and IL-17 is associated with
neutrophil recruitment [165]. Neutrophilia is a common phenomenon seen in
granulomatous lesion of susceptible mice and associates with severe pathology
[24]. It can be concluded that continuous antigen exposure induces the
accumulation of IL-23, and consequently enhances ongoing IL-17-mediated
responses and finally leads to infiltration of neutrophils and severe pathology.

Interestingly, IFNy is also able to regulate the induction and expansion of IL-17-
producing CD4* T cells [95]. Recently, DesVigenes and Ernst showed that [FNy
responsive non-hematopoietic cells, i.e. lung epithelial and endothelial cells, also
regulate IL-17-dependent immunopathology. In the absence of IFNy signalling in
non-hematopoietic cells, the animal exhibited higher mortality and increased
bacterial burden compared to control mice, the animals overexpressed IL-17
accompanied by massive neutrophil influx and impaired expression of
indoleamine-2,3-dioxygenase (IDO) in lung endothelial and epithelial cells. In
addition, they also showed that kynurenines, the products of IDO catabolism of
tryptophan inhibited the action of IL-23 in maintaining the IL-17-producing Th17
cells in vitro, resulting in reduced IL-17 secretion by Th17 cells [98].

Collectively, IFNy seems to play a central role in preventing mycobacterial
associated immune-mediated pathology by directly limiting the differentiation of
IL-17-producing cells and indirectly by inducing IDO activation by non-
hematopoietic cells.

1.5.2.5 Interleukin-1 (IL-1)

Another important cytokine is IL-1. Mtb is a strong inducer of both IL-1a and IL-1f3
at the site of infection [166, 167]. It is clear that mice deficient in IL-1a, IL-14, or
IL-1R are highly susceptible to Mtb infection with extensive granuloma necrosis
[168, 169]. However, the exact mechanism of how IL-1 controls the bacteria and
ensures host survival is still not completely understood. IL-1 activity may regulate
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host resistance by modulating cell death [157]. The role of IL-1 signalling in
human disease is supported by different studies suggesting associations of
polymorphisms in the /l1or [11r1 genes with susceptibility to TB [170, 171].

1.5.2.6 Type I Interferon

Type I IFNs appears to have a detrimental role during Mtb infection. Type I IFN
receptor-deficient mice are more resistant to Mtb infection and display
significantly reduced bacterial burdens during the chronic stage of infection when
compared to WT animals. Mtb-infected mice treated with the type I IFN-inducer
polynosinicpolycytidylic acid displayed exacerbated lung pathology and bacterial
burden [146]. Recently, type I IFNs were shown to be strong inhibitors of IL-1q,
IL-1f production by macrophages and DCs in the lungs of Mtb-infected mice [166].
Type I IFNs could serve as a negative feedback mediator that prevents over-
expression of pro-inflammatory IL-1a, IL-18 during chronic infection.

1.5.2.7 Immunosuppressive cytokines

Apart from Th2 cytokines, which are known for their antagonistic effect on Th1l
cytokines, the classical regulatory cytokines, such as IL-10 or TGFB also
participate in the control of immunopathology during TB. The major mechanisms
of IL-10 are to inhibit DC maturation, and IL-12 and TNFa production, thus
inhibiting the development of the Th1 response [172, 173]. TGFp is generally
known to inhibit T cell proliferation and effector function[65] and is important to
maintain Treg cells survival and function [174]. High level of IL-10 and TGFf3 have
been detected in the lungs, BAL, sputum and serum of patients with advance
diseases and has been thought that they associated with reactivation TB in
humans [175-179].

In mice, IL-10 is induced in the lungs of both resistant and susceptible mice. The
mouse strains that express high levels of IL-10 upon infection, such as CBA mice,
are naturally more susceptible to TB. When IL-10 activity is neutralized the mice
control Mtb infection better. Several data indicated that TGFf3 can also suppress
protective immunity to TB in experimental model such as guinea pigs and BALB/c
mice [159, 180]. BALB/c mice treated with TGFf antagonist exhibited enhanced
Th1l cytokines, increased the level of iNOS mRNA and displayed decreased
bacterial load compared to untreated animals [159]. Interestingly, TGFf
antagonist treated mice had more inflamed lesions in the lungs compared to
untreated mice [159]. This data indicated that while TGFf plays a role in
downmodulation of the Th1 response, it also acts as a suppressor of excessive
inflammation to helps maintain lung architecture and functions.
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1.5.3 Inhibitory molecule-mediated regulation in TB

Inhibitory molecules such as programmed death-1 (PD-1) and T cell
immunoglobulin and mucin domain-3 (Tim-3) have been reported to be involved
with negative regulation of immune responses during TB.

PD-1 is expressed on the surface of activated T, B cells, macrophages, monocytes,
natural Kkiller (NK) cells, and DCs [181, 182]. PD-1 interacts with its ligands (PD-
L1, PD-L2) on APCs [182] resulting in down inhibition of T cell proliferation and
cytokine production [183, 184]. PD-1 has been shown to be upregulated on IFNy-
producing T cells and on monocytes from patients with active pulmonary TB [185,
186]. Blockage of the PD-1-PD-L1/L2 pathway enhanced IFNy production and T
cell proliferation [185, 186], suggesting that PD-1-mediated downregulation of
the immune response. Interestingly, Mtb infected PD-1 knockout mice showed
dramatically reduced survival compared to WT mice [187-189], indicating that
PD-1 may play a protective role during Mtb infection. It is worth noting that PD-1
expression was not restricted to the Mtb specific T cells [185].

Tim-3 is another molecule involved in regulating T cell responses and is
upregulated on differentiated Th1l and cytotoxic CD8* T cells [190]. However,
expression of Tim-3 can be found on monocytes, macrophages and DCs [191].
Binding of Tim-3 with its ligand Galectin (Gal)-9 leads to T-cell apoptosis [192].
Tim-3 has been suggested as T cell exhaustion marker in tumor immunity and
during some virus infections, particularly in HIV-1 infection [193-195]. In the
context of TB, upregulation of Tim-3 expression on CD8* and CD4+ cells has been
shown in active TB patients [196, 197] and in Mtb-infected mice [198]. In
humans, Tim-3 expression was significantly increased on antigen-specific CD8+ T
cells from active pulmonary TB patients compared to tuberculin-positive healthy
controls [196]. In Mtb-infected mice, we made a similar observation (study IV).
TB10.4-specific CD8* T cells contained the highest proportion of Tim3+* cells.
However, the functional potential of Tim3* T cells is unclear during Mtb infection.
One study on T cells from active TB patients showed that Tim-3*CD8* T cells
exhibited significantly fewer IFNy-producing cells than Tim-3-CD8* T cells [196].
On the other hand, another study revealed that Tim-3high CD4+ and CD8* T-cell
subsets elicited greater IFNy, TNFa, IL-2 and IL-22 cytokines producing cells than
Tim-3'w T cells, and that Tim-3-expressing T cells more efficiently limited
intracellular Mtb growth [197]. The data suggest that Tim-3+* T cells are capable to
mounting a strong response during Mtb infection. Interestingly, in study IV we
found that TB10.4-specific CD8* T cells in Mtb-infected mice were enriched for
IFNy- and TNFa-producing cells. Therefore, Tim-3 may not serve as an exhaustion
marker in the context of Mtb infection and its role remains to be fully characterised.
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1.6 PULMONARY DCs IN MICE AND THEIR ROLE IN TB

1.6.1 DCsin general

DCs were first described in the mid 1970s by Ralph M. Steinman and Zanvil A.
Cohn [199]. DCs are the most potent professional APC. In the presence of danger
signals, i.e. pathogen-derived substances, tissue damage, inflammatory cytokines
or adjuvants, DCs migrate to secondary lymphoid organs, upregulate high cell
surface levels of co-stimulatory molecules and antigen-presenting molecules, and
produce cytokines to efficiently interact with naive antigen-specific T cells.
Together, these interactions will initiate antigen-specific CD8* and CD4* T cell
responses [65]. Conversely, in a tolerogenic setting, DCs can induce anergy in
antigen-specific T cells or generate protective Treg cells upon arrival in the LN
[200].

1.6.2 Pulmonary DCs in mice

DCs are a heterogeneous group of cells that display differences in anatomic
localization, cell surface phenotype, and function. In the mouse lungs, at least four
major DC subsets have been identified [201-203]:

e (CD11chighCD11blewMHC-IIPghCD207+CD103* migratory DC
e (CD11cCD11bhighMHC-1I"ighCD103- migratory DC

* CD103-MHC-IIres-medCD11b" monocytic DCs,

e B220*Ly6C*MHC-II'*Y plasmacytoid DCs

In mice, the number of pulmonary DCs in the conducting airways, i.e. trachea and
major bronchi, is greater than the lung parenchyma [204]. DCs can also be
detected in the BAL, especially during inflammatory conditions [60, 201]. DCs
present in the lung tissue have an immature phenotype [205]. Circulating
monocytes can give rise to lung DCs in steady state and under inflammatory
conditions [206]. Monocytes are a population of mononuclear leukocytes that
develop in the bone marrow (BM). Monocytes are released into blood circulation
and enter tissues where they can differentiate and give rise to macrophages or
DCs. During infections, or following inhalation of allergens, epithelial cells in the
lungs produce pro-inflammatory chemokines that act on the BM and increase
CCR2M monocytes emigration [207, 208]. When the monocytes reach the airway
mucosa, they can up-regulate MHC-II, CD11c and differentiate to DC subtypes
which having different functions in the immune responses [42, 201].

In the context of Mtb infection, using a monocyte adoptive transfer model, Skold
and Behar showed that BM-derived monocytes were recruited to the lungs of Mtb-
infected mice and gave rise to three different myeloid subsets: CD11b*CD11c"
(BM-derived monocytes), CD11b*CD11c* (resident DCs and iNOS producing cells,
i.e. activated macrophages) and CD11b¥CD11c* cells [42]. In this thesis (study
II), we showed that, by using the same technique, CD11b'*¥CD11c* cells in Mtb-
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infected lungs contain a mixture of alveolar macrophages and migratory DC that
express alpha E integrin (CD103) on the cell surface [60].

1.6.3 Pulmonary CD103* DCs in mice

Sung and colleagues first identified and characterized mouse pulmonary CD103+*
DCs [203]. Later, Jakubzick etal showed that BM monocytes can serve as
progenitors for CD103* DCs during the steady-state. In blood circulation, Ly6Chigh
CCR2high CX3CR1lw and Ly6ClwCCR2highCX3CR1high monocytes gave rise to
CD103*and CD103- DCs in the lungs, respectively [201].

Immunohistochemistry showed that CD103* DCs localise on the basal side of
bronchial epithelium and on the parenchymal side of vascular endothelial cells.
CD103 and beta 7 (87) integrin can interact with E-cadherin that is expressed on
the basal side of bronchial epithelial cells [203]. In contrast, fewer CD103- DCs are
found in this location and predominantly localize in the peribronchial regions and
interstitial space [204]. Interestingly, CD103* DCs express several tight junction
proteins including Claudin-1, Claudin-7, and Z0-2. This may allow this DC subset
to capture inhaled antigens or pathogens by extending protrusions through the
epithelial barrier into the bronchiolar luminal space, [203]. In addition, CD103*
DCs have the unique capacity to the take up apoptotic bodies and contribute to
tolerance to self-antigens during stead-state conditions [209]. In the context of
infection or inflammation, CD103* DCs are specialized in cross-presentation of
exogenous peptide antigen to CD8* T cells, particularly during viral infections.
Animal models of influenza, or respiratory syncytial virus infection [210-213],
have shown that CD103* DCs preferentially present viral antigens to naive T cells
via cross- presentation, resulting in activation of virus-specific CD8* T cells.

Based on the localization in the lung tissue, it is tempting to speculate that lung
CD103* DCs have tolerogenic properties similar to CD103* DCs found in the gut
mucosa. CD103* DCs in the gut are able to induce Treg cells via production of
TGFB and the vitamin A metabolite, retinoic acid [214]. In favour of this idea,
Khare et al recently revealed that lung CD103* DCs were capable of inducing
Foxp3 expression in CD4* T cells both in vivo and in vitro [215], and that the
induction of Foxp3 expression is dependent on TGFf and retinoic acid, similar to
their counterpart in the gut.

We were the first to explore the role of CD103* DCs during pulmonary TB in
various inbred mouse strains, i.e. C57BL/6, BALB/c and DBA/2. Still, the exact
role of lung CD103* cells in response to Mtb infection remains a puzzle. The
results will be discussed in the results and discussion section. Here it is worth
noting that the transcription factor Batf3 is required for the development of
CD103* DC and that Batf37/- mice lack the lung CD103* DC population [216].
Tussiwand et al observed that IL-12p40-serum levels was reduced in Mtb-infected
Batf3+- mice, but the markedly reduced number of lung CD103* DC had no effect
on the survival in response to the infection [217].
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1.6.4 The role of pulmonary DCs in TB

The role of DCs in TB has been addressed using both in vitro and in vivo models. In
vitro, Mtb can infect BM-derived DCs [218] and lung DCs [205]. Upon Mtb
infection, both DC populations produced TNF and IL-12p70 and were able to
stimulate CD4* T cell proliferation [218] and IFNy production [205]. In addition,
Mtb could infect human monocyte-derived immature DC, which induced a mature
DC phenotype [219]. In vivo, following aerosol infection with Mtb expressing
green fluorescent protein (GFP), myeloid DCs (CD11c*CD11b* cells) were the
major cell population infected with Mtb in the lungs and LNs. [39, 67].

An important role of DCs is to take up antigens and transport them to the draining
LN where they prime naive T cell. This is also true in response to Mtb infection.
Wolf A] et al provided data showing that DCs transport live Mtb from the lungs to
the draining PLN early after infection [39, 67]. Also, depletion of DCs (CD11c*
cells) before intravenous infection with Mtb delayed the development of the
antigen-specific CD4+* T cell response [72]. In addition, the lung cell population
(CD11c*CD11b* cells) that were infected with Mtb at high frequency were
relatively ineffective in stimulating antigen-specific CD4+ T cells compared to
other infected myeloid subsets, i.e. alveolar macrophages and recruited interstitial
macrophages. Interestingly, CD11c*CD11b* DCs in the PLN did not stimulate
antigen-specific CD4+* T cells better compared to lung CD11c*CD11b* DCs [39, 67],
suggesting modulation of the antigen presentation and priming process by Mtb.
While DCs can be infected directly by Mtb in vivo, they are also able to take up
apoptotic vesicles from infected macrophages and neutrophils [41, 56] and
present peptide antigen via cross-presentation to naive CD8* T cells [120].
Another important role of DCs during Mtb infection is the production of the Th1-
driving cytokine, IL-12.

1.7 HUMAN IMMUNODEFICIENCY VIRUS (HIV) -1

HIV-1 is a lentivirus, member of the retrovirus family. HIV-1 is distributed globally
and is the principal causative agent of AIDS [220]. HIV-1 is composed of double
stranded RNA encapsulated in the nucleocapsid and matrix made of structural
viral proteins. The HIV-1 genome comprises three major structural genes, i.e.
group specific antigen (gag), polymerase (pol) and envelope (env), and additional
six regulatory and accessory genes (Tat, Rev, Nef, Vif, Vpr, Vpu) [220]. HIV-1 can
infect many immune cells such as CD4* T cells, macrophages and DCs [221]. CD4
molecules, which express on T cells and macrophages, is the main receptor for the
binding of envelope glycoprotein of the HIV-1 virus, gp120 for virus entry. The
gp120 can also bind to C-type lectin DC-SIGN on the surface of DCs [221]. The
receptors are essential for virus binding but are not sufficient for virus entry into
the cells. Co-receptors are needed for infection. The chemokine receptor CXCR4
and CCR5 are the main co-receptors. Two types of virus-tropisms exit: first,
macrophage (M-tropic) viruses can infect macrophages and primary CD4+ T cells
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and mainly use CCR5. Second, T-cell (T-tropic) viruses can infect CD4+* T cells and
T-cell lines via the CXCR4 chemokine co-receptor [222]. The R5 virus refers to
HIV-1 that uses CCR5 as a co-receptor while X4 viruses specifies HIV-1 that uses
CXCR4. Once the virus enters to the target cell, the genome integrates into the
host cell genome. Viral genes can be transcribed and translated into viral proteins
that are needed for viral replication and dissemination from infected cells to new
target cells. HIV-1 can also establish a latent form of infection and residing in the
reservoir cells by integration of its genome without replication [222].

Transmission of HIV-1 occurs mostly via sexual intercourse but can also transmit
via blood from infected individual, for example during blood transfusion, organ
transplantation, or by needle sharing between intravenous drug users [10]. HIV-1
can be transmitted from infected mothers to their children either during
pregnancy, during labour, or though breast-feeding [10].

The typical course of HIV infection can be divided into three stages: I) acute stage,
II) latent /clinically asymptomatic stage, and III) late/advanced AIDS stage [223].
The acute stage usually last for a few weeks after HIV-1 infection in which the
infected individual may experience no symptom or have a “flu-like” illness
including headache, sore throat, or fever. The viral load in the blood increase
sharply and the number of CD4* T cell drops rapidly [224]. Later, the immune
system is able to mount an effective response and neutralizing antibodies are
produced. The viral load drops and the number of CD4* T cells increases again,
indicating the latent stage. At this stage, the infected individual has no symptom
of AIDS but carries HIV-1 and has gradual deterioration of the immune system,
which could last for many years [225]. Eventually, the late/AIDS stages develops
as CD4* cell count decrease below 350 cells/uL, HIV-1-infected individual
becomes severe immunosuppression and more prone to various opportunistic
infections and usually develop full-blown AIDS after the CD4+* cell count below 200
cells/uL. Fortunately, the antiviral drug treatment is able to slow down the
progression to AIDS due to it reduces the level of HIV particles [12, 13].

1.8 MTB AND HIV-1 CO-INFECTION

The association between HIV-1 and TB has been evident since the start of the HIV-1
epidemic in early 1980s. The risk of acquiring TB depends on many factors.
However, a decrease in the number of CD4* T cells in HIV-infected individual
compounded by exposure to TB in a TB endemic area is likely the main risk factor
[226, 227]. Not only are HIV-1* individuals at greater risk of acquiring Mtb and
developing active TB, they are at higher risk of dying of TB. Conversely, not only
does HIV-1 affect TB, but TB disease may also accelerate the progression of the
HIV-1 infection. Therefore, co-infection with both pathogens accelerates disease
progression, worsens the pathogenesis and amplifies the transmission of TB.

The possible ways in which HIV-1-infected individuals acquire active TB may be
either due to the rapid progression of new TB infection or re-infection, or due to
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reactivation of pre-existing latent TB [228-230]. Differential diagnosis between
reactivation of latent TB and newly acquired TB might be important to understand
how HIV-1 affects the immune control of TB. Molecular typing (Restriction
fragment-length polymorphism (RFLP)) has been used to obtain [229, 230] data
from cohorts in Malawi and South Africa, where the TB incidence is high. The
results indicated that soon after infection with HIV-1, the increased risk of TB is
likely due to new infection rather than reactivation of pre-existing latent TB [229,
230].

1.8.1 How does HIV-1 exacerbate TB?

It is widely accepted that depletion of CD4* T cells is the hallmark of HIV
pathogenesis. A decrease in the number and function of CD4* T cells contribute to
the increase in susceptibility to new Mtb infection and risk of reactivation of latent
TB. This is because the T cell subset and the cytokines produced are crucial for
maintaining the granuloma structure that controls TB. However, other
mechanisms have been proposed to contribute to this susceptibility including the
impairment of Mtb-specific T cells by HIV-1, HIV-1 creates a niche that facilitates
entry of Mtb into macrophages [231] and HIV-1 induces dysfunctional
macrophages [232]. All in all, HIV-1 affects two principal immune cells needed to
control TB: CD4* T cells and macrophages. As a consequence, HIV-1 co-infection
will lead to increased bacterial growth and dissemination, and severe pathology.

1.8.1.1 Impactof HIV-1 on the Mtb granuloma and Mtb specific CD4*T cells

Autopsy studies conducted in the lungs of co-infected individuals showed poorly
formed granulomas with extensive necrosis, and a marked presence of
polymorphonuclear cells while the granulomas from HIV-1 negative individuals
were composed of macrophages, lymphocytes, epithelioid cells and giant cell with
caseous necrosis [233]. The different in pathohistology suggests that HIV-1 may
disrupt the normal granuloma structure and leading to exacerbated lung
pathology. Depletion of CD4* T cells within the granuloma has been observed in
patients with AIDS and tuberculous adenitis [234] as well as in the animal model
for TB/SIV co-infection. The co-infected monkeys had significantly fewer CD4+
and CD8* T cells within the lung granulomas compared to those with active TB
alone [235]. The loss of CD4* T cells in the granuloma may contribute to
progressive TB since CD4* T cells are required for control the bacteria and
maintenance integrity of granuloma structure.

While it is clear that HIV-1 systematically deplete the number of CD4+ T cells and
impairs CD4* T cell function [236, 237], it might be difficult to determine whether
HIV-1 impairs the function of Mtb-specific T cells within the granuloma. However,
several studies have shown that there is an imbalance in cytokines that are
involved in controlling Mtb in the granulomas. For example, TNFa production
was greatly reduced in autopsy lesions from Mtb/HIV-1-co-infected cases
compared to those from the Mtb-infected HIV-1 negative group [233]. In contrast,
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another report showed that the expression of TNFa was greater in the co-infected
granuloma biopsies [238]. This discrepancy may be due to different stages of the
disease. The first observation was done post-mortem and could reflect the
immune responses at the end-stage of co-infection. Elevated TNFa levels in the
lungs of co-infected patients may stimulate the replication of HIV-1. Nevertheless,
there are a number of studies that have assessed Mtb-specific CD4* T cell function
in peripheral blood and pleural fluid from co-infected individuals. The findings
showed that HIV-1 decreases Th1 cytokine secretion by Mtb-specific CD4* T cells
isolated from PBMCs, BAL fluid, or pleural fluid [239-243], which suggests that
HIV-1 suppresses Mtb-specific immune responses in vivo. Moreover, HIV-1
infection decreases CD40 ligand (CD40L) induction on CD4*cells, leading to
diminished activation of macrophages through the CD40 receptor and consequently
decreased IL-12 secretion [244], and impaired development of Th1 cells.

1.8.1.2 Impact of HIV-1 on macrophage function

Macrophages are important components of the innate immune response. They
are central to the pathogenesis of both TB and HIV-1 infection. They serve as
important effector cells against Mtb and as reservoirs for both microorganisms.
HIV-1 infects alveolar macrophages both in vitro [245] and in vivo. In particular,
HIV-1 can infect CD36+, CD14* macrophages from pleural fluid [246]. Unlike CD4+
T cells, HIV-1 infection of macrophages does not result in cell death, but rather
persistent HIV-1 infection.

Alveolar macrophage activation and apoptosis are known as a host defence
mechanisms against Mtb infection. Therefore, any specific defect in macrophage
function and apoptotic pathways could contribute to Mtb persistence and
increased pathogenesis. A study by Patel et al has shown that HIV-1 reduced Mtb-
mediated apoptosis and TNFa production in HIV-1-infected human macrophage
cell line as well as alveolar macrophages from HIV-1-infected persons [247]. In
addition, HIV-1 infection induced Mtb growth in blood monocyte-derived
macrophages [248], and co-infection elevated the level of IL-1(, IL-6, IL-8, and
GM-CSF and correlated with enhanced viral replication [248]. Together, these
findings suggest that HIV-1 may impair the ability of macrophages to limit Mtb
growth and co-infection with HIV-1 and Mtb seems to facilitate the replication of
both pathogens.

In conclusion, not only does HIV-1 infection deplete peripheral CD4* T cell, the
virus reduces the number of CD4+* cells in the granuloma and impairs CD4* T cell
function. HIV-1 also interferes with the macrophage function and apoptosis. This
leads to granuloma deformation/disruption, resulting in a worsened pathogenesis
and enhance bacterial dissemination and transmission.
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1.8.2 How does MTB exacerbate HIV-1 progression?

TB also accelerates the course of HIV-1 disease. A number of studies have
indicated that the development of TB is associated with increased HIV-1
replication. Increased viral load was observed in serum samples from HIV-1
infected patients at the time of diagnosis of TB, compared to serum samples
obtained before diagnosis [249]. HIV-1 transcriptional activity was also shown to
be enhanced in PBMC and serum of HIV-1/TB patients [250]. Interestingly,
increased HIV-1 production was clearly shown in BAL fluid from patients co-
infected with Mtb [251], indicating that Mtb-infected lungs support extensive viral
replication. Pro-inflammatory cytokines that are secreted during Mtb infection,
such as TNFa, have been shown to induce viral replication [252] and was elevated
in the pleural fluid compared to plasma of co-infected patients [246]. The
chemokine MCP-1 was also shown to correlate with HIV-1 replication [253].
Therefore, the levels of TNFa and MCP-1, induced by TB, may be critical for the
increased viral burden in the lungs.

Another interesting aspect of how Mtb modulates HIV-1 is that Mtb infection
promotes viral entry by induction the expression of viral co-receptors on the
surface of target cells [254]. The co-receptors CCR5 and CXCR4 are required for
virus entry [222]. Increased CXCR4 expression was observed on alveolar
macrophages isolated from TB patients, and it was confirmed in vitro that Mtb
increased CXCR4 expression on monoctye-derived macrophage and increased HIV-
1 X4 virus type entry [254]. Moreover, Mtb infection of DCs was found to promote
HIV-1 virus trans-infection (DCs transfer of HIV-1 to CD4+ T cells) by DCs [255].

In conclusion, co-infection accelerates both TB and HIV-1/AIDS. HIV-1 infection
has great impact on the main effector cells for control of Mtb infection. On the
other hand, Mtb infection also accelerates the course of HIV-1 infection, which in
turn promotes Mtb dissemination and progression of TB (Figure 7).
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Figure 7. Interaction of Mtb and HIV-1 in co-infection. redrawn from ref 256].
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2 AIMS OF THE THESIS

The ultimate aim of this thesis was to increase our understanding of the role of
immune-regulatory mechanisms in protective immune responses during
pulmonary TB and during Mtb/HIV-1 co-infection in the mouse model.

Specific aims were

1. To characterize the role of immuno-regulatory cells in host immunity in

Mtb-resistant and susceptible inbred mouse strains (Study I and Study II).

2. To determine the impact of chronic Mtb infection on the immunogenicity
of HIV/DNA vaccine (Study III).

3. To establish and characterize a murine model of Mtb/HIV-1 co-infection
(Study IV).
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3 MATERIALS AND METHODS

Detailed descriptions of the methods and reagents used in this thesis are provided
in the respective articles and manuscript. A brief description of materials and
methods are present here.

3.1 STUDYI

Mtb resistant (C57BL/6 and BALB/c) and susceptible (DBA/2) inbred mice were
infected with a low dose of virulent Mtb (Harlingen strain) via the respiratory
route in the Biosafety level (BSL)-3 animal facility at the Astrid Fagraeus
Laboratory, Karolinska Institutet (Figure 8). Groups of animals were sacrificed 3-
12 weeks after aerosol infection to determine lung pathology and bacterial
burden. Investigation of recruitment and function of various myeloid and
lymphoid cell subsets in the infected lung tissue and in draining PLN was
performed by multicolor flow cytometry.
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Figure 8. The schematic figure shows the newly established and unique aerosol
infection model using a nose-only exposure unit in the BSL-3 animal
facility, Karolinska Institutet.
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3.2 STUDYII

We co-cultured primary alveolar epithelial cells (AEC) and monocytes from naive
donor mice in vitro in order to examine the role of AEC in monocyte biology. We
used a primary monocyte adoptive transfer model to delineate the origin of aE-DC
during TB, and confocal microscopy on lung tissue sections to determine the
localization of aE-DC in infected lungs. By infecting the animals with virulent Mtb
(strain H37Rv) expressing GFP, we were able to identify and characterize infected
cells in vivo using multicolor flow cytometry. Finally, intracellular staining
techniques were used to further delineate the cytokine profile of aE-DC during
pulmonary TB, and to examine NOS2 production by infected lung cells.

3.3 STUDYII

Mice were infected with Mtb (Harlingen strain) via the respiratory route and
vaccinated with the HIV-1 vaccine candidate MultiHIV DNA/protein
intraperitoneally, or intramuscularly, seven weeks later. Spleens, lungs,
peripheral blood and vaginal secretions were collected for determination of the
antibody response, cytokine production and bacterial load (CFU). Serum and
vaginal secretions were analysed for IgG and IgA content using an ELISA. The CFU
was determined in the lungs. Splenocytes were re-stimulated with antigens in
vitro and analysed for cytokine production.

3.4 STUDYIV

Co-infection in the murine model was established by combining the murine model
of pulmonary TB with the chimeric virus EcoNDK developed by Potash et al [257].
Infectious viral particles were produced in the BSL-3 laboratory at the
Department of Microbiology, Tumor and Cell Biology, Karolinska Institutet, by
transfecting 293T cells with the plasmid encoding the chimeric virus. First, a low
dose of virulent Mtb was used to infect WT BALB/c or DBA/2 mice. Three weeks
later, purified viral particles were injected intraperitoneally into Mtb-infected, or
uninfected animals. After an additional 2-9 weeks, the mice were sacrificed and
the lungs and the spleen were aseptically removed. The bacterial load in the lungs
was determined by plating lung homogenates on 7H11 agar plates. The viral load
in the lung tissue and in the spleen was determined by quantitative PCR (qPCR).
For immunological readouts, single-cell suspensions from lungs and spleens were
stained for cell surface markers and analysed by flow cytometry. In some
experiments, the cells were first re-stimulated in vitro before intracellular
cytokine staining and FACS analysis. All animal experiments involving Mtb and
EcoNDK were performed in the BSL-3 animal facility at the Astrid Fagraeus
Laboratory, Karolinska Institutet.
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4 RESULTS AND DISCUSSION

4.1 THE ROLE OF a.E-DC DURING PULMONARY TB - PAPER I & I1

While it is clear that immunocompromised individuals are susceptible to TB, the
cause of naturally occurring susceptibility in healthy individuals is poorly
understood. The mouse model has proven useful for better understanding of how
the immune system controls Mtb infections. Various inbred mouse strains exhibit
different degrees of susceptibility to Mtb infection [24]. Therefore, we took
advantage of WT mice that are either resistant (C57BL/6 or BALB/c) or
susceptible (DBA/2) to Mtb infection [258-260] to investigate various cell
compartments that may contribute to susceptibility to pulmonary TB, including
myeloid cells.

While it is clear that immunocompromised individuals are susceptible to TB, the
cause of naturally occurring susceptibility in healthy individuals is poorly
understood. The mouse model has proven useful for better understanding of how
the immune system controls Mtb infections. Various inbred mouse strains exhibit
different degrees of susceptible to Mtb infection [24]. Therefore, we took
advantage of WT mice that are either resistant (C57BL/6 or BALB/c) or
susceptible (DBA/2) to Mtb infection [258-260] to investigate various cell
compartments that may contribute to susceptibility to pulmonary TB, including
myeloid cells.

4.1.1 Recruitment of myeloid cells, including inflammatory monocyte,
into Mtb infected lungs and macrophage activation are not defective
in susceptible mice - Paper I

Myeloid cells, such as monocytes, macrophages, DCs and neutrophils have been
proven important in controlling Mtb infection [39-42]. Any defect in recruitment
of these cells may help explain susceptibility to TB. In this study, we established a
murine low dose nose-only aerosol infection model to mimic the natural route of
Mtb infection. We utilised this model to dissect various myeloid cell
compartments and Treg cells during pulmonary TB. As expected, nine weeks after
the infection, susceptible DBA/2 mice displayed more extensive lesions (Figure
9A) and a 10-fold higher bacterial burden in the lung tissue (Figure 9B) compared
to resistant C57BL/6 and BALB/c mice. We examined the cellular infiltrate in
resistant and susceptible lungs in uninfected mice and at various time points after
virulent Mtb aerosol infection. We found that the total number of lung cells
increased dramatically in response to Mtb infection and was significantly higher in
BALB/c mice than in C57BL/6 mice and DBA/2 mice at weeks three, nine, and 12
pi (Figure 9C). We then further investigated several myeloid cell populations
based on the cell surface expression of CD11b, CD11c, Ly6C and Ly6G. In the
infected lung tissue of susceptible DBA/2 mice, the number of recruited

33



neutrophils increased rapidly and continuously during the whole study period
(Figure 9D). In comparison, neutrophil infiltration in the lung tissue of resistant
C57BL/6 mice remained low. Neutrophil influx has been associated with severe
pathology in susceptible mice [24, 97]. However, the number of neutrophils in the
lungs of BALB/c and DBA/2 was comparable, indicating that neutrophil
infiltration per se does not cause increased susceptibility to Mtb infection, at least
in this experimental setting. Inflammatory monocytes recruited to the Mtb-
infected lungs rapidly upregulate CD11c [42] and give rise to the CD11b*CD11c*
subset, which comprises both DCs and activated iNOS-producing macrophages
[42]. We found that the number of inflammatory monocytes was comparable in
the lungs of all three mouse strains tested (Figure 9E). In addition, the numbers of
CD11b*CD11c* cells, including iNOS-producing macrophages, was not significantly
different between the three mouse strains (Figure 9F9G). In summary,
susceptibility in DBA/2 mice cannot be explained by defective monocyte or
neutrophil recruitment, nor in suboptimal macrophage activation based on iNOS
expression.
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Figure 9. Lung pathology, bacterial load and myeloid cells recruitment in the
lungs of Mtb infected mice.
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4.1.2 A diminished aE-DC population in the lungs and PLN of susceptible
mice during pulmonary TB - Paper I

A subset of lung DCs in mice that expresses CD103 (alpha E integrin) and beta 7
integrin was recently identified [203]. aE-DCs are migratory and are able to take
up the bacteria and apoptotic vesicles and transport the antigens to the draining
LN and present to MHC class I- or class Il-restricted T cells [203, 261-264]. oE-
DCs in the gut mucosa have tolerogenic properties and are able to induce Treg
cells [214]. aE-DCs in the lung mucosa are strategically located and likely to
influence the host immune response similar to their counterpart in the gut
mucosa. Therefore, we hypothesized that aE-DCs in the lungs are analogous to
aE-DC in the gut mucosa and control the inflammatory response during
pulmonary TB to help ameliorate disease. As a consequence, defective aE-DC
recruitment and function will exacerbate lung inflammation and prevent bacterial
clearance.

Therefore, we enumerated and characterized lung and PLN aE-DCs in naive and
Mtb-infected resistant and susceptible mice. We observed that the number of oE-
DC was comparable in the naive lungs of all mouse strains analysed. In response
to Mtb infection the number of lung aE-DCs increased dramatically in resistant
animals (Figure 10A). In contrast, highly susceptible mice failed to recruit aE-DCs
even during chronic infection. A similar pattern was observed in the PLN (Figure
10B). Mtb-infected resistant mouse strains recruited a higher number of aE-DCs
to the site of infection than susceptible mice, suggesting that aE-DCs have a
protective role in host immunity during pulmonary TB. In addition, the lower
number of aE-DCs in the draining PLN may reflect reduced aE-DC migration from
the Mtb-infected lungs in susceptible mice.
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Figure 10. Number of aE-DCs recruited to the lungs and PLN during Mtb infection.

Previous data have shown that during steady-state conditions, BM inflammatory
monocytes gives rise to lung aE-DC [262]. We extended these observations and
showed that recruited monocytes can differentiate into E-DC in Mtb-infected
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mice (paper I, see below). Since recruitment of inflammatory monocytes is not
defective in the susceptible mice, it seems likely that monocyte differentiation into
aE-DCs is altered in susceptible animals during TB.

4.1.3 oE-DCs have a skewed cytokine profile during pulmonary TB -Paper
1&11

Paper I we showed that lung aE-DC was the only myeloid cell population that did
not produce TNFa during pulmonary TB. Instead, aE-DC contained the highest
percentage of TGFB-producing cells after in vitro stimulation (Paper I). TNFa is a
pro-inflammatory cytokine required for control of Mtb in both humans and mice
[27, 28, 155, 156], while TGFf is known for immune suppressive function and
induction of Treg cells [214, 265, 266]. In addition, in Paper II, we showed that
the oE-DC population contained the highest proportion of IL-12p40 producing
cells. IL-12 is known to drive Th1 response and it is critical for control Mtb [25,
152, 154]. However, IL-12 together with TGFB are also able to promote
conversion of Treg cells into IFNy-expressing cells in a colitis experimental model
[267]. Interestingly, the Foxp3*IFNy* T cells maintained their regulatory
functions and suppressed colitis development [267]. Similarly, after infection
with a virulent clinical Mtb isolate, Foxp3* Treg cells produced IFNy during
pulmonary TB (Paper I). IL-12 and TGFf8 production by aE-DCs may promote the
induction of Foxp3*IFNy* Treg cells that could help ameliorate the disease during
the chronic state.

In conclusion, during the chronic phase of TB, a balance between pro-
inflammatory and anti-inflammatory reactions is needed in order to prevent
excessive inflammation that may cause tissue damage. aE-DCs may play role in
balancing inflammatory reactions by producing anti-inflammatory cytokines and
inducing, or maintaining, Treg cells in infected lungs.

4.1.4 A diminished Foxp3+ Treg cell population in Mtb-infected lungs of
susceptible mice - Paper I

When we developed the hypothesis regarding the role of lung oE-DC in host
immunity during pulmonary TB, there was only evidence from the gut mucosa
showing that aE-DCs are able to induce Treg cells [214]. Still, we determined if
the failure to recruit aE-DCs in Mtb-infected susceptible mice correlated with a
reduced number of Treg cells in the infected lung tissue. Interestingly, we found
that the CD4* T cell population in the lungs of resistant mice contained a
significant proportion of Treg cells. In contrast, the frequency of Treg cells was
dramatically reduced in the CD4* T cell population at the peak of the immune
response (three weeks pi), and they were essentially absent from the lungs of
chronically infected susceptible mice (12 weeks pi). Surprisingly, despite the
difference in the lung Treg cell compartment, no difference in the percentages or
absolute numbers of Treg cells was found in the draining PLN three or 12 weeks
pi in all three mouse strains tested. Furthermore, we observed that these Treg
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cells isolated from Mtb-infected mice, but not from naive mice, produced IFNy
after in vitro polyclonal activation.

The ability of aE-DCs to induce Treg cells in the lungs was not observed until
recently. aE-DCs in the lungs are indeed able to induce Treg cells via a TGF(3- and
retinoic acid-dependent mechanism [215]. In addition, Batf3-/- mice, that lack the
aE-DC population, failed to induce tolerance to inhaled ovalbumin [215], implying
a tolerogenic function for lung aE-DC. Moreover, IL-12 together with TGFf are
able to promote conversion of Treg cells into IFNy-expressing cells that maintain
their regulatory property [267]. In summary, our results showed that the reduced
number of oE-DCs in Mtb-infected susceptible mice and that aE-DCs produced
TGFf and IL-12 coincided with a diminished pool of lung Treg cells and increased
lung inflammation, suggesting that E-DCs play a role in regulating the immune
response via TGFf3 and IL-12 production.

In conclusion, our results identify differences among aE-DCs and Treg cells in
Mtb-resistant and susceptible inbred mice that may increase our understanding of
immune regulation during pulmonary TB.

4.1.5 Recruited monocytes differentiate into lung and PLN aE-DC during
pulmonary TB - paper II

Inflammatory monocytes give rise to the lung aE-DCs during steady state and
under inflammatory conditions [201]. However, data supporting inflammatory
monocyte differentiation into aE-DCs during pulmonary TB was missing. To
determine whether recruited monocytes are precursor cells to aE-DCs in the lung
and PLN during pulmonary TB and contribute to the increase in cell numbers in
response to infection, we took advantage of a monocyte adoptive transfer model
using enriched primary BM monocytes from naive donor mice [42]. Enriched BM
monocytes from naive CD45.2+ C57BL/6 mice were adoptively transferred into
Mtb-infected CD45.1* congenic recipient mice. Endogenous and transferred cells
in the lung tissue were identified and analysed 10 days later. Our results showed
for the first time that recruited inflammatory monocytes differentiated into
CD11b-CD11c*Ly6C-CD103*MHC-II* cells in the infected lungs and PLN. This cell
surface phenotype is identical to endogenous aE-DC and we conclude that
recruited inflammatory monocytes give rise to aE-DC in both the lungs and in the
PLN during pulmonary TB (Figure 11).

4.1.6 aE-DCs localize beneath the bronchial epithelial cell layer and near
the vascular wall in Mtb-infected lungs - paper II

Sung et al first identified murine aE-DC in the lung tissue, and showed that aE-DC
localize near the basal surface of bronchial epithelial cells and in close proximity
to vascular endothelial cells [203]. To confirm the tissue localization of aE-DC in
naive mice, we used the co-expression of CD103 and MHC-II as a criterion to
distinguish oE-DC from other lymphoid and myeloid cell subsets in lung tissue
sections.
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Figure 11. Recruited inflammatory monocytes differentiate into lung aE-DCs during
pulmonary TB.

As expected CD103*MHC-II* oE-DC localize in close proximity to the basolateral
side of the bronchial epithelial cell layer in naive mouse lungs. Also, CD103*MHC-
[I* aE-DC were identified close to the arterial wall (Figure 12A).

We have shown that the functional potential of aE-DCs was preserved during
early and chronic Mtb infection (Paper I) [43]. Since the localization near the
bronchial epithelium may contribute to aE-DC function during TB, we determined
if aE-DC tissue localization change in response to Mtb infection. Similar to naive
mice, aE-DC localized near the basolateral side of the bronchial epithelium and
close to the arterial vasculature in Mtb-infected mice (Figure 12B).

In conclusion, while Mtb infection increases the absolute number of lung aE-DCs,
it does not influence aE-DC tissue localization in the infected lungs. The constant
localization next to the bronchial epithelium in naive and infected mice may help
explain the conserved functional potential of aE-DCs during TB.
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Figure 12. Tissue localization of lung aE-DCs in uninfected mice and during
pulmonary TB. Peri = Perivascular wall, Epi = Epithelium, Bro = Bronchus.

4.1.7 oaE-DCis not a main target for Mtb in vivo - paper II

aE-DCs line the conducting airways and express tight junction proteins [203].
This may allow them to readily capture inert antigens, or infectious
microorganisms by extending their dendrites through the epithelial barrier into
the airway lumen. We therefore used GFP-expressing Mtb to investigate if «E-DC
is targeted by the bacterium in vivo. We found that only a minor fraction of aE-DC
in the lungs was infected (Figure 13B). Enumeration of infected E-DC confirmed
that E-DC population is not a main target for the bacterium at this stage of the
disease (three weeks pi). For comparison, we included the percentage and total
number of infected cells in each myeloid cell subsets in the bar graph (Figure
13A). aE-DCs were identified in the CD11b-CD11c* cell subsets and were found to
contain the lowest proportion and number of infected cells at three weeks pi
despite the localization near the airways. We also observed that CD11b-CD11c*
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cells were infected in the PLN. Compared to the lung tissue, the frequency and
absolute number of infected cells was approximately 10-fold lower in the PLN. In
addition, we also show that virulent Mtb did not significantly alter cell surface
expression levels of MHC-II on infected cells, which is in agreement with the
literatures [39, 268].
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Figure 13. Few lung aE-DCs are Mtb-infected in vivo.

Our results clearly showed that only a minor fraction of aE-DCs was Mb-infected
at this early time point. Thus DC subset is therefore less likely to transport the
pathogen to the PLN. However, aE-DC might play role in T cell priming since this
DC subset is able to take up apoptotic cells in the lungs and transfer the antigens
to the PLN to prime antigen specific T cells [264].
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Summary - Paper1& Il

Our results suggest a role for aE-DCs during pulmonary TB (Figure 14), in which
inflammatory monocytes are recruited into the Mtb-infected lung tissue and,
depending on which non-hematopoietic cells they interact with, differentiate
along different paths to give rise to multiple monocyte-derived cells, including DC
with a distinctive «E-DCs phenotype. The interaction of monocytes and airway
epithelial cells may support differentiation into aE-DC that express CD103
integrin that interacts with E-cadherin at the basolateral side of lung epithelial
cells. During the initial phase of Mtb infection, aE-DC can be, albeit not the main
target, infected by Mtb and may potentially take up apoptotic vesicles that contain
Mtb-derived antigens and migrate to the draining PLN where they can prime naive
T cells, including CD8* T cells. Based on the cytokine production and data from
other investigators, aE-DCs may induce, or maintain, Treg cells during Mtb
infection and have an immunosuppressive role. If so, aE-DCs can play role in
balancing excessive inflammation during chronic infection. The defect in
formation of aE-DCs and their functions may contribute to susceptibility in TB
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Figure 14. A proposed role for aE-DCs during pulmonary TB.
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4.2 ONGOING MTB INFECTION INTERFERES WITH THE HIV VACCINE
RESPONSE IN MICE - PAPER 111

Due to the facts that an estimated one-third of the world's population have been
infected by Mtb [1] and the areas of the highest prevalence of HIV are
geographically the same as the Mtb endemic region [10], the effectiveness of
current HIV vaccine development might be affected by pre-existing immune
responses against the bacterium. Therefore, in this study we aimed to investigate
the impact of ongoing Mtb infection on the immunogenicity of a HIV DNA/protein
vaccine candidate in a mouse model. We used the MultiHIV DNA (DNA plasmids
encoding gp160 of HIV-1 subtype B; p37Gag, Nef, Tat, and Rev) vaccine candidate
[269, 270] with double recombinant HIV viral protein boosts (gp160Env, p24Gag,
Tat and Nef) [271, 272]. Mtb-resistant female C57BL/6 mice were aerosol
infected seven weeks prior to the start of the HIV vaccination regimen. We
investigated the local immune response at the vaginal mucosal surface, and
systemic cellular and humoral immune responses to the vaccine.

4.2.1 Ongoing Mtb infection impairs humoral immune response induced
by HIV vaccination

After acquiring HIV, neutralizing and non-neutralizing antibodies develop in
response to HIV antigens [273-276]. Most cases of HIV transmission occur at the
mucosal surface of the genital organs [277] where IgA is an important class of
immunoglobulin. High level of anti-HIV Env IgA in cervicovaginal washes of highly
HIV-exposed persistently seronegative women indicates an important role of
mucosal IgA in HIV protection [278, 279]. Also, anti-HIV IgA has recently been
found to protect monkeys from SIV after viral challenge via the rectal route [280].

In this study, we tested if ongoing Mtb infection affects the antibody response
elicited by the HIV vaccine. We determined specific IgA and IgG antibodies to HIV
proteins, i.e. p24Gag and gp160Env, both in vaginal discharge and in serum. We
found that Mtb-infected mice that were vaccinated intranasally exhibited lower
levels of p24Gag-specific, but not gp160Env-specific, vaginal IgA four weeks post-
vaccination compared to uninfected mice (Figure 15A-B). Intranasal vaccination
induced higher level of p24Gag-specific IgA in vaginal secretions while
intramuscular vaccination elicited higher serum levels of IgA specific for both
p24Gag and gpl60Env (Figure 15C,15D). Interestingly, the specific IgA levels
were suppressed in Mtb-infected mice that were vaccinated via the intranasal, but
not via the intramuscular route.

Two weeks after second proteins boost, p24Gag- and gp160Env-specific serum
IgGs were also suppressed in intranasally HIV vaccinated Mtb-infected mice
(Figure 15E,15F). Although at four weeks after the second proteins boost there
was a slight decrease in the level of IgGs in the Mtb-infected mice, but the
difference did not reach statistical significance.
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Figure 15. Effect of Mtb infection on HIV-specific serum IgG titers induced by
MultiHIV DNA vaccination followed by protein boost.

Next, we determined the neutralization capability of the serum antibodies by
using the 50% HIV neutralization assay. We found that intramuscular vaccination
elicited three-fold higher HIV-neutralizing activity than that after intranasal
vaccination. Interestingly, while Mtb infection had no effect on the neutralizing
activity in sera of intranasally vaccinated mice, it was reduced more than three-
fold in animals that were vaccinated via the intramuscular route.
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In conclusion, our results showed for the first time that chronic Mtb infection had
negative effects on the development of specific antibodies to the vaccine
components, i.e. low level of mucosal IgA and serum IgGs and reduced serum
neutralizing capability. However, the observed effects depended on the
vaccination route.

4.2.2 Ongoing Mtb Infection suppressed the T cell response induced by
the HIV vaccine

CD4+ and CD8* T cells that are capable of producing both IFNy and IL-2 were
suggested to play role in the control of HIV infection [281-283]. We next sought to
determine whether Mtb infection affects vaccine-induced IFNy, IL-2 and/or TNF«
producing CD8* or CD4+* T cells. Splenocytes were re-stimulated with HIV p24Gag
peptide pools ex vivo and cytokines expression were determined by intracellular
cytokine staining. We found that uninfected mice induced high numbers of
p24Gag-specific CD4* and CD8* T cells expressing only one of the cytokines I[FNy
or TNFq, and low to moderate numbers of IL-2 producing cells as compared to
Mtb-infected and vaccinated mice regardless of vaccination route (Figure
16B,16C). Importantly, both the number and the proportion of multifunctional
CD4+ T cells were significantly decreased in spleens of Mtb-infected/intramuscular
HIV-vaccinated mice compared to uninfected/HIV-vaccinated animals; six-fold
reduction of triple cytokine-producing CD4* T cells, and nine-fold reduction of
IFNy/TNFa producing CD4* T cells were observed (Figure 16A). A similar trend
was also found in animals vaccinated via the intranasal route. In conclusion, our
data show that Mtb infection had an adverse effect on multiple effector functions
of the adaptive immune response believed to be important for efficient control of
HIV infection.
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Figure 16. HIV p24Gag-specific T cell cytokine responses in spleens of uninfected
or Mtb-infected mice vaccinated with MultiHIV DNA/protein.
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Summary Paper III

Mtb infection interferes with both humoral and cellular immune
responses to a HIV DNA/protein vaccine candidate. The impairment of
HIV-specific immune responses in Mtb-infected mice can be identified as:
¢ Low level of IgA in vaginal discharges and low level of IgGs in serum
following intranasal HIV vaccination
e Reduced serum neutralizing capability after intramuscular HIV
vaccination
e Decrease in number of either IFNy or TNFa producing CD4+ and
CD8* T cells regardless of vaccination route
* A diminished vaccine-specific multifunctional CD4+ T cell response

after intramuscular HIV vaccination

4.3 A MURINE MODEL OF MTB/HIV-1 CO-INFECTION FOR STUDIES ON
PATHOGEN-SPECIFIC T CELL RESPONSES IN VIVO -PAPER IV

Mtb /HIV-1 co-infection causes a major global health problem. Preventive vaccines
are not yet available for any of the two pathogens. A challenge for vaccine
development is to understand the components of protective immunity for each
pathogen as well as during co-infection. Animal models can be important for
studying immune responses during co-infection. However, finding a suitable
animal model is problematic since HIV does not cause disease in conventional WT
mice, or in NHPs. Despite the limitation, co-infection in NHP can be performed
using simian immunodeficiency virus (SIV) and Mtb [284, 285]. However, the
NHP model faces the problem of high cost, to genetically manipulate the host and
ethical issues. Thus, there is an urgent need for a small-animal model that is
robust, easy to manipulate, has low cost and a large availability of reagents for
Mtb/HIV-1 co-infection investigations. In this study we exploited the chimeric
virus EcoNDK, which is able to infect immune-competent WT mice [257], in
combination with our murine TB model to establish a mouse model of Mtb/HIV-1
co-infection.

4.3.1 Mtb/EcoNDK co-infected mice displayed a significantly higher viral
load, but co-infection had no impact on disease progression

We first infected mice with a low dose of virulent Mtb via the respiratory route.
Three weeks post infection the animals were injected with a single dose of the
virus intraperitoneally to establish Mtb/EcoNDK co-infection. After an additional
two weeks, we examined viral replication in lung cells and splenocytes and found
a significantly higher viral load in Mtb/EcoNDK co-infected mice compared to
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EcoNDK-infected animals (Figure 17). In addition, we determined the bacterial
load in the lungs and we monitored the change in weight of the animals over time.
We observed no significant difference in bacterial burden, or difference in weight
between Mtb/EcoNDK co-infected animal and animals infected with Mtb alone.
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Figure 17. Increased viral load in Mtb/EcoNDK co-infected mice.

4.3.2 Characterization of the Mtb-specific CD8* T cell response during the
early stage of Mtb/EcoNDK infection

We enumerated the number of CD4* T cells and CD8* T cell in the lungs and spleen
of infected animal. We found no significant difference in the number of CD4* T
cells and CD8* T cells in Mtb/EcoNDK co-infected mice compared to animals
infected with Mtb alone. In a time-course experiment we used tetramer
technology to characterize the Mtb-specific CD8* T cell response. We found that
following Mtb infection the number of TB10.4-specific CD8* T cells was
significantly higher in the lungs of resistant BALB/c mice compared to susceptible
DBA/2 mice. We extended these observations to our co-infection model.
Interestingly, the number and proportion of Mtb-specific CD8* T cells in the spleen
of co-infection mice were significantly higher than in Mtb-infected mice (Figure
18). However, the difference in the generation of Mtb-specific CD8* T cells in the
lungs of two groups of mice did not reach statistical significance. We did observe
that lung Mtb-specific CD8* T cells in co-infected animals expressed significantly
higher level of the af3 T-cell receptor. Overall, EcoNDK influence the adaptive T
cell response directed towards the bacterium.
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One of the characteristics of HIV pathogenesis is chronic immune activation, which
include hyperactivation of immune cells [286], high turn-over of lymphocytes
[287], increased levels of inflammatory cytokines [288] and the expression of
activation or exhaustion makers on both CD4* and CD8* T cells [289, 290]. Tim-3
and PD-1 have been implicated as T cell exhaustion markers and associated with
disease progression in HIV infection [193-195, 291]. Increased Tim-3 expression
on CD8* T cells has been shown to correlate with severity of pulmonary TB in
humans [196]. The interaction of exhaustion molecules and their ligands may
play role in regulating host immune responses to both HIV and Mtb infection.
Therefore, we characterised the expression of Tim-3 and PD-1 on total CD4* and
CD8* T cells, and Mtb-specific CD8* T cells. In addition, we determined the
cytokine profile of the T cell subsets in Mtb-infected and Mtb/EcoNDK co-infected
mice, respectively. Even though we did not observe any significant difference in
the expression of Tim-3 and PD-1 between Mtb infected- and co-infected mice, we
found that Tim-3 and PD-1 are utilized differently by CD4+ T cells, TB10.4-specific-
and CD8* T cells that were non-specific for the TB10.420-28 peptide. = The
number and proportion of Tim-3 expression CD8* T cells was higher than among
CD4+* T cells. Furthermore, Tim-3 expression was even more pronounced on
TB10.4-specific CD8* T cells while PD-1 was preferentially expressed on CD4* T
cell (Figure 19). Finally, we showed that TB10.4-specific CD8*Tim3* T cells were
enriched for TNFa- and IFNy-producing cells during the early stage of co-infection.
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Figure 19. Different Tim-3 and PD-1 expression profiles on CD4+ and CD8* T cell
subsets in infected mice.

In conclusion, we have shown that we were able to successfully establish a small
animal model for Mtb/HIV-1 co-infection. Our murine co-infection model may be
a useful tool to elucidate immune responses directed against both pathogens.

Summary Paper IV

We established a mouse model of Mtb/HIV-1 co-infection using the chimeric
EcoNDK virus and virulent Mtb. The characteristics of the co-infected mice
are
e Higher virus burden in the lungs and spleen of co-infected mice
* No sign of increased pathology, i.e. no change in bacterial burden or
weight loss
e Significantly increased number and proportion of Mtb-specific CD8* T
cells in the spleen
*  Mtb-specific CD8* T cells expressed high levels of Tim-3
* Mtb-specific CD8*Tim-3+ T-cells produced both [FNy and TNFa
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Failure To Recruit Anti-Inflammatory CD103* Dendritic Cells and a
Diminished CD4* Foxp3* Regulatory T Cell Pool in Mice That
Display Excessive Lung Inflammation and Increased Susceptibility to
Mycobacterium tuberculosis

Chaniya Leepiyasakulchai,® Lech Ignatowicz, Andrzej Pawlowski,* Gunilla Kéllenius,® and Markus Skéld®
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Susceptibility to Mycobacterium tuberculosis is characterized by excessive lung inflammation, tissue damage, and failure to con-
trol bacterial growth. To increase our understanding of mechanisms that may regulate the host immune response in the lungs,
we characterized dendritic cells expressing CD103 («ay integrin) (aE-DCs) and CD4+ Foxp3* regulatory T (T,eg) cells during M.
tuberculosis infection. In resistant C57BL/6 and BALB/c mice, the number of lung «E-DCs increased dramatically during M. tu-
berculosis infection. In contrast, highly susceptible DBA/2 mice failed to recruit «E-DCs even during chronic infection. Even
though tumor necrosis factor alpha (TNF-a) is produced by multiple DCs and macrophage subsets and is required for control of
bacterial growth, «E-DCs remained TNF-a negative. Instead, «E-DCs contained a high number of transforming growth factor
beta-producing cells in infected mice. Further, we show that T, cells in C57BL/6 and DBA/2 mice induce gamma interferon
during pulmonary tuberculosis. In contrast to resistant mice, the T, cell population was diminished in the lungs, but not in the
draining pulmonary lymph nodes (PLN), of highly susceptible mice during chronic infection. T,., cells have been reported to
inhibit M. tuberculosis-specific T cell immunity, leading to increased bacterial growth. Still, despite the reduced number of lung
T, cells in DBA/2 mice, the bacterial load in the lungs was increased compared to resistant animals. Our results show that E-
DCs and T, cells that may regulate the host immune response are increased in M. tuberculosis-infected lungs of resistant mice

but diminished in infected lungs of susceptible mice.

ycobacterium tuberculosis, the causative agent of pulmonary

tuberculosis (TB), remains a threat to global health and is a
leading cause of death from infectious disease in the world (60).
The murine model of pulmonary TB has demonstrated the critical
role of proinflammatory effector functions mediated by activated
macrophages (M¢) and major histocompatibility complex
(MHC)-restricted T cell responses to control the infection and
ameliorate disease (10, 42). Following M. tuberculosis aerosol in-
fection, the differences in the ability to control bacterial growth,
lung lesions, and survival between various inbred mouse strains
are dramatic (2, 7, 27, 33, 44, 45, 59). It is interesting that M.
tuberculosis-susceptible mice can display lesions similar to those in
humans with active TB, including severe inflammation in infected
lungs and extensive tissue damage (2, 27). Many of the observa-
tions made to explain susceptibility to M. tuberculosis infection
using animal models have translated into human pulmonary TB,
and susceptibility to mycobacterial infection is dramatically in-
creased in, for example, immunocompromised patients (11, 19,
20, 34, 35, 41, 47). Still, the cause of naturally occurring suscepti-
bility to M. tuberculosis in seemingly healthy individuals is poorly
understood. Since the nature of the inflammatory response to M.
tuberculosis in mice correlates with lung damage and inability to
control the infection (reviewed in reference 7), we took advantage
of wild-type (WT) mice that are either resistant (C57BL/6 and
BALB/c) or susceptible (DBA/2) to M. tuberculosis infection (33,
44, 45). The mouse model allowed us to investigate immunoregu-
latory mechanisms in the lung tissue during pulmonary TB that
may balance proinflammatory reactions and that control the in-
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fection and tolerogenic mechanisms induced to prevent tissue
damage and loss of function.

The CD103 (integrin «y) cell surface marker can be used to
identify a unique CD11b~ CD11c* CD103* dendritic cell (aE-
DC) population located in the skin and at mucosal sites in the
intestine and lungs (reviewed in reference 13). The role of lung
aE-DCs in host immunity is not well characterized, especially
during bacterial infections. Still, E-DCs seem to have a distinct
role in host immunity compared to proinflammatory CD103~
DCs in the lung tissue (3, 30, 58). Lung «E-DCs have migratory
properties and are able to take up antigens, including apoptotic
cells, that are transported to draining lymph nodes (LN) and
presented to MHC class I- or class II-restricted T cells (15, 16,
22, 46). Thus, a«E-DCs in the lung mucosa are strategically
located and likely to influence the host immune response dur-
ing pulmonary TB.

In the present study, we show that M. tuberculosis-susceptible
mice display worse lung lesions and reduced ability to control M.
tuberculosis growth. We show that the number of lung E-DCs
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increases dramatically in M. tuberculosis-infected resistant mouse
strains, while susceptible mice display a reduced number of aE-
DCs, but not other myeloid cell subsets, in response to M. tuber-
culosis infection. During early and chronic stages of M. tuberculosis
infection, lung aE-DCs have an anti-inflammatory cytokine pro-
file compared to other monocyte, DC, M, and neutrophil subsets
in the infected lungs. We also report that M. tuberculosis changes
the functional potential of CD4* Foxp3™ regulatory T (T,.,) cells,
which induce gamma interferon (IFN-v) 6 to 10 weeks postinfec-
tion (p.i.). The change in functional potential precedes a dimin-
ished pool of T, cells in the lungs, but not in the draining pul-
monary lymph nodes (PLN), of susceptible mice at week 12 p.i.

MATERIALS AND METHODS

Mice. Female C57BL/6NCrl, BALB/cNCrl, and DBA/2NCrl mice (6 to 9
weeks old) were purchased from Charles River (Germany). The animals
used in this study were housed under specific-pathogen-free conditions in
abiosafety level 3 animal facility at the Astrid Fagraeus Laboratory, Swed-
ish Institute for Communicable Disease Control. All animal experiments
were conducted in accordance with the Swedish Animal Welfare Act and
approved by the Swedish Institute for Communicable Disease Control
and by the Stockholm North Ethical Committee, Swedish Board of Agri-
culture (permit numbers N343/7 and N369/10). The health status of the
mice was monitored daily by animal care technicians or veterinarians to
ensure humane treatment.

M. tuberculosis aerosol infection. The clinical M. tuberculosis isolate,
strain Harlingen, used for the M. tuberculosis aerosol infections was kindly
provided by J. van Embden, National Institute of Public Health and the
Environment, The Netherlands, and originally characterized by Kiers et
al. (36). The bacteria were grown to mid-log phase in Sauton medium
supplemented with 8 pg/ml polymyxin B and 5 ug/ml amphotericin B at
37°C, aliquoted, and stored in medium containing 10% glycerol at
—80°C.

For aerosol infections, an M. tuberculosis aliquot was thawed at room
temperature, spun at 10,000 rpm for 5 min, and triturated through a
25-gauge needle to disperse bacterial clumps. The bacterial suspension
was diluted to 1 X 10° CFU/ml in sterile phosphate-buffered saline (PBS),
0.02% Tween 80, and placed in a nebulizer (MiniHeart Lo-Flo Nebulizer;
Westmed, Tucson, AZ). The animals were infected with a low dose of M.
tuberculosis via the respiratory route using a nose-only exposure system
(In-Tox Products, Moriarty, NM) calibrated to deliver 20 to 200 CFU into
the lungs. The animals were exposed to the M. tuberculosis-containing
aerosol for 20 min. In some experiments, the number of viable bacteria
that reached the lungs was determined on day 1 p.i. The aerosol infections
were performed in the biosafety level 3 animal facility at the Astrid Fa-
graeus Laboratory, Swedish Institute for Communicable Disease Control.

CFU determination. The mice were anesthetized by exposure to iso-
flurane and euthanized by cervical dislocation. Both lungs were used for
day 1 CFU determinations. For week 9 CFU determinations, only the right
lung was used. For the later time point, blood was removed from the lung
tissue by perfusing the heart with PBS, the tissue was aseptically removed,
and the lungs were mechanically homogenized in PBS by passing the
tissue through a steel mesh. Viable mycobacteria were quantified by plat-
ing the lung homogenates onto Middlebrook 7H11 agar plates. Colonies
were counted after 2 to 3 weeks of incubation at 37°C.

Histology. Lung tissue from naive or M. tuberculosis-infected mice
was fixed in 4% paraformaldehyde and then embedded in paraffin. Five-
micrometer tissue sections were stained with hematoxylin and eosin using
a Shandon Varistain Gemini instrument or with Ziehl-Neelsen stain with
the Putt modification to visualize acid-fast bacilli. Lung sections from 3 to
5 individual mice per group in two separate experiments were picked
randomly and evaluated, blinded, for the relative size of the lung lesions,
cellular infiltration, and the presence of acid-fast bacilli in infected mice.
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M. tuberculosis cell wall extract. The bacteria (H37Rv reference
strain) were grown in Middlebrook medium at 37°C. The bacteria were
centrifuged and heat killed at 70°C. The pellet was sonicated and freeze-
dried on acetone with cotton.

Preparation of single-cell suspensions. At the indicated time points,
single-cell suspensions were prepared from lungs and PLN. The mice were
euthanized, and blood was removed from the lung tissue by perfusing the
heart with PBS. The lungs and PLN were aseptically removed and placed
in RPMI 1640 medium. The lungs were cut into small pieces and incu-
bated in complete RPMI 1640 medium (supplemented with 10% fetal
calf serum, penicillin-streptomycin, L-glutamine, sodium-pyruvate, and
HEPES buffer, all from Sigma-Aldrich) containing 140 U/ml collagenase
type IV (Sigma-Aldrich) for 90 min at 37°C, 5% CO,. DNase I (Sigma-
Aldrich) was added to the cell suspensions at a final concentration of 200
U/ml during the last 10 min of the incubation. The digested lung tissue
was then passed through a steel mesh cup sieve (Sigma-Aldrich). Any
remaining erythrocytes were lysed using lysis buffer (H,0, 0.15 M NH,Cl,
1 mM KHCOs;, 0.1 mM NaEDTA, pH 7.2 to 7.4), washed, and resus-
pended in RPMI 1640 medium. The cell suspension was passed through a
70-pm cell strainer (BD Falcon), washed, and resuspended in complete
RPMI 1640 medium.

Single-cell suspensions were obtained from PLN using collagenase
type IV and DNase I as described above. The PLN were then disaggregated
using the frosted ends of two glass slides, washed, and resuspended in
complete RPMI 1640 medium.

Total viable cells were enumerated using a hemocytometer and trypan
blue exclusion of dead cells. Lung cells and PLN cells from infected mice
were analyzed individually. PLN cells from naive mice were pooled in each
experiment.

Flow cytometry. Staining for surface markers was done by resuspend-
ing 2 X 10° cells in fluorescence-activated cell sorter (FACS) buffer (PBS
with 1% [wt/vol] bovine serum albumin [BSA] and 2 mM NaNj). The
cells were incubated with purified anti-mouse CD16/CD32 (2.4G2; BD
Pharmingen) at 20 ug/ml for 15 min at 4°C to block nonspecific binding.
The cells were washed and incubated for 15 min at 4°C with primary
antibodies specific for surface markers, or appropriate isotype controls,
diluted in FACS buffer. The following allophycocyanin (APC)-, phyco-
erythrin (PE)-, PE-Cy7-, or peridinin chlorophyll protein (PerCP)-
conjugated or biotinylated anti-mouse monoclonal antibodies (MAbs)
were obtained from BD Pharmingen: anti-CD103 (M290), anti-CD11b
(M1/70), anti-CD19 (1D3), anti-Ly6G (1A8), anti-Ly6C (AL-21), anti-
CD3g (145-2C11), and anti-CD4 (RM4-5). Streptavidin-Pacific orange
was purchased from Invitrogen. The following fluorescein isothiocya-
nate (FITC)-, PE-, PE-Cy5.5-, APC-, Alexa Fluor 700-, or APC-Alexa
Fluor 750-conjugated or biotinylated anti-mouse MAbs were pur-
chased from eBioscience: anti-CD45.2 (104), anti-CD11c (N418),
anti-CD11b (M1/70), anti-CD19 (1D3), anti-CD8« (53-6.7), anti-
CD8pB (H35-17.2), and anti-B220 (RA3-6B2). Anti-MHC class IT (I-A/
I-E)-PerCP (M5/114.15.2) was purchased from Biolegend. The stained
cells were washed and fixed in freshly prepared 2% paraformaldehyde
in PBS for 2 h at 4°C. Fixed cells were washed and resuspended in FACS
buffer before analysis by flow cytometry.

For detection of inducible nitric oxide synthase (iNOS)-producing
cells, the fixed cells were permeabilized for 20 min at room temperature
using a Cytofix/Cytoperm kit from BD Biosciences. Intracellular iNOS
was detected using an anti-iINOS-FITC MAD (clone 6; BD Transduction
Laboratories) and compared to cells stained with a relevant isotype con-
trol MAb. The stained cells were washed and analyzed immediately by
flow cytometry.

The cells were passed through a 70-pm nylon mesh before they were
collected using a BD FACSAria (BD Biosciences) and analyzed using
FlowJo software (version 8.8.6; Tree Star). All electronic gates and quad-
rants were set after relevant isotype control MAbs.

Foxp3™ T, cells were identified at various time points after M. tuber-
culosis aerosol infection. After surface staining, the cells were washed,
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fixed, permeabilized, and stained for intracellular Foxp3 by using an anti-
mouse Foxp3-PE (MF23) MAb and mouse Foxp3 buffer set according to
the manufacturer’s instructions (BD Pharmingen).

In vitro stimulation of lung and PLN cells and intracellular-
cytokine staining. To examine the cytokine profile of myeloid cells,
single-cell suspensions were prepared from M. tuberculosis-infected mice
and kept in complete RPMI 1640 medium or stimulated with 100 ng/ml
Escherichia coli lipopolysaccharide (LPS) (Sigma-Aldrich) or 10 wg/ml M.
tuberculosis cell wall extract in the presence of 10 ug/ml brefeldin A
(Sigma-Aldrich) for 5 h at 37°C, 5% CO,.

Adherent cells were detached by incubating the cells in PBS, 2 mM
EDTA, for 10 min at 37°C, 5% CO,. The cells were stained for the indi-
cated cell surface markers, fixed in 2% paraformaldehyde, permeabilized,
and stained for intracellular cytokines: anti-tumor necrosis factor alpha
(TNF-a)-FITC (MP6-XT22) (eBioscience) and anti-transforming
growth factor beta (TGF-B)-APC (1D11) (R&D Systems) or relevant iso-
type controls. Stained cells were washed twice in permeabilization buffer
and once with FACS buffer and analyzed immediately.

For determination of cytokine production by CD4* Foxp3~ T cells
and T, cells, single-cell suspensions from total lungs and PLN were kept
in complete RPMI 1640 medium or stimulated with 50 ng/ml phorbol
12-myristate 13-acetate (PMA) (Sigma-Aldrich) and 10 wg/mlionomycin
(Sigma-Aldrich) in the presence of 10 ug/ml brefeldin A for 4 h at 37°C,
5% CO,. The cells were then stained for the indicated lymphocyte surface
markers, fixed using 2% paraformaldehyde, permeabilized, and stained
for Foxp3 and IFN-y (XMG1.2 conjugated to PE-Cy7; eBioscience) or
relevant isotype controls.

RESULTS

Exacerbated lung lesions and higher bacterial burden in M.
tuberculosis-infected lungs of susceptible mice. At mucosal sur-
faces, the immune system has to balance inflammatory reactions
induced to eradicate potential harmful pathogens, such as M. tu-
berculosis, and at the same time avoid tissue damage and potential
loss of function of the affected organ. During active pulmonary
TB, the M. tuberculosis-induced lesions may erode the tissue as the
disease progresses, leading to destruction of the lung architecture
and scarring (12, 27).

We infected three groups of mice with a low dose (159 * 46
CFU [mean = standard deviation {SD}]; n = 4) of virulent M.
tuberculosis (Harlingen strain) via the respiratory route and con-
firmed the striking differences in lung lesions and ability to con-
trol bacterial replication between resistant (C57BL/6 and BALB/c)
and susceptible (DBA/2) inbred mice 9 weeks p.i. during chronic
M. tuberculosis infection (Fig. 1) (33, 44). Hematoxylin and eosin
staining showed that susceptible DBA/2 mice displayed larger le-
sions and more extensive loss of alveolar architecture (Fig. 1A) (4).
Intracellular acid-fast bacilli were clearly detectable in infected
lungs of all three mouse strains analyzed (Fig. 1B) (44). The ability
to control bacterial replication 9 weeks p.i. was investigated by
plating lung homogenates onto Middlebrook 7H11 agar plates
(Fig. 1B). A significantly higher bacterial burden was observed in
the lungs of BALB/c mice than in C57BL/6 mice (51). The bacte-
rial burden in highly susceptible DBA/2 mice was approximately
10-fold higher in the lung tissue than in C57BL/6 and BALB/c
mice (33, 44, 59).

By comparing WT inbred mouse strains that are either resis-
tant or highly sensitive to low-dose virulent M. tuberculosis aerosol
infection, we confirmed that susceptible mice have a more severe
inflammatory reaction in the lungs and reduced ability to control
bacterial growth (Fig. 1). Next, we asked how host immunity dif-
fers in animals that are resistant to M. fuberculosis infection com-

1130 iai.asm.org

A C57BL/6 BALB/c

o]

~J

D

log10 CFU/lung

[}

\)‘b Q)\O Y\(b
OQ;\Q’QJW QQ

FIG 1 Lunglesions and bacterial burden in M. tuberculosis-infected mice. The
photomicrographs show representative sections of formalin-fixed paraffin-
embedded lung tissue stained with hematoxylin and eosin to determine lung
pathology (A) or with Putt’s stain to visualize acid-fast bacilli (B) from
C57BL/6 (left), BALB/c (middle), and DBA/2 (right) mice infected with aerosol-
ized virulent M. tuberculosis (9 weeks p.i.). (B, left) The arrows indicate examples of
rod-shaped bacteria or clusters of bacteria. Magnification, X 100. (Right) CFU in
the lungs 9 weeks p.i. Lung lesions and the ability to control M. tuberculosis growth
were determined in two separate experiments, with 3 to 5 mice per group in each
experiment. The graph shows means + SEM from one representative experiment.
*, P < 0.05; ***, P < 0.001 by one-way ANOVA with Bonferroni posttest.

pared to naturally susceptible WT mice. Therefore, we investi-
gated the cellular infiltration in infected organs and the pro- and
anti-inflammatory properties of the host immune response dur-
ing pulmonary TB.

Inflammatory monocyte recruitment into M. tuberculosis-
infected lungs and M ¢ activation are not defective in suscepti-
ble mice. Using a monocyte adoptive-transfer model, we have
directly shown that many of the M¢ and DC subsets that appear in
M. tuberculosis-infected lung tissue and draining PLN at the peak
of the host immune response are monocyte derived (56). To de-
termine if diminished monocyte recruitment may help explain
naturally occurring susceptibility to M. tuberculosis, we examined
the cellular infiltrate in resistant and susceptible lung tissue in
uninfected mice and at various time points after virulent M. tu-
berculosis aerosol infection (Fig. 2). The CD11b/CD11c expression
profile was determined on gated CD45.2* CD19 cells from naive
and M. tuberculosis-infected mice (Fig. 2A and data not shown).
CD11b* CD11c™ myeloid cells were then analyzed further. Re-
cruited neutrophils were defined as Ly6C'* (intermediate level of
Ly6C) Ly6G™ cells and inflammatory monocytes as Ly6C* Ly6G—
cells (18, 56, 57). We found that the total number of lung cells
increased dramatically in response to M. tuberculosis infection and
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FIG 2 Neutrophil, inflammatory monocyte, DC, and M¢ populations in the
lungs of naive and M. tuberculosis-infected mice. (A) Single-cell suspensions
were prepared from the uninfected or M. tuberculosis-infected lung tissues of
individual mice and stained for cell surface expression of CD11b and CD11c¢
(left), Ly6G and Ly6C (middle), or isotype control MAbs (right). Ly6C*
Ly6G~ inflammatory monocytes and Ly6Cit Ly6G™ neutrophils were identi-
fied within the CD11b* CD11c™ gate (pregated on CD45.2* CD19~ cells
[data not shown]). The plots show lung cells analyzed 12 weeks p.i. from one
representative experiment. (B) Graphs displaying the absolute numbers of
total lung cells (left), neutrophils (middle), and inflammatory monocytes
(right) in uninfected lungs and at various time points after M. tuberculosis
infection. (C) Graphs displaying the absolute numbers of CD11b* CD11c*
cells (left) in uninfected lungs and at various time points after M. tuberculosis
infection. iNOS-producing cells were identified in the CD11b* CD11c™ sub-
set (right). The absolute number of myeloid cells was determined in 3 to 11
separate experiments with 2 or 3 mice per group in each experiment. The
results were pooled from all replicate experiments. The graphs show means =
standard errors of the mean (SEM). Statistically significant differences be-
tween the mouse strains are denoted as follows: *, P < 0.05; **, P < 0.01; ***,
P < 0.001 by one-way ANOVA with Bonferroni posttest.

was significantly higher in BALB/c mice than in C57BL/6 mice and
DBA/2 mice at weeks 3, 9, and 12 p.i. (Fig. 2B) (33, 56). In the
infected lung tissue of susceptible DBA/2 mice, the number of
recruited neutrophils increased rapidly and continuously during
the whole study period until 12 weeks p.i. (Fig. 2B). In compari-
son, neutrophil infiltration into the lung tissue of resistant
C57BL/6 mice remained low. Still, levels of neutrophil recruit-
ment into BALB/c and DBA/2 lungs were comparable, showing
that neutrophil infiltration per se does not cause increased suscep-
tibility to M. tuberculosis infection.

Following M. tuberculosis infection, Ly6C* inflammatory
monocytes are recruited to the lung tissue (23, 56). Our results
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showed that there was no difference in the number of inflamma-
tory monocytes recruited to M. tuberculosis-infected C57BL/6 and
DBA/2 lungs (Fig. 2B). We also found that infected BALB/c lungs
contained the highest number of recruited monocytes of the
tested mouse strains 9 to 12 weeks p.i. (Fig. 2B). Our results sug-
gest that defective monocyte recruitment into infected lungs does
not explain increased susceptibility to M. tuberculosis in the mouse
model.

Inflammatory monocytes recruited to the M. tuberculosis-
infected lungs rapidly upregulate CD1lc (56). The CD11b*
CD11c™ subsetin inflamed or M. tuberculosis-infected lung tissue
is a heterogeneous population, comprising both DCs and acti-
vated iNOS-producing M¢ (23, 32, 39, 56). We enumerated
CDI11b* CD11c* myeloid cells in infected lung tissue to deter-
mine if susceptibility to M. tuberculosis can be explained by a re-
duced number of CD11b" CD11c™ cells (Fig. 2C). In addition,
because CD11b* CD11c* cells are the main producers of iNOS,
an enzyme required for control of M. tuberculosis growth (42), we
determined the number of activated iNOS-producing M¢ in re-
sistant and susceptible lungs (Fig. 2C). Upon M. tuberculosis aero-
sol infection of C57BL/6, BALB/c, and DBA/2 mice, the number of
both CD11b* CD11c* cells and iNOS* M¢ increased during the
first 6 to 9 weeks p.i. before it reached a plateau and remained
relatively constant, or even declined in BALB/c mice, until week 12
p.i. We did not detect a significant difference in the number of
CDI11b" CDI1lc™ cells or iNOS™ M¢ between the three mouse
strains tested. In conclusion, neither defective monocyte or neu-
trophil recruitment nor M¢ activation seems to explain the in-
creased susceptibility to M. tuberculosis in DBA/2 mice.

Diminished «E-DC population in the lungs of susceptible
mice during pulmonary TB. «E-DCs have a distinct role in host
immunity compared to proinflammatory CD103~ lung DCs, in-
cluding the cytokine and chemokine profile and the ability to mi-
grate to the draining PLN for T helper cell activation or to cross-
present antigens to MHC class I-restricted CD8* T cells (3, 14, 16,
46, 58). We characterized and enumerated lung aE-DCs to delin-
eate their role in host immunity during pulmonary TB.

The aE-DC population in resistant and susceptible lung tissue
was examined by flow cytometry in uninfected mice and at various
time points after M. tuberculosis aerosol infection (Fig. 3). First,
the CD11b/CD11c expression profile was determined on gated
CD45.2*" CD19™ cells (Fig. 3A and data not shown). aE-DCs were
identified in the CD11b~ CD11c" myeloid cell subset in C57BL/6,
BALB/c, and DBA/2 M. tuberculosis-infected lungs (Fig. 3A and
data not shown). In all three mouse strains analyzed, «E-DCs
expressed high levels of MHC class I and lacked expression of
Ly6C, a marker for less differentiated cells, such as inflammatory
monocytes, recruited to the M. tuberculosis-infected lung tissue
(Fig. 3A) (56, 57).

Following M. tuberculosis infection, the number of aE-DCs
increased early after infection (3 weeks p.i.) and remained high
during chronic infection (weeks 9 to 12 p.i.) in resistant C57BL/6
and BALB/c mice (Fig. 3B). In comparison, accumulation of «E-
DCs in susceptible mice was significantly reduced (Fig. 3B).

The increased number of «E-DCs in infected resistant mouse
strains and the low numbers of «E-DCs in susceptible mice sug-
gest that aE-DCs have a protective role in host immunity during
pulmonary M. tuberculosis.

Susceptible mice display reduced numbers of «E-DCs in the
draining PLN in response to M. tuberculosis infection. While
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FIG 3 aE-DC populations in the lungs of naive and M. tuberculosis-infected mice. (A) Groups of C57BL/6, BALB/c, and DBA/2 mice were infected with a low
dose of virulent M. tuberculosis via the respiratory route. Single-cell suspensions were prepared from infected lungs 12 weeks p.i. and stained for CD45.2, CD19,
CD11b, and CD11c (left and data not shown). aE-DCs were identified in the CD11b~ CD11c* gate (pregated on CD45.2* CD19~ cells [data not shown])
compared to an isotype control MAb (middle). The gated aE-DCs were examined for cell surface expression of Ly6C and MHC class II compared to isotype
controls (right). The plots show lung cells from one representative experiment. (B) Graph showing the absolute numbers of aE-DCs in uninfected and M.
tuberculosis-infected C57BL/6, BALB/c, and DBA/2 mice. Statistically significant differences between C57BL/6 and DBA/2 mice, or between BALB/c and DBA/2
mice, are indicated. At week 4 p.i., we also detected a statistically significant difference between C57BL/6 and BALB/c mice (**). The cell surface phenotype and
the absolute number of aE-DCs were determined in nine separate experiments with 2 or 3 mice per group in each experiment. The results were pooled from all

replicate experiments. The graphs show means + SD. *, P < 0.05; **, P < 0.01; ***, P < 0.001 by one-way ANOVA with Bonferroni posttest.

alveolar M are considered to be the main target, DCs are infected
by the bacterium and have been suggested to disseminate live M.
tuberculosis via the lymphatics to the draining PLN, where the
MHC-restricted T cell response is initiated (6, 61, 62). A more
detailed analysis of the DCs that help spread M. tuberculosis in vivo
is currently lacking. Considering the tissue localization of aE-DCs
beneath the bronchial epithelial cell layer, their migratory poten-
tial and spreading of M. tuberculosis by infected DCs suggest that
aE-DCs are involved in bacterial dissemination and priming of M.
tuberculosis-specific CD8% T cells in the PLN (16, 46, 58, 62).
Therefore, we determined if «E-DCs are present in the PLN of
naive mice after M. tuberculosis aerosol infection at the peak of the
immune response and during chronic infection (Fig. 4). MHC
class 1" «E-DCs were identified in the CD11b~ CD11c* gate in
naive C57BL/6 mice and in C57BL/6, BALB/c, and DBA/2 mice 3
weeks p.i. (Fig. 4A and B) (46). After M. tuberculosis infection, the
total number of PLN cells seemed lower in DBA/2 mice, but due to
the high variability between experiments, we did not detect a sta-
tistically significant difference (by one-way analysis of variance
[ANOVA] with Bonferroni posttest) between the three mouse
strains analyzed. Enumeration of PLN aE-DCs showed that the
absolute number was significantly reduced in DBA/2 mice com-
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pared to C57BL/6 mice at both 3 and 9 weeks p.i. (Fig. 4C). The
difference between C57BL/6 mice and BALB/c mice, and the dif-
ference between BALB/c mice and DBA/2 mice, was not statisti-
cally significant. Still, the trend was the same, with a higher num-
ber of aE-DCs in the more resistant BALB/c mice than in the
DBA/2 mice. The reduced number of «E-DCs in the draining PLN
may reflect reduced aE-DC migration from the M. tuberculosis-
infected lungs in susceptible mice.

aE-DCs have a skewed cytokine profile during pulmonary
TB. Sterile models of inflammation and in vitro studies have
shown that aE-DCs are functionally different from other DC
subsets found in the lung tissue, including the cytokine and
chemokine profiles and different roles in T cell activation (3,
14, 16, 46, 58).

To determine the functional potential of «E-DCs and other
myeloid cell subsets, including inflammatory monocytes, neutro-
phils, M, and DCs, we investigated the cytokine profiles during
pulmonary TB (Fig. 5). Single-cell suspensions were prepared
from total lung tissue of C57BL/6, BALB/c, and DBA/2 mice 3 or
12 weeks p.i. with a low dose of aerosolized M. tuberculosis.
CD11b/CD11c profiling (gated on CD45.2% CD19~ cells) (data
not shown) was used to identify the main myeloid cell subsets in
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FIG 4 «E-DC populations in the PLN of naive and M. tuberculosis-infected
mice. (A) Single-cell suspensions were prepared from pooled PLN from five
naive C57BL/6 mice and stained for CD45.2, CD19, CD11b, and CD11c¢ (left
and data not shown) and for CD103 and MHC class II (right). «E-DCs were
identified in the CD11b~ CD11c* gate (pregated on CD45.2" CD19~ cells
[data not shown]) compared to an isotype control MAb. Gated «E-DCs were
examined for cell surface expression of MHC class II (filled histograms) com-
pared to an isotype control MAb (open histograms). (B) Groups of C57BL/6,
BALB/c, and DBA/2 mice were infected with a low dose of virulent M. tuber-
culosis via the respiratory route. «E-DCs in the PLN were identified and ana-
lyzed as described for panel A. The plots show PLN cells analyzed 3 weeks p.i.
from one representative experiment. (C) Graph showing the absolute number of
PLN cells 3 to 12 weeks p.i. (left). The bar graphs show the absolute number of
«E-DCs in M. tuberculosis-infected PLN 3 weeks (w3) or 9 weeks (9w) p.i. The cell
surface phenotype and the absolute number of aE-DCs in the PLN were deter-
mined in three separate experiments with 2 or 3 mice per group in each experi-
ment. The results were pooled from all replicate experiments. The graphs show
means and SEM. ***, P < 0.001 by one-way ANOVA with Bonferroni posttest.

the infected lung tissue after in vitro stimulation (Fig. 5A). The
percentage and absolute number of TNF-a- and TGF-B-producing
cells, as well as the mean fluorescence intensity of the cytokine stain-
ing in positive cells, were compared in four myeloid cell subsets (Fig.
5A and B). The CD11b~ CD11c™" population was divided into oE-
DCs and CD103~ cells, which may contain alveolar M¢; CD11b*
CD11c* cells (activated M¢ and DCs); and CD11b*™ CD11c™ cells
(inflammatory monocytes and granulocytes) (23, 56).
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TNF-a is a proinflammatory cytokine required for control of
M. tuberculosis growth in both humans and mice (20, 35). In re-
sponse to M. tuberculosis cell wall extract or LPS stimulation, sev-
eral of the myeloid cell subsets (alveolar M¢, activated M¢p and
DCs, and inflammatory monocytes and granulocytes) contained a
high proportion of TNF-a-producing cells. In contrast, in re-
sponse to the same stimulation, «E-DCs remained essentially
TNF-« negative (Fig. 5A and B). Here, we show that of all the
myeloid cell subsets analyzed, «E-DCs in infected mice contained
the highest percentage of TGF-B-producing cells (Fig. 5B). Inter-
estingly, even though the absolute number of TGF-B-producing
aE-DCs was clearly reduced in M. tuberculosis-susceptible DBA/2
mice, «E-DCs in M. tuberculosis-infected DBA/2 mice contained a
significantly higher (P < 0.01 by one-way ANOVA with Bonfer-
roni posttest) frequency of TGF-B-producing cells 3 weeks p.i.

To determine if the functional potential of aE-DC changes
during the course of M. tuberculosis infection, we investigated the
cytokine profile of «E-DCs in chronically infected mice (Fig. 5C).
Similar to week 3 p.i., aE-DCs in C57BL/6, BALB/c, and DBA/2
mice remained TNF-« negative 12 weeks p.i. Also, even though
the total number of TGF-B* aE-DCs was significantly reduced
(P < 0.001 by one-way ANOVA with Bonferroni posttest) in
DBA/2 mice, the aE-DC subsets in all three mouse strains tested
contained similar high frequencies of TGF-B-producing cells in
chronically infected mice. Accordingly, «E-DCs display an anti-
inflammatory cytokine profile in M. tuberculosis-infected lungs
compared to other myeloid cell subsets, a phenotype that was
conserved between resistant and susceptible mouse strains and
that was maintained during the course of the infection.

These results support an anti-inflammatory role for «E-DCs in
host immunity during pulmonary TB.

Diminished Foxp3* T,., cell population in M. tuberculosis-
infected lungs of susceptible mice. Excessive inflammatory reac-
tions, including T cell activity, at mucosal surfaces can be detri-
mental to the host, resulting in tissue damage and loss of function
of the affected organ. We determined if failure to recruit «E-DCs
in M. tuberculosis-infected susceptible mice correlated with a re-
duced number of T, cells in the infected lung tissue. Single-cell
suspensions were prepared from M. tuberculosis-infected (3 or 12
weeks p.i.) C57BL/6, BALB/c, and DBA/2 lungs (Fig. 6A) and PLN
(Fig. 6B). The cells were stained for cell surface expression of
CD19, CD4, and CD8p (Fig. 6 and data not shown). After fixation,
the cells were permeabilized and stained for intracellular expres-
sion of the transcription factor Foxp3. Foxp3 was not detected in
CD87" T cells in the infected lungs or PLN (Fig. 6). Foxp3 expres-
sion is unique to T, cells, and Foxp3 mRNA levels are the same in
uninfected lungs of C57BL/6 and DBA/2 mice (21, 40). Also, we
observed the same number of T, cells in naive C57BL/6 and
DBA/2 lung tissue (data not shown). In agreement with previous
findings, the CD4" T cell population in the lungs of C57BL/6
mice, and in BALB/c mice, contained a significant proportion
of T, cells that increased as the infection progressed (54). In
contrast, the frequency of T, cells was dramatically reduced in
the CD4* T cell population early after M. tuberculosis infection
at the peak of the immune response (3 weeks p.i.), and they
were essentially absent from the chronically infected DBA/2
lungs (12 weeks p.i.).

Surprisingly, despite the difference in the CD4* T, cell
compartment in the M. tuberculosis-infected lungs of resistant
and susceptible mice, no difference in the percentages or abso-

iai.asm.org 1133



Leepiyasakulchai et al.

Mtb infected

A

Mib infected

Monocytes &

Alveolar Mg M & DC  granulocytes

Monocytes &
granulocytes

0.2%|

—
0.2%

oE-DC

aE-DC

|m1

B § 8 = B B 2 @ ® 6 T @ o ronsaN-o WL 4o N -5 ®m @ T 8o
@ SIEndNL% SIB0MHDL% (01) S§80 L 10 ON (0L} S8 JB-90L 10 ON (0L W aNL  (s0L) iy 'aL
s % w
&= “w m. @v@o‘ @h@nv
[v}
o
m. 3 \ey@ w&.ww
c £
S @&.
o % T
LS SUEG Sh3E%%c e e < ~ e
S 504) (pot)
ANy onuoa adAyos: [UETsTN jaiuoa 8dfiost O
a o %,
o nw..? (d
= %
w g @W .J.m\
iz ‘
mw 2 8 uwﬁmsusn © o —-O 0w e oo - o
g 2 = (s08) (01}
= 25 = % N
Q & g g %,
o 8 gl = 3 %
u = <} = =
T = Bl = =< a&ﬂ @vﬂo
2 D
\m W m m a8 Dmﬁmﬁm-bo M “-Dl o - @M N - a
m I (s01) {o1)
] -
E: m m %, ..u»w.e
e B f/
B B u@ WWW@
Q T 2o
=] EJS .w.W
w _u-___ i, %
] SEHRERwe ©wTm - Nowmwwno
#4091 oo sdkos m S ,,a.u_z.—# SiPI=40L % (01)S§R0 ,1-dNL 0 ON (0L) SIS H-4DLIDON (0L 1AM DANL  (:0L) 1AW ‘T-aDL

Infection and Immunity

1134 iai.asm.org



CD103* Lung Dendritic Cells and Tuberculosis

CD4+ cells CD8* cells
A mm 9% Foxp3* cells —_—
3 No. of Foxp3* cells e CE7BLE BALB/c DBA/2 C57BLA BALBIc DBA2
5‘”3 WJEA. 207 as% || B5% oz% | | oom% [{ oo o |
' Y 2.5 . % ‘ 2 ! ] \
8 208 B g
23 I 159 Ef goee || ooz 0% E{ ooi% | 0% 0%
2 2 108 81 M | = g o | -]
21 052 = n | ! & g
B 9 ,E'_; L cDa ‘ -I . cos g ! >

Whdne

=

isotype control

14% 13.7% 16.8% 0.09% 0.05% 0.1%
% I%I LI O
'y
g il n
0.02% 0% 0.02% 0%
] L]

% Fosp3tcells
‘ﬁ'a(mc o o w 8
gﬁ
5]
Ly

oM &2 o @
o - o a
(s04) sifea +gdxo4 jo ‘oN
isotype contral ~ Foxpd

o

W

2

FIG6 T

reg
aerosolized virulent M. tuberculosis, and the presence of T,

graphs show the percentages of T,,

cells among CD4 ™ cells and the absolute numbers of T,

reg

cell populations in the lungs and PLN of M. tuberculosis-infected mice. C57BL/6, BALB/c, and DBA/2 mice were infected with a low dose of
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experiment. The results were pooled from all replicate experiments. The graphs display means and SEM. *, P < 0.05; **, P < 0.01; ***, P < 0.001 by one-way

ANOVA with Bonferroni posttest.

lute numbers of Foxp3* T, cells was found in the draining
PLN 3 or 12 weeks p.i. In all three mouse strains tested, the
frequency and absolute numbers of PLN T, cells increased
over time (Fig. 6B).

In summary, our results show that the reduced number of
TGF-B-producing aE-DCs in M. tuberculosis-susceptible mice
correlates with the diminished pool of Foxp3* T, cells during the
peak of the immune response (week 3 p.i.) and in chronically
infected lung tissue.

Increased IFN-yproduction by T, cells in resistant and sus-
ceptible mice in response to M. tuberculosis infection. The ab-
sence of T, cells in chronically M. tuberculosis-infected suscepti-
ble lung tissue is reminiscent of the dramatically reduced number
of T, cells found in the gut following lethal oral infection with
Toxoplasma gondii, which is another T helper 1-inducing patho-
gen (48). The reduction in T, cell numbers in T. gondii-infected
mice was accompanied by the induction of IFN-v in the remain-
ing T, cells (48). We therefore investigated if the functional po-
tential of lung T, cells changed in response to M. tuberculosis

infection (54). The data presented in Fig. 7 show that M. tubercu-
losis infection influenced the cytokine profile of T, cells in
C57BL/6 and DBA/2 mice 6 to 10 weeks p.i. CD4* Foxp3~ T cells
and T, cells in naive and M. tuberculosis-infected lungs were
stimulated polyclonally and analyzed for IFN-y production. T
cells from naive mice kept in medium alone or stimulated with
PMA and ionomycin contained few IFN-+y-producing cells (Fig. 7
and data not shown) (48). Similar to CD4*+ Foxp3™~ T cells, a large
fraction of the stimulated T, cells in the lungs and PLN produced
IFN-vy at 6 to 10 weeks p.i. We did not find any significant dif-
ferences in the percentages of IFN-y-producing CD4 " Foxp3~
T cells or T, cells between C57BL/6 and DBA/2 mice (Fig. 7B
and C). After determining the absolute number of IFN-y-
producing T, cells in the lungs, we observed a statistically
significantly higher number in C57BL/6 mice at weeks 6 and 10
p.i. (Fig. 7C). In the PLN, the absolute number of IFN-y-
producing T, cells was significantly higher in C57BL/6 mice
only at week 6 p.i. Among CD4" Foxp3~ T cells, we did not
observe any significant differences in the PLN but did find a

FIG 5 aE-DC cytokine profile in M. tuberculosis (Mtb)-infected mice. Three mouse strains (C57BL/6, BALB/c, and DBA/2) were infected with a low dose of
aerosolized virulent M. tuberculosis. Three or 12 weeks p.i., total lung cells were kept in medium or stimulated with LPS or M. tuberculosis cell wall extract. (A)
The cell surface was stained for CD45.2 and CD19 (data not shown) and for CD11b, CD11¢, and CD103 (top left). TNF-a and TGF-p production was compared
between aE-DCs; CD11b~ CDI11c* CD103~ cells, which may contain alveolar M¢; CD11b* CD11c™ cells, which contain both activated M¢ and DCs; and
CD11b* CD11c™ cells, which are monocytes and granulocytes right and bottom (left). The plots show M. tuberculosis cell wall extract-stimulated lung cells from
uninfected mice or lung cells analyzed 3 weeks p.i. from one representative experiment. FSC, forward light scatter. (B) Bar graphs showing the percentages
(top two rows), absolute numbers (middle two rows), and mean fluorescence intensity (MFI) (bottom two rows) of TNF-a- or TGF-B-producing «E-DCs in
week 3 p.i. compared to the myeloid cell subsets shown in panel A. (C) Lung cells from C57BL/6, BALB/c, and DBA/2 mice were prepared 12 weeks p.i. as
described above and analyzed for TNF-a and TGF-f8 production. The functional potential of «E-DCs was determined in four separate experiments with 2 or 3
mice per group in each experiment. The results were pooled from all replicate experiments. The graphs display means and SEM.
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FIG 7 Cytokine production by T, cells during M. tuberculosis infection. Total lung cells and PLN cells were isolated from naive or M. tuberculosis-infected
C57BL/6 and DBA/2 mice and stimulated polyclonally in vitro. (A) Plots showing identification of lung CD4* Foxp3~ T cells and T, cells (left) (pregated on
CD4* CD19~ cells [data not shown]). The gated cells were analyzed for intracellular cytokines using the gate set after the isotype control (right). The plots show
stimulated lung cells analyzed 10 weeks p.i. from one representative experiment. (B) Plots showing stimulated lung T, cells (left) and PLN T, cells (right) from
naive mice or cells analyzed 10 weeks (w10) p.i. from one representative experiment. (C) Graphs showing the percentages (top) and absolute numbers (bottom)
of IEN-y-producing T, cells and Foxp3~ CD4 " T cells in uninfected and infected lung tissue (left) or in the PLN (right). The functional potential of T, cells
was determined in two separate experiments with 2 or 3 mice per group in each experiment. The results were pooled from all replicate experiments. The graphs

display means + SEM, and a ¢ test was used to determine statistical differences between C57BL/6 and DBA/2 mice at the various time points.

significantly higher number of IFN-+y producers in the lungs of
C57BL/6 mice at week 6 p.i. (Fig. 7C).

In summary, our results show that T, cells in resistant and
susceptible mice acquire the ability to produce IFN-+y in response
to M. tuberculosis infection.

DISCUSSION

During pulmonary TB, disease progression in mice infected via
the respiratory route is in many respects similar to human disease,
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including gradual progression of lung pathology, while other or-
gans are less affected even though the bacteria can disseminate
there from the lung tissue (2, 27). Animal models have proven
useful in identifying factors important for control of mycobacte-
rial growth, including proinflammatory mediators, like TNF-a or
IFN-vy and the IFN-vy receptor (11, 19, 20, 34). Many of these
findings have translated into human disease, and there are several
studies demonstrating the importance of TNF-a, IFN-v, and the
IFN-vy receptor in the human immune response against mycobac-
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terial infections, including M. tuberculosis (35, 41, 47). Still, sus-
ceptibility to M. tuberculosis in otherwise seemingly healthy indi-
viduals is poorly understood. In the present study, we took
advantage of WT inbred mouse strains to increase our under-
standing of naturally occurring susceptibility to low-dose aerosol
infection with virulent M. tuberculosis. Comparisons between dif-
ferent inbred WT mouse strains have identified numerous fea-
tures of the host immune response that may help explain in-
creased susceptibility to M. tuberculosis infection (2, 4, 6, 7, 27, 33,
44, 45, 59). For example, even though increased M. tuberculosis
dissemination in the lung tissue has been shown to characterize
susceptible mice (4), early M. tuberculosis dissemination from the
lungs to the PLN may support a more robust M. tuberculosis-
specific T cell response in resistant animals (6), and these T cells
may localize more efficiently within the resistant lung tissue to
help control the infection (59). The lungs pose a particular prob-
lem for the immune system trying to eradicate invading microor-
ganisms, such as M. tuberculosis. While innate and adaptive im-
mune effector functions are required for control of M. tuberculosis
growth, excessive immune activation can lead to tissue damage
and loss of function. Hence, a balance between inflammatory and
tolerogenic immune reactions must be maintained at mucosal
surfaces. This is illustrated by the extensive infiltration of lympho-
cytes and mononuclear cells into the lungs of Foxp3-deficient
mice that lack T, cells (37). Here, we show that lung cells with
anti-inflammatory effector functions are significantly reduced
during chronic infection in M. tuberculosis-susceptible mice.
Recent studies using the mouse model have shown that T,
cells are able to inhibit the antigen-specific T cell response during
pulmonary TB and reduce the ability of the immune system to
control bacterial growth (38, 54, 55). Also, in TB patients, the
number of T, cells increases in infected tissues and isolated T,
cells are able to suppress antigen-specific T cell responses in vitro
(8,24, 25, 53). However, the exact role ofTreg cells during pulmo-
nary TB is not fully characterized. For example, while Scott-
Browne reported that T, cell depletion reduces bacterial growth
early after M. tuberculosis infection (54), Quinn et al. found that
inhibition of T, cell activity in vivo prior to M. tuberculosis infec-
tion increased the frequency of IFN-vy- and IL-2-producing cells
but had no effect on bacterial growth or lung lesions early after
infection (52). Similarly, Ozeki et al. demonstrated that depletion
of T, cells early after M. tuberculosis infection increased IFN-y
production by CD4* T cells and reduced the bacterial load. Inter-
estingly, this effect was not observed if the T, cells were depleted
at later stages of the infection, suggesting different roles for T,
cells at early and later stages of pulmonary TB (50). Shafiani et al.
used a different approach to investigate how T, cells influence M.
tuberculosis-specific T cell immunity and bacterial growth early
after M. tuberculosis infection (55). While the authors observed an
increase in the lung CFU and a reduced number of M. tuberculosis-
specific T cells in animals receiving adoptively transferred T,
cells, the effects on the M. tuberculosis-specific T cell response was
transient, and the effects on bacterial growth after day 35 p.i. were
not determined (55). Our data show that M. tuberculosis infection
induces IFN-y production by T, cells by weeks 6 to 10 p.i. (Fig.
7). Even though we did not examine T, cell function at earlier
time points, a possible explanation for the temporary effects ob-
served by Shafiani et al. could be a change in the functional poten-
tial of the transferred cells in M. tuberculosis-infected recipients
over time. The cytokine profile of T,,, cells in the lungs of M.
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tuberculosis-infected mice has been addressed by others (54).
Scott-Browne et al. did not observe IFN-y production by T, cells
in response to M. tuberculosis infection. An explanation for the
different findings may be found in how the cells were stimulated
prior to intracellular-cytokine staining. We based our protocol on
the work published by Oldenhove et al. and used PMA and iono-
mycin, while Scott-Browne et al. used anti-CD3 plus anti-CD28
stimulation (48, 54). Another explanation could be the use of
different strains of M. tuberculosis, which can affect T cell function
and lung pathology, depending on bacterial virulence (17,49). We
used the clinical M. tuberculosis isolate strain Harlingen, which, at
least in in vitro-infected M, seems to be more virulent than the
laboratory strain H37Rv used by Scott-Browne et al. and Carow et
al. (5, 54).

M. tuberculosis-specific T cells are first detected in the PLN, but
only after live bacteria have disseminated there from the lungs (6,
61). Even though the exact phenotype of the DCs that transport
the bacteria to the PLN is not known, the majority of the infected
cells in the PLN are CD11b* CD11c* at days 14 to 28 p.i. (62).
Interestingly, Mycobacterium bovis BCG has also been suggested to
disseminate in infected DCs (26). In the PLN, some of the BCG-
infected DCs were reported to be CD11b negative, similar to oE-
DCs (26). Since lung «E-DCs are migratory and are able to prime
T cells in the PLN, perhaps M. tuberculosis-infected «E-DCs, or
aE-DCs that have taken up infected cells undergoing apoptosis,
are involved in initiating the adaptive T cell response during pul-
monary TB (16).

Instead of observing an increased percentage of T, cells in
infected susceptible lung tissue, which could help explain the in-
crease in the bacterial burden, we found that the frequency of T,
cells was significantly reduced 3 weeks p.i., and they were almost
completely absent in chronically infected mice (Fig. 6). Thus,
Foxp3™ T, cell activity is less likely to explain the failure of the
immune system in DBA/2 mice to control bacterial growth in the
lungs at later stages of the infection. Despite the differences in
the infected lungs, the frequency of Foxp3* T, cells in the CD4™*
T cell compartment in the PLN was not significantly different
between the three mouse strains tested (Fig. 6). Therefore, the
absence of T, cells in the chronically infected DBA/2 lungs was
not due to systemic failure to generate T, cells in this susceptible
mouse strain during chronic TB.

Why do T, cells not localize in the infected susceptible lungs?
Because aE-DCs in the gut-associated lymphoid tissue are able to
influence both priming and homing of MHC-restricted T cells
and to induce T, cells to dampen overly aggressive immune re-
sponses (1, 9, 29, 31), we speculate that aE-DCs are analogues of
their gut counterparts and play a role in host immunity during
pulmonary TB by influencing T, cell biology in the lungs. aE-
DCs have been shown to produce the chemokine CCL22 under
steady-state conditions and during allergic airway inflammation
(3). CCR4, the receptor for CCL22, is expressed on Tireg cells and
induces T, cell migration (28). Moreover, a large fraction of lung
aE-DCs are TGF-B* during TB (Fig. 5), and TGF-f3 is important
for peripheral T, cell function and homeostasis (43). The re-
duced number of «E-DCs in M. tuberculosis-infected DBA/2 mice
may therefore negatively affect T, recruitment or maintenance
in the lungs.

aE-DCs have been shown to be Ly6C* monocyte derived un-
der steady-state conditions (30). Our data show that monocyte
recruitment is not defective in susceptible mice (Fig. 2B). Instead,
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our results suggest that monocyte differentiation is altered in the
M. tuberculosis-infected DBA/2 lung tissue. While the number of
aE-DCs was reduced in infected susceptible mice, the number of
CD11b* CD1lc* cells and the number of iNOS-producing M¢
were not (Fig. 2C) (33). In summary, changes in monocyte differ-
entiation in M. tuberculosis-infected lung tissue likely explain the
reduced number of aE-DCs in susceptible mice during pulmo-
nary TB.

In conclusion, our results identify differences among aE-DCs
and T, cells in M. tuberculosis-resistant and -susceptible inbred
mice that may increase our understanding of immune regulation
during pulmonary TB.
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Abstract

Non-hematopoietic cells, including lung epithelial cells, influence host immune responses. By co-culturing primary
alveolar epithelial cells and monocytes from naive donor mice, we show that alveolar epithelial cells support
monocyte survival and differentiation in vitro, suggesting a role for non-hematopoietic cells in monocyte differentiation
during the steady state in vivo. CD103* dendritic cells (aE-DC) are present at mucosal surfaces. Using a murine
primary monocyte adoptive transfer model, we demonstrate that aE-DC in the lungs and pulmonary lymph nodes are
monocyte-derived during pulmonary tuberculosis. The tissue localization may influence the functional potential of aE-
DC that accumulate in Mycobacterium tuberculosis-infected lungs. Here, we confirm the localization of aE-DC in
uninfected mice beneath the bronchial epithelial cell layer and near the vascular wall, and show that aE-DC have a
similar distribution in the lungs during pulmonary tuberculosis and are detected in the bronchoalveolar lavage fluid
from infected mice. Lung DC can be targeted by M. tuberculosis in vivo and play a role in bacterial dissemination to
the draining lymph node. In contrast to other DC subsets, only a fraction of lung aE-DC are infected with the
bacterium. We also show that virulent M. tuberculosis does not significantly alter cell surface expression levels of
MHC class Il on infected cells in vivo and that aE-DC contain the highest frequency of IL-12p40* cells among the
myeloid cell subsets in infected lungs. Our results support a model in which inflammatory monocytes are recruited
into the M. tuberculosis-infected lung tissue and, depending on which non-hematopoietic cells they interact with,
differentiate along different paths to give rise to multiple monocyte-derived cells, including DC with a distinctive aE-
DC phenotype.
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Introduction

Pulmonary tuberculosis (TB) is a leading cause of death from
infectious disease in the world and remains a global threat to
public health [1]. Alveolar macrophages (M¢) are initial targets
for Mycobacterium tuberculosis, which later spreads to other
myeloid cell subsets in the infected lung tissue, many of which
originate from recruited Ly6C* inflammatory monocytes [2-5].
Ly6C* monocyte formation in the bone marrow [6,7], followed
by release into circulation and subsequent recruitment and
differentiation into various dendritic cell (DC) and M¢ subsets
in mycobacterial-infected tissues is important for anti-bacterial
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effector functions mediated by innate and adaptive immune
cells, and for disease outcome in mice and in humans
[3-5,8-14]. Reduced number of monocytes in peripheral blood
correlates with increased susceptibility to M. tuberculosis and
to the live vaccine strain Bacille Calmette—Guérin (BCG)
[10,11,13]. A likely explanation for this is the numerous
functions monocyte-derived cells have in host immunity in
response to mycobacterial infections [3]. Infected monocyte-
derived M¢ have direct bactericidal effector functions mediated
by for example inducible nitric oxide synthase (iNOS) [3,8,14].
In addition, DC can be divided into several functionally distinct
subsets, including CD103* DC (aE-DC) in the lungs that have a
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skewed cytokine profile during pulmonary TB [15,16]. aE-DC
development depends on the transcription factors IRF8 and
Batf3 [17]. In support of an important role for DC in controlling
mycobacterial infections, IRF8-deficiency increase
susceptibility in humans and in animal models [10,12].

Moreover, DC can activate M. tuberculosis-specific T cells in
secondary lymphoid organs [9]. Differentiation of IFN-y-
producing M. tuberculosis-specific T helper 1 (Th1) cells is
dependent on IL-12p40 secreted by DC, and both Th1 cells
and IL-12p40 is required for control of bacterial growth [18-21].
In the present study we show that primary alveolar epithelial
cells (AEC) from naive donor mice support monocyte survival
and differentiation in vitro, and that recruited monocytes can
differentiate into aE-DC in M. tuberculosis-infected lungs and in
the draining pulmonary lymph node (PLN). Once recruited into
infected lungs, aE-DC localize near the bronchial epithelial cell
layer and in close proximity to the vascular wall. A small
number of aE-DC are also found in the bronchoalveolar lavage
(BAL) fluid from M. tuberculosis-infected mice. We also confirm
that several myeloid cell subsets are targeted by M.
tuberculosis during the peak of the immune response, and
despite localizing in close proximity to the airways only a small
fraction of lung aE-DC is infected with M. tuberculosis in vivo
[2]. As expected, M. tuberculosis-infected myeloid cells that
localized in the lungs did not downregulate cell surface
expression of MHC class Il during the first month of infection
[2,22]. Finally, we extend our previous findings on the cytokine
profile of lung aE-DC during TB and show that aE-DC contain a
high percentage of IL-12p40-producing cells suggesting a role
for aE-DC in Th1 cell priming [16].

Materials and Methods

Ethics Statement

All animal experiments were conducted in accordance with
the Swedish Animal Welfare Act. Karolinska Institutet and the
Stockholm North Ethical Committee, the Swedish Board of
Agriculture approved all animal experiments involving M.
tuberculosis (permit number N369/10). In some experiments,
uninfected animals were housed under pathogen-free
conditions at the Animal Department of the Arrhenius
Laboratories, Stockholm University, Sweden. The experiments
were performed in accordance with the guidelines of the
Animal Research Ethics Board at Stockholm University (permit
number N27/10).

In all animal experiments, the health status of the mice was
monitored daily by animal care technicians or veterinarians to
ensure humane treatment.

Mice

Female C57BL/6 and BALB/c mice (6-9 weeks old) were
purchased from Charles River (Germany). C57BL/6 mice
expressing the CD45.1 allele of the CD45 molecule were
obtained from the animal facility at the Department of
Microbiology, Tumor and Cell Biology, Karolinska Institutet.

For experiments involving primary AEC, 8-12-week old
female C57BL/6 mice were purchased from NOVA-SCB,
Sweden, and TLR4" mice were obtained from Karolinska
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Institutet with the permission of S. Akira (Osaka University,
Japan) [23].

M. tuberculosis aerosol infection

The clinical M. tuberculosis isolate, strain Harlingen, used for
the M. tuberculosis aerosol infections was kindly provided by
Dr. J. van Embden, National Institute of Public Health and the
Environment, The Netherlands [24]. GFP-expressing M.
tuberculosis, strain H37Rv, was kindly provided by Dr. M.
Lerm, Linkdping University [25,26]. M. tuberculosis aerosol
infection were performed as previously described [16]. In brief,
frozen aliquots were thawed and bacterial clumps were
dispersed. The bacteria were diluted to 1x10% CFU/ml in sterile
PBS, 0.02% Tween 80, and placed in a nebulizer (MiniHeart
Lo-Flo Nebulizer, Westmed, Tucson, AZ). The animals were
infected with a low-dose of M. tuberculosis via the respiratory
route using a nose-only exposure system (In-Tox Products,
Moriarty, NM) calibrated to deliver 20-200 colony-forming units
(CFU) into the lungs. The animals used in this study were
infected and housed under specific pathogen-free conditions in
a biosafety level-3 animal facility at the Astrid Fagraeus
Laboratory, Karolinska Institutet.

CFU determination

The mice were anesthetized by exposure to isoflurane and
euthanized by cervical dislocation. Both lungs were used for
day one CFU determinations. Viable mycobacteria were
quantified by plating the lung homogenates onto Middlebrook
7H11 agar plates. Colonies were counted after 2-3 weeks of
incubation at 37°C.

Monocyte adoptive transfer into M. tuberculosis-
infected recipient mice

1x10° primary monocytes were enriched from bone marrow
of naive donor C57BL/6 mice and adoptively transferred into M.
tuberculosis-infected  (Harlingen  strain) C57BL/6.CD45.1
recipient mice as previously described [3]. Adoptive transfers
were performed three weeks post infection (p.i.). Single cell
suspensions were prepared from total lung tissue and PLN at
day 10 after cell transfer. The cell surface phenotype of
CD45.2* transferred cells was analyzed using flow cytometry
as described below. All recipient mice were analyzed
individually.

Immunohistochemistry

Lung tissue from naive or M. tuberculosis-infected mice were
perfused with PBS and cut into smaller pieces. The tissue
samples were fixed in 4% paraformaldehyde for 2h and
dehydrated in 30% sucrose at 4°C overnight before embedding
in OCT freezing media (Thermo Scientific). 5-um sections were
cut using a cryostat (Microm HM550, Thermo Scientific) and
adhered to Superfrost Plus slides (Thermo Scientific). Sections
were kept at -20°C until use.

The sections were dried for 20 minutes at room temperature
(RT) before blocking with 2% normal mouse serum in common
Ab diluent (BioGenex) and Tris buffer containing 0.01% Triton
X-100 (Sigma Aldrich) for 30 minutes at RT before washing
and subsequent blocking using Dako protein block (Dako) for
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30 minutes at RT. An unconjugated primary rat anti-mouse
MHC class Il (M5/114.15.2) mAb, or an isotype control mAb
(BD bioscience), was added and incubated for 1h at RT. 2%
goat serum was then used for blocking (30 minutes at RT),
followed by staining with a secondary goat anti-rat IgG (H+L)-
Alexa Fluor 633 mAb (Invitrogen) for 1 hour at RT. Next, the
sections where then blocked with 2% normal rat serum prior to
staining with anti-mouse CD103-PE (M290), or an isotype
control mAb (BD Biosciences) for 2h at RT. Nuclei were
detected with 4',6-diamidino-2-phenylindole (DAPI) (Invitrogen).
Stained slides were mounted with fluorescence mounting
medium (Dako) and images were acquired using a Leica TCS
SP5 Il confocal microscope (Leica).

Preparation of single-cell suspensions

At the indicated timepoints, single-cell suspensions were
prepared from lungs and PLN. The mice were euthanized and
blood removed from the lung tissue by perfusing the heart with
PBS. Lungs and PLN were aseptically removed and placed in
RPMI 1640 medium. The lungs were cut into small pieces and
incubated in complete RPMI 1640 medium (supplemented with
10% fetal calf serum, penicillin/streptomycin, L-glutamine,
sodium-pyruvate and HEPES buffer, all from Sigma-Aldrich)
containing 140 U/ml collagenase type IV (Sigma-Aldrich) for 90
minutes at 37°C, 5% CO,. DNase | (Sigma-Aldrich) was added
to the cell suspensions, at a final concentration of 200 U/ml,
during the last 10 minutes of the incubation. The digested lung
tissue was then passed through steel mesh cup sieve (Sigma-
Aldrich). Any remaining erythrocytes were lysed using a lysis
buffer (H,0, 0.15 M NH,CI, 1 mM KHCO,, 0.1 mM NaEDTA,
pH 7.2-7.4), washed and resuspended in RPMI 1640 medium.
The cell suspension was passed through a 70-uym cell strainer
(BD Falcon), washed and resuspended in complete RPMI 1640
medium.

BAL was collected from euthanized BALB/c mice by
delivering 1.5 ml of PBS through the tracheal tube using a 18
gauge needle. The fluid was gently drawn back immediately
after delivery. The cells in 0.75-1.2 ml of BAL were collected by
centrifugation, counted and analyzed by flow cytometry.

Single-cell suspensions were obtained from PLN using
collagenase type IV and DNAse | as described above. The
PLN were then disaggregated using the frosted ends of two
glass slides, washed and resuspended in complete RPMI 1640
medium.

Total viable cells were enumerated using a hemocytometer
and trypan blue exclusion of dead cells.

Primary AEC and monocyte in vitro co-culture

Primary AEC, containing both type | and type Il AEC, were
enriched from naive donor mice as described by Chuquimia et
al [27]. First, the lungs were perfused with RPMI medium to
remove red blood cells, followed by installation of dispase
(Gibco-Invitrogen) into the lungs via the trachea. The lungs
were then removed and digested using dispase for 45 minutes
at RT. The single-cell suspension that was obtained by
loosening the parenchymal tissue was treated with DNAse |
(Sigma) for 30 minutes at RT, and passed through 70 ym and
40 pm cell strainers. Remaining RBC were lysed as described
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above. To obtain AEC, the cell suspension was then depleted
of CD45" and CD146* cells using magnetic cell sorting with LD
separation columns (Miltenyi Biotec). Enriched AEC (5x10*
cells/well) were cultured in complete RPMI 1640 medium at
37°C, 5% CO, for two days. Non-adherent cells were removed
before primary bone marrow monocytes were added in
complete RPMI 1640 medium at a monocyte/AEC-ratio of 5:1.
In some experiments, primary WT or TLR4” monocytes were
cultured with AEC-derived media (1/2 final dilution) obtained
from untreated, or LPS-stimulated AEC as described previously
[28]. Monocyte differentiation was examined after 3-10 days as
indicated.

A commercially available ELISA kit (R&D Systems) was used
according to the manufacturer’s instructions to determine the
GM-CSF-levels in unstimulated AEC culture supernatants.

Flow cytometry

Staining for surface markers was done by resuspending
2x10° cells in FACS buffer (PBS with 1% (w/v) BSA and 2 mM
NaN,). The cells were incubated with purified anti-mouse
CD16/CD32 (2.4G2, BD Pharmingen) at 10 pg/ml for 15 min at
4°C to block nonspecific binding. The cells were washed and
incubated for 15 minutes at 4°C with primary mAbs, or
appropriate isotype control mAbs, diluted in FACS buffer. The
anti-CD103 (M290)-PE and anti-CD45.1 (A20)-FITC mAbs
were purchased from BD Biosciences. Streptavidin-Pacific
Orange was purchased from Invitrogen. The following PE-, PE-
Cy5.5-, PE-Cy7, APC-, AlexaFluor 700-conjugated or
biotinylated anti-mouse mAbs were purchased from
eBioscience: anti-CD45.2 (104), anti-CD11c (N418), anti-
CD11b  (M1/70), anti-CD19 (1D3).  Anti-I-A/I-E-PerCP
(M5/114.15.2) was purchased from Biolegend. Stained cells
were washed and fixed in freshly prepared 2%
paraformaldehyde in PBS for 2h at 4°C. Fixed cells were
washed and resuspended in FACS buffer before analysis.

For detection of iINOS-producing cells, the fixed cells were
permeabilized for 30 minutes at RT using a Cytofix/Cytoperm™
kit from BD Biosciences. Intracellular iNOS was detected using
an unconjugated anti-iNOS-mAb (clone 6, BD Transduction
Laboratories) coupled to the Zenon complex-Alexa Fluoro 647
(Invitrogen) according to the manufacturer’s instructions, and
incubated for 30 minutes at RT. Specific iNOS-staining was
compared to a relevant isotype control mAb (BD Transduction
Laboratories). Stained cells were washed and analyzed
immediately by flow cytometry.

The cells were collected using a BD LSR Il or a BD
FACSCanto (BD Biosciences) and analyzed using FlowJo
software (version 8.8.6, Tree Star). All gates and quadrants
were set after relevant isotype control mAbs.

In vitro stimulation of lung cells and intracellular
cytokine staining

Single cell suspensions were prepared from M. tuberculosis-
infected mice and kept in complete RPMI 1640 medium, or
stimulated with 100 ng/ml E. coli LPS (Sigma-Aldrich) or 10
ug/ml M. tuberculosis cell wall extract (prepared as previously
described [16]) in the presence of 10 pg/ml Brefeldin A (Sigma-
Aldrich) for 5h at 37°C, 5% CO,.
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Adherent cells were detached by incubating the cells in PBS,
2 mM EDTA, for 10 minutes at 37°C, 5% CO,. The cells were
stained for the indicated cell surface markers, fixed in 2%
paraformaldehyde, permeabilized and stained for the
intracellular cytokines IL-10-FITC (JES5-16E3, eBioscience)
and IL-12-APC (C15.6, BD Bioscience) or relevant isotype
control mAbs. Stained cells were washed twice in
permeabilization buffer and once with FACS buffer and
analyzed immediately.

Results

Primary AEC support monocyte survival and
differentiation in vitro

Because myeloid cells reside in close proximity to AEC we
investigated if AEC, or AEC-derived soluble factors, support
monocyte differentiation in vitro. Primary monocytes and AEC
were purified as previously described and co-cultured in vitro
for three, six or ten days as outlined in Materials and Methods
(figure 1) [3,27]. Alternatively, primary WT or TLR4"* monocytes
were cultured alone in AEC-conditioned media from untreated
AEC, or from LPS-stimulated AEC, respectively (data not
shown). The supernatant from untreated AEC contain
detectable amounts of several cytokines and chemokines, for
example GM-CSF and MCP-1 [27]. After 24 h, we detected 464
pg/ml of GM-CSF in the supernatants from unstimulated AEC
used in this study. The range and the amounts of the various
soluble factors produced by AEC is markedly increased after
LPS stimulation. For example, LPS increases GM-CSF
production twofold [27]. In contrast, the M-CSF levels were
undetectable by ELISA in the supernatants from unstimulated
and from LPS-stimulated AEC [27].

Ly6C* bone marrow monocytes have the same cell surface
phenotype as inflammatory monocytes in circulation and were
used in the in vitro co-culture experiments, and in the adoptive
transfer experiments described below, as a substitute for Ly6C*
inflammatory monocytes in peripheral blood [3,5]. Primary
monocytes enriched from the bone marrow also express
CD11b, but lack expression of CD11c, MHC class Il and
CD103 (Figure 1A and data not shown) [3]. Monocytes cultured
in media alone did not survive, and preliminary data suggests
that monocytes cultured in media supplemented with either
AEC supernatant did not change CD11c, MHC class Il or
CD103 cell surface expression (data not shown). In contrast,
monocytes cultured in contact with primary AEC upregulated
low levels of CD11c within three days (Figure 1B). The
percentage of CD11c* cells and the CD11c surface expression
levels remained constant during the whole experiment. We also
investigated CD11b*CD11c* and CD11b*CD11c monocyte-
derived cells for MHC class Il and Ly6C cell surface expression
(Figure 1B). While CD11b*CD11c" cells remained MHC class
II, CD11b*CD11c* cells expressed low levels of MHC class II.
We also observed that CD11b*CD11c* cells expressed lower
levels of Ly6C than CD11b*CD11c cells. Even though the
latter population did not upregulate CD11c or MHC class I, the
fraction of Ly6C-expressing cells decreased from around 50%
to approximately 20% by day 10, suggesting a more
differentiated phenotype. Finally, we did not detect CD103
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expression by any myeloid cell subset in the in vitro co-cultures
(data not shown).

To the best of our knowledge it has not previously been
shown that primary AEC interaction with primary monocytes in
vitro support monocyte survival and differentiation without the
addition of exogenous factors.

Recruited monocytes differentiate into lung aE-DC
during pulmonary TB

Several lung M¢ and DC subsets originate from monocytes
recruited into the inflamed lung tissue from peripheral blood [3].
To determine whether recruited monocytes are precursor cells
to lung aE-DC during pulmonary TB and contribute to the
increase in cell numbers in response to infection we took
advantage of a monocyte adoptive transfer model using
enriched primary bone marrow monocytes from naive donor
mice [3,16].

We have previously observed that a monocyte-derived
CD11b"CD11c* population expressing high levels of MHC class
Il start to appear in M. tuberculosis infected lungs around day
six after monocyte adoptive transfer. This myeloid cell subset
lacked cell surface expression of typical M¢ markers [3]. We
therefore waited 10 days before we analyzed the recipient mice
for monocyte-derived cells (Figure 2). Recipient cells were
identified based on CD45.1 cell surface expression. The
CD45.1"" lung cells are mostly autofluorescent alveolar M¢
and were excluded in the analysis to enable easy identification
of aE-DC. Donor cells were identified based on CD45.2 cell
surface expression compared to an isotype control mAb
(Figure 2A). The CD11b/CD11c cell surface expression profile
of endogenous and monocyte-derived cells enabled us to
identify several myeloid cell subsets [3,29]. The various
subsets were then analyzed further based on Ly6C, MHC class
Il and CD103 expression. The CD11b*CD11c¢ subset contains
a significant proportion of Ly6C* cells expressing low levels of
MHC class Il and few CD103* cells, and is a mixture of
monocytes and small M¢ [3,29]. In addition, the endogenous
CD11b*CD11c cell population also contained granulocytes
[3,29]. Recruited monocytes rapidly upregulate CD11c in M.
tuberculosis-infected lung tissue [3]. The CD11b*CD11cintermediate
population contains few Ly6C* cells, but a higher percentage of
MHC class II* cells compared to the CD11b*CD11c" subset.
CD11b*CD11cinermediate cells do not express CD103 and are
monocytes and small M¢ [3,29]. In contrast to monocytes
differentiating in uninfected lung tissue, monocytes in M.
tuberculosis-infected lungs form a large fraction of CD11b
*CD11c" cells. This subset has downregulated Ly6C, contain a
high percentage of MHC class II* cells, but no CD103* cells.
The CD11b*CD11c* subset contain both activated iNOS* M,
and DC [3,29]. Finally, endogenous CD11b-CD11c* cells
contain a fraction of autofluorescent alveolar M¢ and CD103*
aE-DC [15,29]. Both subsets lack expression of Ly6C, but aE-
DC express higher cell surface levels of MHC class II.
Recruited monocytes also give rise to CD11b-CD11c* cells that
are Ly6C-, CD103* and express high levels of MHC class I, i.e.
aE-DC (Figure 2). It is noteworthy that CD11b"-CD11c* cells are
the only myeloid subset containing a significant proportion of
CD103* cells. At present, it is not known if the monocyte-
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Figure 1. Primary monocytes survive and differentiate when cultured with AEC in vitro. Primary monocytes and AEC were
enriched from naive donor mice and co-cultured for three, six or ten days. (A) The histograms show the phenotype of the enriched
monocytes used in the co-culture experiments. (B) The cells were harvested at the indicated timepoints and stained for cell surface
markers. Cultured myeloid cells were identified based on CD45.2 cell surface expression (data not shown) and analyzed for CD11b
and CD11c expression (upper panels). The lower panels display MHC class Il and Ly6C cell surface expression (open histograms)
on gated CD11b*CD11c* and CD11b*CD11c monocyte-derived cells. Filled histograms show isotype control stainings. One

representative experiment out of three separate experiments is shown.

doi: 10.1371/journal.pone.0069287.g001

derived CD11b-CD11c*CD103" population contains alveolar M¢$
in the M. tuberculosis-infected lungs.

Our results show for the first time that recruited inflammatory
monocytes can differentiate  into CD11b"-CD11c*Ly6C
CD103*MHC class II* oE-DC in the lung tissue during
pulmonary TB.

Recruited monocytes give rise to aE-DC in lymph
nodes draining the lung tissue during TB

Similar to the lungs, inflammatory monocytes contribute to
several myeloid cell subsets in the PLN following M.
tuberculosis infection [3]. We used our monocyte adoptive
transfer model to determine if aE-DC in the PLN are monocyte-
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derived during pulmonary TB (Figure 3). Similar to the lung
tissue, the CD11b/CD11c expression profile was used to divide
the myeloid cell compartment into three subsets (Figure 3A).
We then compared CD45.1* endogenous cells and CD45.2*
transferred cells in infected recipient mice. The only
endogenous myeloid cell subset that contained a significant
proportion of CD103* cells did not express CD11b but was
CD11c*. The CD11b-CD11c*CD103* cells were Ly6C- and
MHC class II"" (Figure 3B).

Approximately one third of the recruited monocytes were
CD11b*CD11c on day 10 after adoptive transfer (Figure 3A).
This subset was CD103-, most cells expressed Ly6C* and low
cell surface levels of MHC class Il compared to isotype control
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Figure 2. Recruited inflammatory monocytes differentiate into lung aE-DC during pulmonary TB. Monocytes enriched from
naive CD45.2* C57BL/6 mice were adoptively transferred into M. tuberculosis-infected CD45.1* congenic recipient mice (three
weeks p.i.). Endogenous and transferred cells in lung tissue were identified and analyzed 10 days later. (A) Donor cells were
identified based on CD45.2 expression compared to an isotype control mAb (left panels). Several myeloid cell subsets were then
identified in gated CD45.1* endogenous and CD45.2* transferred cells based on the CD11b and CD11c expression profile (right
panels). Endogenous aE-DC and alveolar M¢ were identified among CD11b-CD11c* cells, while CD11b*CD11c* cells contain M¢
and DC. Endogenous CD11b intermediateC[)1{gintermediate ce|ls are monocytes and small M, and endogenous CD11b*CD11c cells
contain monocytes and granulocytes. The corresponding myeloid subsets were identified among transferred cells. (B) Each myeloid
subset was analyzed for CD103, Ly6C and MHC class Il cell surface expression. CD103-expressing Ly6C'MHC class II* aE-DC
were identified in the CD11b"CD11c* gate among both endogenous and transferred cells (upper panels). The graph displays MHC
class Il cell surface expression levels (mean + SEM) on gated transferred and endogenous cells. *, p<0.05; **, p<0.01; ***, p<0.001
by one-way ANOVA with Bonferroni posttest. Solid lines denote comparisons between transferred cells and dotted lines denote
comparisons between endogenous cells. Monocyte differentiation in M. tuberculosis-infected recipient mice was analyzed in two
separate experiments with five recipient mice in each experiment.

doi: 10.1371/journal.pone.0069287.9002
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Figure 3. Recruited inflammatory monocytes give rise to aE-DC in the draining PLN during TB. (A) Primary monocytes were
adoptively transferred and identified in infected recipient mice as described in Figure 1 (upper left panels). The myeloid cell subsets
were identified based on CD11b and CD11c expression profile (labeled [A]-[D], upper right panels). (B) The myeloid cell subsets
were analyzed further for CD103, Ly6C and MHC class |l cell surface expression. CD103-expressing Ly6CMHC class II* aE-DC
were found within the CD11b"CD11c¢* population (upper panels). The graph shows MHC class Il cell surface expression levels
(mean + SEM) on gated transferred and endogenous cells. *, p<0.05; **, p<0.01; ***, p<0.001 by one-way ANOVA with Bonferroni
posttest. Solid lines denote comparisons between transferred cells and dotted lines denote comparisons between endogenous cells.
Monocyte differentiation in M. tuberculosis-infected recipient mice was analyzed in two separate experiments with five recipient mice
in each experiment.

doi: 10.1371/journal.pone.0069287.g003
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mAbs (Figure 3B). One third of the monocyte-derived cells
were CD11b*CD11c* that did not express CD103, expressed
low levels of Ly6C and were MHC class II* (Figure 3). This
subset contains myeloid DC and MAC-3* iNOS-producing cells
[2,3]. Finally, one third of the monocyte-derived cells expressed
CD11c, but not CD11b (Figure 3A). CD103" cells were
identified in this CD11b-CD11c* subset that were Ly6C- and
expressed high cell surface levels of MHC class Il (Figure 3B).

Our original finding shows that inflammatory monocytes can
give rise to aE-DC that appear in the PLN draining the lung
tissue during pulmonary TB.

aE-DC localize beneath the bronchial epithelial cell
layer and near the vascular wall in M. tuberculosis-
infected lungs

Sung et al first identified murine aE-DC in the lung tissue,
and showed that aE-DC localize near the basal surface of
bronchial epithelial cells and in close proximity to vascular
endothelial cells [15]. To confirm the tissue localization of aE-
DC in naive mice, we used the co-expression pattern of CD103
and MHC class Il as a criterion to distinguish aE-DC from other
lymphoid and myeloid cell subsets in lung tissue sections
(Figure 4). As expected CD103*MHC class II* aE-DC localize
in close proximity to the basolateral side of the bronchial
epithelial cell layer in naive mouse lungs. Also, CD103*MHC
class II* aE-DC were identified close to the arterial wall (Figure
4A).

We have shown that the functional potential of aE-DC was
preserved during early and chronic M. tuberculosis infection
[16]. Since the localization near the bronchial epithelium may
contribute to aE-DC function during TB, we determined if aE-
DC tissue localization change in response to M. tuberculosis
infection. Figure 4B identifies CD103* MHC class II* aE-DC in
M. tuberculosis-infected lungs three weeks p.i. At this
timepoint, the absolute number of lung aE-DC increases almost
15-fold in resistant C57BL/6 and BALB/c mice in response to
M. tuberculosis infection compared to naive animals [16].
Similar to naive mice, aE-DC localize near the basolateral side
of the bronchial epithelium and close to the arterial vasculature
in M. tuberculosis-infected mice.

aE-DC localization near the airways during TB prompted us
to investigate if aE-DC were detected in BAL fluid collected
from naive or M. tuberculosis-infected BALB/c mice (Figure
4C). Most cells in the BAL from naive mice were CD11b-CD11c
*CD103" alveolar M¢ while aE-DC were essentially
undetectable. While the absolute number of total BAL cells
increased 17-fold by week 18 p.i.,, the absolute number of
alveolar M¢ remained unchanged. We also observed that most
alveolar M¢ upregulated MHC class Il during TB. In response
to M. tuberculosis infection aE-DC were detectable in the BAL,
but remained a minor cell subset in the BAL fluid (Figure 4C).

In conclusion, while M. tuberculosis infection increases the
absolute number of lung aE-DC, it does not influence aE-DC
tissue localization in the infected lungs with the exception of the
BAL fluid, in which the absolute number of aE-DC increased in
response to infection The constant localization next to the
bronchial epithelium in naive and infected mice may help
explain the conserved functional potential of aE-DC during TB.
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A minor fraction of aE-DC is infected with M.
tuberculosis in vivo

Multiple myeloid cell subsets are infected with M.
tuberculosis following aerosol infection [2]. Since DC have
been implicated in mycobacterial dissemination from the lungs
to the draining PLN, we investigated if aE-DC are targeted by
M. tuberculosis in vivo [2,30]. Three weeks p.i at the peak of
the immune response, CD11b*CD11c* cells have been shown
to be the main target of M. tuberculosis in the infected lungs
[2]. We used GFP-expressing virulent M. tuberculosis strain
H37Ruv to identify infected myeloid cells, and cells isolated from
animals infected with the GFP- M. tuberculosis strain Harlingen
as a negative control for the gating strategy (figures 5-7). We
confirmed that a large fraction of the CD11b*CD11c* lung cells
are M. tuberculosis-infected (Figure 5A). However, the CD11b
*CD11¢ population contained the highest frequency of infected
cells. This population of infected cells was MHC class Il
negative (see Figure 7), but with the current cell surface
staining strategy we cannot determine if the cells are infected
monocytes or neutrophils [2,3]. Finally, around two percent of
infected myeloid lung cells were CD11b-CD11c*, which include
both alveolar M$ and aE-DC (Figure 5A).

In agreement with previous observations made three weeks
p.i., we found that CD11b*CD11c* myeloid DC contain the
highest frequency of M. tuberculosis-infected cells in the
draining PLN (Figure 5A) [2]. We also observed that 12.1 +
1.7%, n = 9 [mean + SD] of CD11b-CD11c* cells are infected in
the PLN. Compared to the lung tissue, the frequency and
absolute number of infected cells was approximately 10-fold
lower in the PLN (Figure 5A).

Based on morphology, cell surface phenotype and functional
potential, CD11b*CD11c* cells in M. tuberculosis-infected lungs
contain both DC and activated M¢ [3,29]. Also, infected lung
cells have been shown to express iNOS, even though the
majority of infected cells remained iNOS negative [31]. Using
GFP-expressing M. tuberculosis, we were able to further
delineate the functional potential of infected CD11b*CD11c*
lung cells (Figure 5B). On average, 20.1% of infected CD11b
*CD11c* lung cells co-expressed iNOS, supporting the idea
that this myeloid cell subset contain infected and activated M
[3]. Our results also show that most iNOS-producing CD11b
*CD11c* lung cells are not infected with M. tuberculosis (Figure
5B).

In figure 6 we investigate if aE-DC are infected with M.
tuberculosis at week three p.i. Only 0.15 * 0.088%, n = 16
[mean + SD] appeared to be infected. As in Figure 5, we
compared mice infected with GFP-expressing H37Rv with the
GFP-negative strain Harlingen. In comparison 0.54 + 0.30%, n
= 16 [mean + SD] of CD103-CD11b"CD11c" cells that contain
alveolar M¢ were infected. Enumeration of infected aE-DC
confirms that this DC population is not a major target for the
bacterium at this stage of the disease. For comparison, we
included the total number of infected INOS- and iINOS* CD11b
*CD11c* myeloid cells in the bar graph in Figure 6B. Both
CD11b*CD11c* cell subsets are to a larger extent than aE-DC
infected with M. tuberculosis three weeks p.i.

Our results clearly show that virulent M. tuberculosis
preferentially infects certain myeloid cell subsets that localize in
the lungs or in the PLN, while other myeloid cells, including aE-
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Figure 4. Tissue localization of lung aE-DC in uninfected mice and during pulmonary TB. Fixed lung tissue sections from
C57BL/6 mice were stained with DAPI, and with CD103 and MHC class Il mAbs, or isotype controls, to identify DAPI * CD103*MHC
class II* aE-DC in uninfected (A) or M. tuberculosis-infected (three weeks p.i.) (B) lungs. Arrowheads indicate the localization of
some lung aE-DC. aE-DC localization in the lungs was determined in five separate experiments. Peri = Perivascular wall, Epi =
Epithelium, Bro = Bronchus. (C) The contour-plots show identification of CD11b-CD11c* cells (pre-gated on CD45.2 * CD19- cells,
data not shown) in BAL collected from 10 pooled uninfected (upper panels) BALB/c mice, or a M. tuberculosis-infected (18 weeks
p.i., lower panels) BALB/c mouse. Gated CD11b-CD11c* cells were analyzed further for CD103 and MHC class Il cell surface
expression. The graphs display the absolute number of cells (mean + SD) in BAL fluid from uninfected and infected animals.

Alveolar M¢ and aE-DC in BAL were examined in two separate experiments.
doi: 10.1371/journal.pone.0069287.9004

DC, remain essentially uninfected despite the localization near

cells and determined the mean fluorescence intensity (MFI) of
the airways.

the MHC class Il cell surface expression. We did not detect any
significant difference in MHC class Il expression levels
between uninfected and M. tuberculosis-infected cells three

weeks post aerosol infection with virulent mycobacteria (Figure
7).

M. tuberculosis-infected myeloid cells in the lungs do

not down-regulate MHC class Il cell surface expression
We took advantage of the GFP-expressing M. tuberculosis to

determine if infected myeloid cells in the lungs expressed lower

cell surface levels of MHC class Il. Using the same gating
strategy as in Figure 2, we identified myeloid cell subsets
containing aE-DC/alveolar M¢, DC/M¢, monocytes/small Mo,
and monocytes/granulocytes (Figure 7). Within each subset we
distinguished between GFP- uninfected cells and GFP* infected
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Lung aE-DC contain the highest frequency of IL-12p40-
producing cells in response to M. tuberculosis
infection
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Figure 5. Infected myeloid cells during pulmonary TB. C57BL/6 mice were infected with M. tuberculosis (strain H37Rv-GFP, or
strain Harlingen) via the respiratory route. Three weeks p.i., total lung and PLN cell suspensions were stained for cell surface
markers and infected cells were identified based on GFP expression (pre-gated on CD45.2 * CD19- cells, data not shown). (A) The
contour plots show identification of H37Rv-GFP-infected cells in the lungs (left panels) and in the PLN (right panels). For
comparison, the lower plots display lung- and PLN cells infected with M. tuberculosis strain Harlingen. The bar graphs display the
percentage and absolute number of infected total cells and defined cell subsets in the lungs (left panels) and in the PLN (right
panels). The graphs display mean = SEM. *, p<0.05; **, p<0.01; ***, p<0.001 by one-way ANOVA with Bonferroni posttest. (B) The
contour plot shows iINOS- and GFP-expression in gated CD11b*CD11c* lung cells (left panel). The INOS staining was compared to
an isotype control mAb (right panel) and GFP-expression was compared to Harlingen-infected lung cells (data not shown). The bar
graph displays the absolute number and the percentage of iINOS* CD11b*CD11c* cells (mean + SEM). iNOS-expression is
compared in uninfected (GFP-) and infected (GFP*) cells. A t test was used to determine statistical difference between uninfected
and infected cells. Infected cells were analyzed in four separate experiments.

doi: 10.1371/journal.pone.0069287.g005
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Figure 6. Few M. tuberculosis-infected lung aE-DC in vivo. C57BL/6 mice were infected with M. tuberculosis strain H37Rv-
GFP, or strain Harlingen. aE-DC and alveolar M¢ were identified in infected lungs three weeks p.i. in the CD11b-CD11c* gate as
described in Figure 2. (A) The contour plots show GFP- and MHC class Il expression by lung aE-DC and alveolar M¢ from mice
infected with H37Rv-GFP (upper panels) or Harlingen (lower panels). The quadrants were set after a relevant isotype control mAb
(not shown) and after the GFP- mycobacteria. (B) The graph shows the absolute number of infected aE-DC and alveolar M¢ three
weeks p.i., as well as the absolute number of infected cells among iINOS- and INOS* CD11b*CD11c cells. The graphs display mean
+ SEM. **, p<0.01; ***, p<0.001 by one-way ANOVA with Bonferroni posttest. M. tuberculosis infection of lung aE-DC was
determined in four independent experiments.

doi: 10.1371/journal.pone.0069287.9006
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doi: 10.1371/journal.pone.0069287.9007

determine the main source of IL-12p40 in the M. tuberculosis-
infected lungs three to six weeks p.i. (Figure 8). The single cell
suspensions prepared from total lung tissue were kept in media
alone, or stimulated with LPS or M. tuberculosis cell wall
extract. The main myeloid cell subsets were then identified as
described in Figure 2 and we determined the frequency and the
absolute number of IL-10 and IL-12p40-producing cells (Figure
8).

oE-DC, alveolar M¢ and CD11b*CD11c’ monocytes/
granulocytes were essentially negative for IL-10. In contrast,
CD11b*CD11c* M¢/DC and CD11b nermediateG[y1 {gintermediate
monocytes/small M¢ did contain detectable IL-10-producing
cells, especially after LPS stimulation (Figure 8B).

Strikingly, aE-DC contained a significantly higher percentage
of 1L-12p40-producing cells compared to all other myeloid cell
subsets, irrespective if the cells were kept in media alone,
stimulated with LPS or the M. tuberculosis cell wall extract
(p<0.001 by one-way ANOVA with Bonferroni posttest) (Figure
8B). M. tuberculosis cell wall extract stimulation did not
significantly increase the frequency of IL-12p40 producing aE-
DC, alveolar M¢$ or M¢/DC. By comparison, LPS stimulation
lead to an increased percentage of IL-12p40* cells in all three
subsets. After aE-DC, CD11b*CD11c* M¢/DC contained the
highest percentage of IL-12p40* cells. We also found that IL-10
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and IL-12p40 were mainly produced by separate CD11b
*CD11c* cell subsets (Figure 8A).

In summary, we extend our previous findings on the cytokine
profile of aE-DC during pulmonary TB and show that aE-DC
are potent IL-12p40-producing, but not IL-10-producing cells in
the M. tuberculosis-infected lungs [16].

Discussion

Non-hematopoietic cells are posed to influence the outcome
of M. tuberculosis infection [32]. Given that stromal cells,
including lung epithelial cells, shape the DC phenotype [33-35],
and considering the unique functional potential of aE-DC in M.
tuberculosis-infected lungs [16], we determined the tissue
localization of lung aE-DC in infected mice to be in close
proximity to the bronchial epithelial cell layer and vascular wall,
similar to lung aE-DC localization in uninfected lungs (Figure 4)
[15]. We also detected an increased number of aE-DC in the
BAL fluid from M. tuberculosis-infected mice similar to what has
been described in the BAL from mice exposed to cigarette
smoke [36]. Our original observation was that monocytes
recruited into M. tuberculosis-infected lungs differentiate into
CD11b*CD11c* cells 6-10 days after cell transfer [3]. The
differentiated cells lacked expression of typical M¢ cell surface
markers and in the present study we have shown that this
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display mean + SEM.

doi: 10.1371/journal.pone.0069287.g008

population contain monocyte-derived aE-DC (Figure 2). The colleagues presented data arguing against an essential role for
late appearance of monocyte-derived aE-DC compared to GM-CSF in lung aE-DC development, even though aE-DC

other DC and M¢ subsets was a puzzling observation, but may unable to respond to GM-CSF did express reduced cell surface
reflect the need for the recruited monocytes to localize in close levels of CD103 [45].

proximity to, and interacting with, bronchial epithelial cells Jakubzick et al has shown that CCR2* inflammatory
expressing E-cadherin on the basolateral side [37,38]. The monocytes give rise to lung aE-DC during steady state

airway epithelium can produce soluble factors that influence conditions [46]. In figure 2 we show that monocyte-derived
DC recruitment. For example, CCL2 and CCL20 production by CD11b-CD11c* cells appearing in M. tuberculosis-infected
airway epithelial cells may help specify the tissue localization of lungs 10 days after cell transfer also contain aE-DC. Similar to
CCR2* monocytes, or immature DC during inflammatory the infected lungs, recruited monocytes upregulate high cell
conditions [39,40]. Lung epithelial cells may also provide surface levels of CD11c within four days in infected PLN. By
imprinting signals and contribute to the functional potential of day 10, the cells have given rise to a monocyte-derived CD11b"
DC in the inflamed lungs, including GM-CSF and thymic CD11c* DC subset that express CD83 and high levels of CD86,
stromal-derived lymphopoietin [34,41]. Soluble GM-CSF can indicative of a mature DC phenotype [3]. In the present study
also differentiate CX ;CR1 * c-kit" bone marrow cells into we show that the monocyte-derived CD11b-CD11c* DC subset
CD11c*CD103* DC in vitro [42]. Thus, the bronchial epithelium in the infected PLN contain aE-DC expressing high cell surface

may provide imprinting signals for aE-DC differentiation in the levels of MHC class Il (Figure 3).
lungs just as epithelial cells in the gut-associated lymphoid The exact phenotype of the DC that have been implicated in
tissue support tolerogenic DC formation in the gut mucosa [43]. disseminating live mycobacteria to the draining PLN to initiate

The role of GM-CSF in aE-DC differentiation and function is the adaptive T cell response has not been fully defined, but the
not fully delineated. While an important role for GM-CSF was CD11b*CD11c* DC subset is a potential candidate [2,30,47].
described by Greter et al [44], and by Unkel et al using a As oE-DC can localize beneath the bronchial epithelial cell
murine model of influenza infection [35], Edelson and layer and express tight junction proteins that allow oE-DC to
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sample the airways for inert antigens, or infectious
microorganisms [15], we used GFP-expressing M. tuberculosis
to investigate if aE-DC are targeted by the bacterium in vivo,
and therefore likely candidates for mediating bacterial spread
and T cell priming. Because we used a low dose aerosol
infection model, we were not able to detect cells containing
mycobacteria within the first week of infection. Instead, we
settled for week three p.i. to examine which myeloid cells were
infected in the lungs and PLN (Figure 5). Our results clearly
show that only a minor fraction of aE-DC is M. tuberculosis-
infected at this early timepoint and these cells are therefore
less likely to transport the pathogen to the PLN (Figure 6).

Still, a role for aE-DC in T cell priming after M. tuberculosis
infection cannot be fully ruled out since this DC subset is able
to take up apoptotic cells in the lungs and transfer the antigens
to the PLN to prime specific T cells [48]. Mutations in
transcription factors required for proper DC development and
function can provide further clues to the role of these cells
during mycobacterial infections. The basic leucine zipper
transcription factor Batf3 is required for the development of
migratory aE-DC [17]. Tussiwand et al recently described
reduced serum levels of IL-12p40 in M. tuberculosis-infected
Batf3” mice [49]. Activation of M. tuberculosis-specific T cells
was not addressed in the absence of Batf3, but animal survival
was not negatively affected [49]. Considering the importance of
the MHC class ll-restricted T cell response to control M.
tuberculosis growth [31], it seems likely that CD4* T cell
priming is sufficient in Batf3”- mice during TB, similar to what
has been described in animal models of West Nile virus
infection and experimental autoimmune encephalitis [45,50].
Following low dose M. tuberculosis aerosol infection, the
absence of CD8" T cell is less dramatic [31]. Impaired, or
delayed, activation of the MHC class [-restricted M.
tuberculosis-specific CD8* T cell response cannot be ruled out
in Batf3” mice.

The GFP-expressing mycobacteria also enabled us to
investigate if MHC class Il cell surface expression is
downregulated on infected cells compared to uninfected cells in
vivo. Three weeks p.i. we did not detect any significant
difference in MHC class Il expression levels between infected
and uninfected lung cells (Figure 7). Other investigators used a
similar approach to examine if live virulent M. tuberculosis
modulates MHC class Il expression on myeloid cells in infected
lungs [2,22]. Kincaid et al reported no difference in MHC class
Il cell surface expression levels between infected and
uninfected CD11b ™edvmCD11c"" cells, which they referred to
as recruited M¢, 21, 28 and 35 days p.i. The authors also
showed that on day 21 p.i., infected CD11b""CD11c"e" cells,
referred to as myeloid DC, expressed significantly higher levels
of MHC class Il. However, no difference in MHC class Il cell
surface expression was observed on infected and uninfected
CD11b""CD11cMe" cells 28 and 35 days p.i [22]. When Wolf et
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al compared MHC class |l cell surface expression on infected
myeloid cell subsets in the lungs over time (14-28 days p.i.),
the results showed that the expression levels were not
reduced, and could even increase on infected neutrophils [2].
There is also in vivo data on MHC class Il expression after
BCG-GFP infection. Pecora et al infected mice with 2000-4000
CFU and by day 28 p.i. the authors observed approximately
40% reduction in MHC class Il expression levels on lung
CD11bhishCD1 1 gregative-intermediate ¢y and CD11bM"CD11bhis" DC
[51]. We speculate that the difference in mycobacterial strains
used, or in the number of bacteria seeded into the lungs, may
explain the different results regarding MHC class Il expression
levels on myeloid cell subsets in infected lungs. We therefore
conclude that our results on the MHC class Il expression levels
on infected and uninfected myeloid cells in the lungs are
comparable to previously published results using virulent M.
tuberculosis. In vitro experiments have demonstrated that M.
tuberculosis can interfere with several aspects of MHC class II-
mediated antigen processing (reviewed in 52). Even though
infected myeloid cells in vivo do not dramatically change MHC
class Il cell surface expression levels within the first weeks of
infection, virulent mycobacteria may still inhibit activation of
MHC class ll-restricted CD4* T cells [2].

One drawback with our experimental approach was that we
were unable to investigate MHC class Il cell surface expression
levels on infected cells during chronic TB. At this later stage of
the disease, MHC class Il levels in infected lungs have been
reported to be downregulated, even though no distinction was
made between uninfected and M. tuberculosis-infected cells
[29]. Taken together, monocytes recruited into the uninfected,
or M. tuberculosis-infected lung tissue, are able to interact with
multiple non-hematopoietic cells that can influence myeloid cell
differentiation. Interaction with lung epithelial cells may help
explain the formation of monocyte-derived aE-DC with a unique
functional potential during TB.
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Abstract

Tuberculosis (TB) has emerged as the most prominent bacterial disease found in human immunodeficiency virus (HIV)-
positive individuals worldwide. Due to high prevalence of asymptomatic Mycobacterium tuberculosis (Mtb) infections, the
future HIV vaccine in areas highly endemic for TB will often be administrated to individuals with an ongoing Mtb infection.
The impact of concurrent Mtb infection on the immunogenicity of a HIV vaccine candidate, MultiHIV DNA/protein, was
investigated in mice. We found that, depending on the vaccination route, mice infected with Mtb before the administration
of the HIV vaccine showed impairment in both the magnitude and the quality of antibody and T cell responses to the
vaccine components p24Gag and gp160Env. Mice infected with Mtb prior to intranasal HIV vaccination exhibited reduced
p24Gag-specific serum 1gG and IgA, and suppressed gp160Env-specific serum IgG as compared to respective titers in
uninfected HIV-vaccinated controls. Importantly, in Mtb-infected mice that were HIV-vaccinated by the intramuscular route
the virus neutralizing activity in serum was significantly decreased, relative to uninfected counterparts. In addition mice
concurrently infected with Mtb had fewer p24Gag-specific IFN-y-expressing T cells and multifunctional T cells in their
spleens. These results suggest that Mtb infection might interfere with the outcome of prospective HIV vaccination in
humans.
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Introduction

Despite recent advances in highly active anti-retroviral therapy,
human immunodeficiency virus (HIV) infections and the resulting
acquired immunodeficiency syndrome (AIDS) remain an impor-
tant cause of morbidity and mortality worldwide with 2.6 million
new cases and 1.8 million deaths reported in 2009 [1]. Therefore,
it is widely acknowledged that a safe and effective HIV pro-
phylactic vaccine would be the best long-term measure to bring
the HIV/AIDS epidemics under control.

It has been suggested that the effectiveness of vaccines in the
population is affected by several factors such as age [2],
malnutrition [3], and concurrent infections [4-9]. One of the
factors that could potentially affect HIV vaccination efficacy is
high prevalence of tuberculosis (ITB) in HIV endemic regions.
Over 90% of the world’s HIV/AIDS cases are in Africa where TB
is the leading cause of HIV-related mortality [10]. The HIV and
TB epidemics fuel each other [11] and the relationship between
HIV and Mycobacterium tuberculosis (Mtb) infection in co-infected
individuals has been shown to be synergistic; latent M infection is
activated by HIV-induced immunodeficiency and latent HIV in
proviral form is triggered by TB-induced immune activation
[12,13]. In addition, TB impairs recovery of immune system in
HIV-infected patients undergoing anti-retroviral therapy [14].

@ PLoS ONE | www.plosone.org

Studies of long-term non-progressors, a small subset of HIV-1
infected individuals who have stable CD4 T cell counts for more
than 5 years without retroviral therapy [15], firmly suggest that an
effective immune response helps control the infection and disease.
These studies imply that, by analogy to natural HIV infection in
long-term non-progressors, an efficient HIV vaccine should elicit
cytotoxic T cell responses [16], and multifunctional T cells that
produce multiple cytokines in response to HIV antigens [17]. In
addition to cell-mediated immunity, the HIV vaccine should evoke
early and robust broadly virus-neutralizing antibodies [18] similar
to those identified in a subset of HIV-1 infected subjects [19]. It is
also considered important that, in order to prevent the infection or
reduce the infectious inoculum, the HIV vaccine should induce
immune responses at mucosal surfaces, which represent sites of
HIV entry [20,21].

An extensive search for a HIV vaccine has resulted in a large
number of vaccine candidates that in laboratory animals elicited
immune responses against HIV antigens [22]. Based on results of
immunogenicity and protection studies in non-human primates
several promising HIV vaccine candidates were taken to clinical
trials. To date, out of several vaccine candidates investigated in
clinical phase II/III trials, only one showed moderate level of
protective efficacy. Thus, although level of protection afforded by
this vaccine was unsatisfactory, the trial demonstrated that
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construction of an effecive HIV vaccine is possible [23].
Nevertheless, future HIV vaccine studies should, in addition to
defining protective immune responses, also focus on factors that
could interfere with vaccine-induced protection.

One of the overlooked issues that have potential impact on HIV
vaccine development stems from the fact that geographical areas
with the highest prevalence of HIV and Mib infections overlap.
Consequently, future HIV vaccine will often be administered to
individuals harboring latent or undiagnosed active TB. Several
acute or chronic infections, such as measles, malaria, and
helminthes have previously been found to interfere with efficacy
of vaccination against unrelated pathogens [4-9]. In contrast, the
impact of TB on HIV vaccine efficacy has not yet been addressed
in preclinical studies, despite the high prevalence of TB in HIV
vaccine target populations.

In this study we investigated the effect of concurrent chronic
Mtb infection on immunogenicity of a HIV DNA/protein vaccine
candidate that has generated promising results in a mouse model
[24]. We found that both the magnitude and the quality of
antibody and T cell responses to such vaccine were impaired by
Mib infection.

Results

Concurrent Mtb Infection Impairs IgA Levels Induced by
the HIV Vaccination

The humoral response mediated by IgA at mucosal surfaces
may help prevent HIV infection or reduce the viral load [20]. We
therefore assessed the impact of ongoing Mth infection on IgA
responses to HIV vaccination by examining the relative levels of
p24Gag and gpl160Env-specific IgA in vaginal secretions and sera
from Mib-infected and MulttHIV DNA/protein-vaccinated mice,
as compared to uninfected vaccinated animals.

Importantly, HIV vaccination of mice via the intranasal (i.n.)
route resulted in moderately high levels of p24Gag- and
gpl60Env-specific vaginal IgA 4 weeks (wk) post-vaccination
(Fig. 1A and B). Compared to unifected mice, the titers seemed
lower in Mib-infected animals, although the difference did not
reach statistical significance. As expected, intramuscular (i.m.)
vaccination did not induce any detectable IgA in vaginal
secretions. The HIV vaccine-induced serum IgA levels were
higher following i.m. vaccination when compared to i.n. vaccina-
tion (Figure 1C and D). While the anti-p24Gag and anti-
gpl60Env serum IgA levels elicited by i.m. vaccination were not
modified by prior Mtb infection, those induced by i.n. vaccination
were significantly suppressed in Mib-infected mice (P<<0.05).

Thus, Mth infection was shown to diminish HIV-specific IgA
responses at mucosal surfaces.

Concurrent Mtb Infection Reduces Serum Antibody
Responses to the MultiHIV DNA/Protein Vaccine
Administered I.N

To determine whether concurrent Mth infection affects IgG
responses to HIV vaccination, we investigated serum p24Gag- and
gpl60Env-specific IgG in Mib-infected and uninfected mice after
MultiHIV DNA/protein immunization.

Two wk post-vaccination (after the second protein boost)
uninfected mice had high serum levels of anti-p24Gag IgG
(Figure 2A) and anti-gp160Env IgG (Figure 2B). The IgG titers in
mice vaccinated by the i.n. route were over 1 log higher than those
in mice vaccinated by the i.m. route, but the difference did not
reach statistical significance. Strikingly, in Mib-infected and i.n.
vaccinated mice, anti-p24Gag serum IgG were reduced by almost
3 logs (Figure 2A; P<<0.01) and anti-gp160Env serum IgG were
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virtually absent (Figure 2B; P<<0.01), as compared to the serum
IgG levels in uninfected mice. Unlike serum IgG responses elicited
by in. vaccination, those induced by i.m. vaccination were not
impaired by the concurrent Mth infection.

Both p24Gag- and gpl160Env-specific serum IgG elicited by in.
vaccination decreased significantly 4 wk post-infection (Figure 2C
and D; P<<0.05). Despite this reduction the trend for compromised
HIV antibody responses in Mib-infected relative to uninfected
animals could still be observed. Conversely, at 4 wk, p24Gag- and
gpl60Env-specific serum IgG levels induced by the i.m. vaccina-
tion remained as high as at 2 wk and were not affected by pre-
existing Mtbh infection.

Of note, MultiHIV DNA/protein elicited moderately high anti-
Nef and anti-Tat serum IgG that were not altered by a concurrent
Mib infection, irrespective of the vaccination route (Figure S1I).

Our results show that, in addition to affecting the specific
mucosal IgA response, Mib infection can, depending on the
vaccination route, significantly reduce the serum IgG titers
induced by a HIV vaccine.

Concurrent Mtb Infection Reduces HIV Vaccine-induced
Virus Neutralizing Activity in Sera of Mice Vaccinated by
the .M. Route

Studies of long-term non-progressors indicate that more
important than the amount of HIV-specific antibodies is their
ability to neutralize the virus [15,19]. In order to assess the impact
of prior Mth infection on the quality of antibody responses to
subsequent HIV vaccination, we investigated heterologous HIV
neutralizing activity in 4 wk post-vaccination sera from uninfected
or Mib-infected and MultHIV DNA/protein-vaccinated mice.

Using the 50% HIV neutralization assay we found, that in.
vaccination of mice with MuliHIV DNA/protein elicited
moderate neutralizing serum antibody responses whereas im.
vaccination resulted in 3-fold higher HIV neutralizing activity
(Figure 3; P<<0.05). However, while concurrent Mib infection had
no effect on neutralizing activity in sera of i.n. vaccinated mice, it
reduced over 3-fold the neutralizing response in mice that received
the HIV vaccine through the i.m. route (P<<0.001).

In conclusion, Mth infection not only reduces the amount of
antibodies induced by the HIV vaccine, but also impairs the
quality of the antibody response to vaccination.

Concurrent Mtb Infection Amplifies the Th1 Bias of
Immune Reponses elicited by HIV Vaccine

Assessment of vaccine elicited production of IgG1 versus IgG2a
indirectly measures differential Th2-Thl immune reponses and
may provide clues that could explain the reduced virus-neutral-
izing activity in Mth-infected mice. In order to investigate in more
detail the impact of concurrent Mth infection on Th2-Thlre-
sponses elicited by the HIV vaccine, p24Gag-specific serum IgG1
and IgG2a were determined 4 wk post-vaccination. Uninfected
mice inoculated with the HIV vaccine through either the in. or
the i.m. route had high p24Gag-specific serum IgG1:1gG2a ratios,
indicative of immune response with a prevalent Th2 component
(Figure 4). Importantly, Mth infection prior to HIV vaccination
resulted in 5-fold reduced IgG1:IgG2a ratios regardless of the
vaccination route (P<<0.001).

Here we show that the host immune response initiated by Mih
infection adversely affects the IgG1 : IgG2a ratio elicited by the
HIV vaccine. This may explain the reduced neutralizing activity in
sera that we observed in Mib-infected HIV vaccinated animals.
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Figure 1. HIV-specific vaginal secretory and serum IgA in uninfected and Mtb-infected C57BL/6 mice post-vaccination with MultiHIV
DNA/protein. Uninfected C57BL/6 mice, or Mtb aerosol-infected mice, were immunized and boosted with MultiHIV DNA/protein as described in
Materials and Methods. Vaginal secretions were collected 4 wk post-vaccination and HIV p24Gag-specific and gp160Env-specific IgA were
determined in vaginal washings (A, B) and serum (C, D) as described in Materials and Methods. The median endpoint titer of 6-8 mice/group from
one individual experiment is shown as a solid line. The box defines the 75th and 25th percentiles and the whiskers define the maximum and
minimum values. Dashed line indicates the ELISA sensitivity threshold. (*: P<0.05). HIV-specific IgA levels were examined in two separate
experiments.
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Figure 2. Effect of Mtb infection on HIV-specific serum IgG titers induced by MultiHIV DNA vaccination followed by protein boost.
Uninfected or low-dose Mtb aerosol-infected (7 wk post infection) C57BL/6 mice were vaccinated i.n. or i.m. with MultiHIV DNA encoding HIV-1
subtype B gp160Env, p37Gag, Nef, Tat, and Rev in N3 adjuvant followed by two booster inoculations of recombinant HIV proteins (gp160Env,
p24Gag, Tat, and Nef) in L3 adjuvant. HIV-specific serum IgG levels were measured 2 (A, B) and 4 wk (C, D) post-vaccination with HIV antigen-ELISA
using p24Gag (A, C) and gp160Env (B, D) as coating antigens, as described in Materials and Methods. Median endpoint titer of 6-8 mice/group from
one individual experiment is shown as a solid line. The box defines the 75th and 25th percentiles and the whiskers define the maximum and
minimum values. Dashed line indicates the ELISA sensitivity threshold. (*: P<<0.05; **: P<<0.01). The IgG titers were examined in two separate

experiments.
doi:10.1371/journal.pone.0041205.g002

T Cell Responses to MultiHIV DNA/Protein Are
Suppressed in Mice Infected with Mtb Prior to
Vaccination

Induction of T cells expressing Thl cytokines: IFN-vy, IL-2, or
TNF is necessary for efficient protection against intracellular
pathogens such as HIV [25]. HIV-specific multifunctional T cells
that simultaneously produce more than one cytokine were recently
suggested to play an important role in the control of HIV infection
[17]. We studied the magnitude and the quality of T cell responses

@ PLoS ONE | www.plosone.org

in splenocytes of MultitHIV DNA/protein-immunized mice 4 wk
post-vaccination. We analyzed the numbers and frequencies of
CD4 and CD8 T cells that expressed intracellular IFN-y, IL-2, or
TNF, upon restimulation with HIV p24Gag peptide pools ex vivo.
We found that i.n. vaccination of uninfected mice induced high
numbers of p24Gag-specific CD4 (Figure 5A and C) and CD8
(Figure 5B and D) T cells expressing IFN-y or TNF and low to
moderate numbers of IL-2 producing cells as compared to the
non-vaccinated controls. The numbers of p24Gag-specific single
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Figure 3. Effect of Mtb infection on MultiHIV DNA/protein-
induced HIV neutralizing activity in mouse sera. Sera from
uninfected and Mtb-infected C57BL/6 mice subsequently vaccinated i.n.
or i.m. with MultHIV DNA/protein were collected 4 wk post-vaccination.
Ex vivo HIV-1 neutralization assay was performed on PHA-stimulated
PBMCs using two heterologous HIV-1 strains and serially diluted
immune mouse sera as described in Materials and Methods. Neutral-
ization titer is defined as reciprocal dilution of serum resulting in 50%
inhibition of viral infectivity estimated on the basis of HIV p24 antigen
production in PBMCs (NTso). Median NTs, of 6-8 mice/group from one
individual experiment is shown as a solid line. The box defines the 75th
and 25th percentiles and the whiskers define the maximum and
minimum values (*: P<<0.05; ***: P<<0.001). The HIV neutralizing activity
in mouse sera was investigated in two separate experiments.
doi:10.1371/journal.pone.0041205.g003

cytokine producing T cells in im. vaccinated mice did not
significantly differ from those in mice vaccinated by the in. route.
In contrast to non-Mibh infected HIV-vaccinated mice, Mib-
infected mice had significantly fewer cytokine producing splenic T
cells (Figure 5A and B), regardless of the vaccination route. In Ab-
infected animals vaccinated i.n., p24Gag-specific IFN-y-producing
CD4 T cells were reduced 4-fold (P<<0.01) and TNF-producing
CD4 T cells were reduced 2-fold compared to uninfected controls.
Similarly, in Mib-infected animals vaccinated im., p24Gag-
specific IFN-y-producing CD4 T cells were reduced 4.5-fold
(P<<0.01) and TNF-producing CD4 T cells were reduced 3-fold
compared to uninfected control mice (Figure 5A). A similar
decrease of IFN-y-producing T cells in Mib-infected mice was
found in the CD8 T cell subset (5-fold for i.n. route; P<<0.01, and
3.5-fold for the i.m. route; Figure 5B). Even though the difference
did not reach statistical significance, Mtb-infection seemed to
negatively influence IL-2 production by antigen-specific CD4 and
CD8 T cells following i.m., but not i.n., vaccination (Figure 3).
In addition to CD4 and CD8 T cells producing single cytokines,
spleens of uninfected HIV-vaccinated mice contained measurable
levels of p24Gag-specific multifunctional CD4 T cells which
simultaneously expressed IFN-y/IL-2, IFN-y/TNF, IL-2/TNF, or
IFN-y/TNF/IL-2 and were similar in mice vaccinated through
the i.n. and the i.m. route (Figure 6A). Importantly, both numbers
(Figure 6A) and proportions (Figure 6B) of CD4 multifunctional T
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Figure 4. 1gG1:lgG2a ratios of HIV p24Gag-specific antibodies
in sera of uninfected and Mtb-infected mice vaccinated with
MultiHIV DNA/protein. Uninfected C57BL/6 mice, or mice infected
with Mtb via the respiratory route, were immunized and boosted with
MultiHIV  DNA/protein, as described in Materials and Methods.
1gG1:lgG2a ratios were calculated using p24Gag-specific antibody titers
determined with ELISA in sera 4 wk post-vaccination. Median
1gG1:lgG2a ratio of 6-8 mice/group from one individual experiment is
shown as a solid line. The box defines the 75th and 25th percentiles and
the whiskers define the maximum and minimum values (**: P<<0.01; ***:
P<0.001). The IgG1:lgG2a ratios were determined in two separate
experiments.

doi:10.1371/journal.pone.0041205.9g004

cells were significantly decreased in spleens of mice that harbored
Mitbh infection at the time of HIV vaccination through the im.
route, compared to uninfected HIV-vaccinated animals; 6-fold
reduction of IFN-y/IL-2/TNF, and 9-fold reduction of IFN-y/
TNF expressing CD4 T cells were found. A similar trend of
diminished levels of IFN-y/IL-2/TNF and IFN-y/TNF cells was
noted in spleens of in. vaccinated mice that were Mib-infected
prior to HIV-vaccination. In contrast, Mth infection prior to HIV
vaccination did not affect levels of IL-2/TNF expressing p24Gag-
specific CD4 T cells (Figure 6). Similarly to the virus-specific
humoral response induced by the HIV vaccine, Mib infection has
an adverse effect on HIV-specific T cell immunity.

In conclusion, our data show that M negatively influences
multiple effector functions believed to be important for efficient
control of HIV infection.

Mice Aerosol-Infected with a Low Mtb Dose Develop
Chronic TB Infection Unaffected by Subsequent HIV
Vaccination

In order to evaluate if HIV vaccine may interfere with the
course of Mth infection we infected resistant C57BL/6 mice with
a low dose of aerosolized Mib via the respiratory route (50-100
bacteria/lung) followed by vaccination with MuliHIV DNA by
the in. or the im. route. Throughout the entire experimental
period Mtb-infected mice remained in good physical condition and
did not show any symptoms of disease. As expected, at the end of
the experiment (17 wk post-infection) lungs of all infected mice
contained between 4.8-6.0 logs bacteria (Figure S2). Lung
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Figure 5. HIV p24Gag-specific T cell cytokine responses in spleens of uninfected or Mtb-infected mice vaccinated with MultiHIV
DNA/protein. Splenocytes from Mtb-infected or uninfected mice, which were immunized and boosted with MultiHIV DNA/protein, were isolated
4 wk post-vaccination, restimulated ex vivo with p24Gag antigen, and stained for CD4 and CD8 markers and for intracellular IFN-y, TNF, and IL-2
(details in Materials and Methods). Numbers of p24Gag-specific CD4+ (A) and CD8+ (B) T cells producing one of three cytokines were determined by
flow cytometry. Mean number of single cytokine-producing T cells = SEM are shown (6-8 animals/group from one individual experiment; **: P<0.01).
Flow cytometry plots depict representative intracellular cytokine staining of CD4+ (C) and CD8+ (D) T cells. The cytokine profile of p24Gag-specific T
cells was determined in two separate experiments.

doi:10.1371/journal.pone.0041205.9g005

bacterial burdens of mice that post-infection received MulttHIV
DNA/protein vaccine did not significantly differ from those of
non-vaccinated mice irrespective of vaccination route.

Discussion

It has become increasingly clear that for an effective HIV-1
vaccine to materialize two issues will be critical: a durable antibody
response with broad-neutralizing capacity to block the virus
transmission [22] and a robust cellular response to limit virus
replication in those who already are infected [26]. Using two

@ PLoS ONE | www.plosone.org

vaccination routes we investigated the impact of concurrent Mth
infection on the immunogenicity of a HIV DNA/protein vaccine
candidate in Mtb resistant C57BL/6 mice. Remarkably, we found
that this subclinical chronic Mth infection impaired both the
magnitude and the quality of antibody and T cell responses to the
vaccine components p24Gag and gpl60Env. Thus, Mtb-infected
mice showed significant albeit transient decrease of p24Gag-
specific serum IgG titers elicited by in. vaccination and sustained
reduction of both p24Gag- and gpl60Env-specific serum IgA
induced by im. vaccination. Importantly, although concurrent
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Mith infection in i.m. vaccinated mice did not affect HIV-specific
serum IgG levels, it resulted in a significant decrease in serum
neutralizing activity towards heterologous HIV clades. Also, Mib-
infected mice had, irrespective of the HIV vaccination route, fewer
p24Gag-specific IFN-y- or TNF-producing splenic T cells, and,
importantly, reduced levels of p24Gag-specific multifunctional T'
cells simultaneously expressing IFN-y, TNF, and IL-2.

Thus, in our study, pre-existing subclinical chronic Mt
infection in mice interfered with many types of immune responses
to HIV antigens which are considered important for both natural
and vaccine-induced immunity, such as mucosal and serum
antibodies, including neutralizing antibodies [27,16], robust CD4
and CD8 T cell responses [17,20], and multifunctional T cells
[28]. This is, to our knowledge, the first report on detrimental
effect of Mth infection on development of post-vaccination HIV
immunity. Furthermore, this is also the first report on impairment
by mycobacteria of immune responses to any type of heterologous
antigens, with the exception of an early study by Dubos et al who
showed, that infection of mice with BCG or administration of
mycobacterial lipids could, depending on the administration route,
cither protect from or enhance concurrent infection with
Staphylococcus aureus [29,30].

It has previously been reported that some chronic and acute
infections other than TB, including those with intracellular patho-
gens, may modify immune responses to and efficacy of heterologous
vaccines. Helminth infections have been implicated in a compro-
mised protective efficacy of tetanus [31] and BCG vaccinations [32].
Malaria has been suggested to suppress antibody responses to
meningococcal C [33] and Salmonella typhi O [34] polysaccharide
vaccines and tetanus vaccine [35]. Immunosuppressive effects of
malaria have also been associated with increased risk of bacterial
infections [36] and increased HIV loads [37]. Similarly, certain viral
infections, have been found to interfere with immune responses to
unrelated vaccines and concurrent infections; attenuated polio virus
administered with oral polio vaccine has been associated with
reduced efficacy of BCG vaccination [38], measles was found to non-
specifically suppress immune responses to secondary bacterial
infections for instance Listeria monocytogenes [39] and HIV infection
has been shown to increase the risk of mycobacterial diseases
including TB [12].

The mechanisms underlying the ability of certain pathogens to
impair immune responses to heterologous vaccines or concurrent
infections, including detrimental effect of Mtb infection on HIV
vaccination described here, remain as yet unclear. In this study we
found that chronic Mtb infection impairs both humoral and
cellular immune responses elicited by HIV vaccination; therefore
we expect that more than one mechanism is involved. One of the
better-explored mechanisms of pathogen-related immune sub-
version is exerted by helmithes and protozoa and relies on an
induction of a highly Th2 cell-polarized environment. Because of
the crossregulation between Thl and Th2 responses, the
helminth-induced pertinent Th2 bias may result in the increased
susceptibility to Thl-controlled infections [40,41] and decreased
responses to vaccinations [31,32,42]. However, this mechanism
does not account for the AMitb-mediated suppression of HIV
vaccine-induced responses reported here because, instead of
increased Th2 polarization, we observed augmented Thl bias in
mice infected with Mib prior to HIV vaccination.

Studies of HIV positive subjects reveal the presence of both
neutralizing antibodies and serum antibodies that will enhance
HIV infection, the latter with opsonizing activity allowing the virus
to enter and multiply inside host cells [43] The balance between
two types of antibodies changes as the disease progresses and
during advanced stages the proportion of infection-enhancing
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opsonizing antibodies are generally higher than neutralizing
anibodies. It could be hypothesized that Mt infection drives
mainly production of opsonizing IgG antibodies. This could be the
reason why despite high serum levels of IgG elicited by i.m. HIV
vaccination in both Mib-infected and non-infected mice, serum
antibodies of infected animals had much lower neutralizing ability
than in non Mib-infected counterparts.

Since Mtbh and HIV do not share antigenic epitopes, it is unlikely
that the observed inhibition by concurrent TB of immune
responses to the HIV vaccine candidate is antigen-specific.
Instead, it could be envisaged that non-antigen specific “bystand-
er” suppressive mechanisms are involved in such inhibition.
Indeed, evidence supports the idea that infection-induced specific
regulatory T cells, in addition to suppression of specific immune
responses, can also suppress unrelated immune responses in a non-
antigen specific manner, either through direct cellular contact or
via the regulatory cytokines they produce [44-46]. Regulatory T
cells have been shown to be induced both in active and latent TB
[47] and have been implicated in the downregulation of immune
control of Mth infection and progression to active disease [48,49].
Additionally, the impairment of humoral and T cell responses to
intranasal HIV vaccination which we found in Mib-infected mice
could also result from a competitive presentation of Mth antigens
and HIV vaccine antigens co-localizing in respiratory tract-
associated lymph nodes [50].

In summary, we report for the first time that chronic Mib
infection of mice prior to inoculation with an experimental HIV
vaccine has detrimental effect on vaccine-specific antibody and T
cell responses. These results suggest that asymptomatic Mitb
infection could also interfere with prospective HIV vaccination
in humans. Therefore, we firmly believe that our findings have
important implications for the development of potential HIV
candidates. When ultimately a HIV vaccine is available, the need
for such a vaccine will be greatest where TB is endemic. As
estimated by the WHO currently one third of the world’s
population is latently infected with Mth [51]. This vast number
of latently infected constitutes the main reservoir for adult
pulmonary TB; in about 5-10% of such individuals the infection
becomes reactivated mainly when the immune system is compro-
mised [52]. Recent studies on mutation rates of Mh bacilli suggest
that during the latent stage of infection, the bacteria are able to
slowly replicate [53-54]. This may lead to low level engagement of
the immune system [55]. Studies of low dose Mtb aerosol infections
in macaques, resulting in approximately half of the monkeys being
classified as latently infected that may naturally reactivate, and
observations from epidemiological studies strongly suggest that the
transition from latent to active TB is a multistage and gradual
process [56-58]. Together with other factors this extended
subclinical phase could result in a delayed or false negative
diagnosis [59]. Therefore, our results advocate that chronic and
undiagnosed, or even latent, Mth infection interferes with the
immune response elicited by HIV vaccine candidates and should
be taken into account during vaccine design and in clinical trials.

Materials and Methods
Mtb Infection

Mith Harlingen strain was prepared as described earlier [60]. Six
wk-old female C57BL/6 mice were infected aerogenically with low
dose of Mth (50-100 bacteria/lung) using a nose-only aerosol
exposure apparatus (In-Tox Products, Moriarty, NM, USA) as
previously described [61].

Lung inoculum was verified by agar plating 24 h after infection.
Lungs for all time points were homogenized in PBS with 0.02%
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Tween 80 and serial dilutions of lung homogenates were plated
onto Middlebrook 7H10 agar. Colonies were counted after 2 to
3 wk incubation at 37°C. All work with Mth and Mib-infected
animals was conducted in a BSL-3 containment laboratory. The
local committee on animal ethics and the Swedish Board of
Agriculture approved all animal experiments.

HIV Vaccine and Immunization

Seven wk post-Mih infection groups of mice (6-8 animals/
group) were immunized in. or im. with 10 pg of plasmids
encoding HIV-1 subtype B gpl60Env, p37Gag, Nef, Tat, and Rev
(MultiHIV DNA vaccine) [24] formulated in N3 adjuvant (2%
lipid) and subsequently boosted twice (4 and 6 wk post-DNA
vaccination) with 5 ug of recombinant gpl60Env, p24Gag, Tat
and Nef formulated in L3 adjuvant (2% lipid) [62,63]. Control
groups were sham-vaccinated with saline.

Sample Collection

Two wkafter the last HIV boost vaccination tail blood and vaginal
wash samples were collected for IgG and IgA assays and frozen until
the time of analysis. Four wk post-vaccination the mice were sacrificed
and blood, vaginal washes, spleens and lungs were collected.

In Vitro Stimulation and Intracellular Cytokine Staining
A single cell suspension of splenocytes was obtained by grinding
the spleen and passing the obtained cell suspension through
a 70 um strainer (BD Falcon) into DMEM (BD Bioscience)
supplemented with 10% inactivated FBS, penicillin/streptomycin,
L-glutamine, sodium-pyruvate (Invitrogen). Erythrocytes were
lysed with NH,Cl and the remaining splenocytes (1x10°/well)
from individual animals were stimulated for 6 h in the presence of
peptide pools (15-mers overlapping by 10 amino acids, Thermo-
Hybaid, Germany, 1.25 ug/ml each peptide) covering either
gpl60Env or p24Gag proteins dissolved in complete DMEM
medium, in the presence of brefeldin A (10 pg/mlL, eBioscience).
Medium alone was used as a negative control and PMA/
Tonomycin (at 25 ng/mL and 1 pg/mlL, Sigma-Aldrich) was used
as positive control. After stimulation the cells were washed with
FACS buffer (PBS with 1% FBS) and incubated with purified anti-
mouse CD16/CD32 (2.4G2, BD Bioscience) at 20 ug/mL for
15 min at 4°C to block nonspecific binding (Fc block). The cells
were washed and incubated 15 min at 4°C with primary
antibodies specific for surface makers (anti-CD3 17A2, anti-CD4
GKI1.5, and anti-CD8a 53-6.7, all from eBioscience), or appro-
priate isotype controls, diluted in FACS buffer. After washing, cells
were fixed with 2% paraformaldehyde, permeabilized using
permeabilization buffer (eBioscience) and incubated for 20 min
at 20°C with antibodies specific for intracellular cytokines; anti-IL-
2 JE56-5H4, anti-IFN-y XMG1.2, and anti-TNF-o MP6-XT22,
all from eBioscience. The cells were washed with permeabilization
buffer and then with FACS buffer, resuspended and analyzed by
flow cytometry using BD FACSCanto II flow cytometer (BD
Biosciences). Data analysis was performed using FlowJo software.

1gG and IgA ELISA

Vaginal washes were obtained and analyzed as previously
described [64-66]. 96-well plates (Nunc Maxisorp) were coated with
the recombinant HIV-1 proteins p24Gag (0.5 pg/mL, Aalto Bio
Reagents), gpl60Env (0.5 ug/mlL, BioSciences Int), Nef (0.5 ug/
mL, kindly provided by V. Erfle, GSF, Munich, Germany), and Tat
(1 ug/mL, kindly provided by C.. Svanholm, KI, Stockholm). ELISA

was carried out essentially as previously described [67].
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Neutralization Assay

Immune mouse sera were pooled within each experimental
group and were tested for the presence of neutralizing activity.
Sera were heat-inactivated (56°C for 30 min) and serially diluted
at 3-fold dilutions, starting at 1/20. Neutralization assay was
performed as described earlier using replication of HIV-1 SF2
strain and the primary NSI/CCRS5 tropic clade B isolate 6920 in
PBMC:s as readout system [65]. Virus production was measured in
a p24Gag antigen capture ELISA [25]. An HIV-1-positive serum
pool (HIVIG) and the human mAb 2F5, specific for the gp4l
ELDKWAS epitope, were used as a positive control. Neutraliza-
tion was defined as the sample titer resulting in 50% reduction
(NT50) of p24Gag antigen in the supernatant compared with
p24Env antigen content when the virus was incubated in the
presence of HIV Ab from negative serum. All assays were repeated
at least twice.

Statistical Analysis

The statistical significance of differences between groups was
calculated by the one-way nonparametric Kruskal-Wallis test
followed by Dunn’s multiple comparison posttest IgG1/IgG2a
ratios were compared using a two-tailed Student ¢ test. Statistical
analysis was performed using GraphPad PRISM software version
5.0 (GraphPad Software, Inc). P-values were considered to be
significant if less than 0.05. Experiments were repeated twice.

Supporting Information

Figure S1 Effect of Mtb infection on HIV-specific serum
IgG titers induced in mice by MultiHIV DNA vaccination
followed by protein boost. Uninfected or Mib-infected
C57BL/6 mice were immunized and boosted with MulttHIV
DNA/protein, as described in Materials and Methods. 4 wk post-
vaccination HIV-specific serum IgG levels were assayed with HIV
antigen-ELISA using Tat and Nef as coating antigens, as described
in Materials and Methods. Median endpoint titer of 6-8 mice/
group from one individual experiment is shown as a solid line. The
box defines the 75th and 25th percentiles and the whiskers define
the maximum and minimum values. Dashed line indicates the
ELISA sensitivity threshold. HIV-specific serum IgG levels were
assayed in two separate experiments.

(TIF)

Figure S2 Bacterial loads in lungs of mice 17 wk post-
infection with Mtb. C57BL/6 mice acrogenically infected with
low dose Mth (50-100 bacteria/lung) were, 7 wk later, vaccinated
in. or im. with MuliHIV DNA in N3 adjuvant followed by two
booster inoculations of HIV proteins in L3 adjuvant (details in
Materials and Methods). Control group of mice was left
unvaccinated. Lung homogenates from mice sacrificed 17 wk
post-infection were plated on Middlebrook agar and bacterial
CFU were enumerated as described in Materials and Methods.
Median lung CFU value of 6-8 mice/group from individual
experiment is shown as a solid line. The box defines the 75th and
25th percentiles and the whiskers define the maximum and
minimum values. The bacterial load was determined in two
separate experiments.

(TIF)
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Abstract

Mycobacterium tuberculosis (Mtb), the causative agent of pulmonary tuberculosis (TB), is the
biggest killer of people with HIV-1/AIDS. In the present study, we took advantage of the
chimeric virus EcoNDK, which is a HIV-1-like virus that infects immunocompetent wild-type
mice, to establish a murine model of Mtb/HIV-1 co-infection. This model system enabled us
to study how Mtb-specific CD8" T cell responses are affected during co-infection in vivo.
Since most co-infected individuals first encounter Mtb before they are exposed to HIV-1, we
decided to first infect BALB/c or DBA/2 mice with a low dose of virulent Mtb via the
respiratory route. Three weeks post infection; the animals were injected with a single dose of
the virus intraperitoneally to establish Mtb/EcoNDK co-infection. After an additional two
weeks, we examined viral replication and found a significantly higher viral load in
Mtb/EcoNDK co-infected mice compared to animals that were infected with EcoNDK alone.
We show that during pulmonary TB, the number of TB10.4-specific CD8" T cells is
significantly higher in resistant BALB/c mice than in susceptible DBA/2 mice. In the context
of co-infection, we observed an increased number of TB10.4-specific CD8" T cells in co-
infected mice, suggesting that viral replication was affecting Mtb-specific T cell responses.
Furthermore, irrespective of the virus, programmed-death 1 (PD1) and T cell immunoglobulin
and mucin domain 3 (Tim3) are differently expressed on CD4" and CD8' T cells during
pulmonary TB. Also, antigen-specific CD8" T cells were enriched for Tim3-expressing cells,
especially in the Mtb-infected lungs. Finally, Tim3" TB10.4-reactive CD8" T cells in Mtb-
infected and in Mtb/EcoNDK-infected mice contained a high frequency of TNF- and IFN-y-
producing cells. Even though we did not detect signs of immuno-deficiency in co-infected
animals, the murine model may provide a useful tool to better understand how host immune

responses are affected during the early stage of Mtb/EcoNDK co-infection.



Introduction

Mycobacterium tuberculosis (Mtb), the causative agent of pulmonary tuberculosis (TB),
kills nearly 2 million people annually and is one of the leading causes of death from infectious
disease in the world. The emergence of multi-drug resistant and extensively drug-resistant
strains of the bacterium in eastern European countries and elsewhere, and the high mortality
among human immunodeficiency virus-1" (HIV-1%) patients co-infected with Mitb,
demonstrate the urgent need for new efficient vaccines and treatment regimens. The failure of
current vaccine strategies clearly shows that we do not fully understand what constitutes
protective immunity against Mtb or HIV-1, and how co-infection exacerbates disease
progression. As a result, Mtb remains the largest killer of HIV-1-infected individuals and a
threat to global health (reviewed in (1)).

Dendritic cells are important antigen presenting cells and initiate the adaptive immune
response by priming T lymphocytes in the pulmonary lymph nodes (PLN) draining the lung
tissue (2). Activated Mtb-specific T cells are essential for control of Mtb growth and are
recruited to the infected lungs where they help reduce bacterial replication via lysis of infected
cells, or indirectly via production of pro-inflammatory cytokines that activate infected
macrophages. Despite a seemingly robust immune response, Mtb causes chronic infection. In
fact, both Mtb and HIV-1 cause chronic infection and chronic immune activation. During
HIV-1 infection, B- and T cells have an activated phenotype, including polyclonal B cell
expansion and increased T cell turnover as well as increased serum levels of pro-inflammatory
mediators in HIV-1" patients (reviewed in (3)). Chronic immune activation and misdirected
host immune reactions in response to Mtb and HIV-1 are contributing factors to the
pathogenesis in humans and in animal models.

Constant antigenic stimulation can result in T cell exhaustion, which is characterized by a
persistent, but dysfunctional, effector T cell population displaying loss of functional potential,
i.e. cytokine production and cytotoxic activity, and proliferative ability in response to antigen
stimulation. Programmed-death 1 (PD1) and T cell immunoglobulin and mucin domain 3
(Tim3) are two examples of markers of T cell exhaustion in HIV-1" patients (4-6). Both
molecules are involved in downregulating host immune responses and play a role in
maintaining T cell tolerance. Interestingly, even though Tim3 was first identified as a cell
surface marker for IFN-y-producing CD4" and CD8" T cells, it has recently been used as an
exhaustion marker for virus-specific CD8" T cells in patients with chronic progressive HIV-1
infection (6, 7). It has also been reported that Tim-3 is upregulated on Mtb-specific CD8" T
cells in TB patients (&). Similar inhibitory receptor/ligand interactions may therefore play a
role in modulating host immunity to both HIV-1 and Mtb in humans.

To be able to study how Mtb/HIV-1 co-infection influences Mtb-specific T cell responses
in vivo, we took advantage of the murine model of pulmonary TB and the modified virus
EcoNDK (clade D NDK backbone) published by Potash and colleagues (9). EcoONDK enables
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infection of immuno-competent wild-type (WT) mice with a chimeric virus similar to HIV-1
and only have one HIV-1 protein (gp120) replaced with gp80 from ecotropic murine leukemia
virus. Importantly, the chimeric virus model reproduces many aspects of HIV-1 infection in
humans (9). Here, we confirm that EcONDK can infect primary murine cells in vitro and that
the virus establishes infection in BALB/c and DBA/2 mice. Interestingly, even though the
virus did not influence bacterial replication, or exacerbated disease progression, we detected
significantly higher amounts of viral DNA in animals co-infected with Mtb. During the early
stage of Mtb/EcoNDK co-infection, our results suggests that the Mtb-specific CD8" T cell
population was increased in co-infected mice compared to animals infected with Mtb alone.
Also, we found that the cell surface expression profile of PD1 and Tim3 differed between
CD4" and CD8" T cells and that both markers were enriched on TB10.4-specific CD8" T
cells. Finally, Tim3 expression identifies TB10.4-reactive CD8" T cells enriched for IFN-y
and TNF producers in both Mtb-infected and in Mtb/EcoNDK co-infected animals.



Materials and Methods

Bacteria and Virus preparation

Mtb (Harlingen strain) was prepared as previously described (/0). In brief, bacteria were
grown to mid-log phase in Sauton media supplemented with eight mg/ml polymyxin B and
five mg/ml Fungizol at 37°C, aliquoted and stored in media containing 10% glycerol at -80°C.
Virus stocks were prepared as described by Potash et al (9). E. coli DHS5a containing the
EcoNDK-coding plasmid (kindly provided by David Volsky, Columbia University, New
York, NY, USA) was grown in LB media supplemented with 100 pg/ml Ampicillin (Sigma-
Aldrich) and incubated in 37°C until an OD of 0.7 was reached. Plasmid DNA was isolated
from pelleted bacteria using a Qiagen Mega Plasmid kit according to the manufacturer’s
instructions. 293T cells grown in DMEM supplemented with 10% inactivated fetal bovine
serum, penicillin/streptomycin, L-glutamine, sodium-pyruvate (Invitrogen) were transfected
with plasmid DNA, using (Polyscience, USA) as a transfection enhancing agent in 1:2 w/w
ratio. Supernatants containing viral particles were collected after 48 and 72 h, concentrated by
centrifugation (10,000 x g) and titrated for p24 content by ELISA (Biomerieux). Generation
of the chimeric virus was performed in the BSL-3 facility at the Department of Microbiology,
Tumor and Cell Biology (MTC), Karolinska Institutet.

Animal infections

Six-week-old female C57BL/6, BALB/c or DBA/2 mice were obtained from the breeding
facility at MTC, or from Charles River (Germany). The animals were infected aerogenically
with a low dose of Mtb (50-100 CFU/lung) using a nose-only aerosol exposure apparatus (In-
Tox Products, Moriarty, NM) as previously described (/0). The lung inoculum was verified
by agar plating of total lung homogenates 24 h after infection.

For EcoNDK infection, groups of mice were injected intraperitoneally (IP) with 0.2 pg
EcoDNK virus suspension (measured as amount of p24 protein) in sterile PBS. Work with
Mtb- and Mtb/EcoNDK co-infected animals was conducted in a BSL-3 containment
laboratory at the Astrid Fagraeus laboratory, Karolinska Institutet. All animal experiments
were approved by the local animal ethics committee and the Swedish Board of Agriculture
(permit number N313/09). The health status of the animals was monitored daily by Animal

Care Technicians and the animals weight was recorded to ensure humane treatment.

Organ collection and sample preparation

At the indicated time points, lung homogenates, or single-cell suspensions were prepared
from lungs and spleen. The mice were euthanized and blood removed from the lung tissue by
perfusing the heart with sterile PBS. The organs were aseptically removed and placed in
RPMI 1640 medium. The lungs were cut into small pieces and incubated in complete RPMI
1640 medium (supplemented with 10% fetal calf serum, penicillin/streptomycin, L-glutamine,
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sodium-pyruvate, B-mercaptoethanol and HEPES buffer, all from Sigma-Aldrich) containing
140 U/ml collagenase type IV (Sigma-Aldrich). The digested lung tissue was passed through a
steel mesh cup sieve (Sigma-Aldrich). Any remaining erythrocytes were lysed using a lysis
buffer (0.15 M NH4CI, 1 mM KHCOs, 0.1 mM NaEDTA, pH 7.2-7.4), washed and re-
suspended in RPMI 1640 medium. The cell suspension was passed through a 70 um cell
strainer (BD Falcon), washed and re-suspended in complete RPMI 1640 medium. Single-cell
suspensions of total spleens were obtained using the frosted ends of two glass slides.
Erythrocytes were lysed with lysis buffer and the cells were washed with PBS and re-
suspended in complete DMEM. Total viable cells were enumerated using a hemocytometer
and trypan blue exclusion of dead cells. For CFU determination, the right lobe of the lungs
was homogenized in PBS with 0.02% Tween 80 and serial dilutions of lung homogenates
were plated onto Middlebrook 7H11 agar plates. For day one timepoints, the total lung tissue
was used to determine the CFU. Colonies were counted after a two to three week incubation
at 37°C.

Cell stimulation and flow cytometry

For determination of cytokine- or p24 production, single cell suspensions were kept in
complete DMEM medium, or were stimulated with a TB10.3/10.4, »s-peptide (1 pg/ml), or
with 50 ng/ml phorbol 12-myristate 13-acetate (PMA) (Sigma-Aldrich) and 100 ng/ml
ionomycin (Sigma-Aldrich) in the presence of 10 pg/ml Brefeldin A for 4 h at 37°C, 5% CO,.
After incubation, the cells were washed with FACS buffer (PBS, 1% fetal bovine serum, 2
mM NaNj3) and incubated with purified anti-mouse CD16/CD32 (2.4G2, BD Bioscience) at
20 pg/ml for 15 min at 4°C to block nonspecific binding (Fc block). The cells were washed
and incubated 15 min at 4°C with primary antibodies specific for surface makers, or
appropriate isotype controls, diluted in FACS buffer. A FITC-labeled anti-p24 monoclonal
antibody (mAb) (KC57) and an isotype control mAb were obtained from Beckman Coulter.
PerCP- or PE-Cy7-conjugated anti-CD8a (53-6.7), anti-CD3e (145.2C11) and isotype
controls were purchased from BD Pharmingen. Anti-TNF-FITC (MP6-XT22), anti-IFN-y-PE-
Cy7 (XMG1.2), anti-CD19-Alexa Fluor 450 (1D3), anti-Tim3-Alexa Fluor 647 (B8.2CL2),
anti-Alexa Fluor 780 (L3T4) and isotype control mAbs were purchased from eBioscience.

For TB10.4 antigen-specific staining, cells were additionally stained with TB10.3/10.45-
»s-loaded H-2K® multimer-PE reagent (Prolmmune, Oxford, UK, or from the NIH Tetramer
Facility) according to manufacturer’s instructions. After washing, cells were fixed with 2%
paraformaldehyde. For intracellular staining, the cells were permeabilized using a
permeabilization buffer (eBioscience) and incubated for 20 min at 20°C with antibodies
specific for intracellular cytokines or relevant isotype control mAbs. The cells were washed
twice with permeabilization buffer and once with FACS bufter, re-suspended and analyzed by
flow cytometry using a BD FACSCanto or a BD LSR II flow cytometer (BD Biosciences).



Data analysis was performed using the FlowJo software (version 8.8.6, Tree Star). All mice

were analyzed individually.

Virus infection in vitro

Spleen cells were collected as describe before and cultured in full DMEM media
supplemented with recombinant IL-2 (10 pg/ml) and stimulated with Concanavalin-A (ConA,
5 pg/ml) for four to five days. Activated cells, or human CEM T cells, were then washed and
infected directly with purified EcoONDK virus (10 ng/ml). Alternatively, activated murine cells
were co-cultured directly with transfected 293 T cells or with transfected 293T cells separated
by porous (0.45 pm) insert (Millipore). Cells were incubated in complete DMEM media at
37°C, 5% CO,. After 48-72 h, the cells were harvested and stained for intracellular p24 as
described before.

Quantitative PCR (QPCR)

The presence of EcONDK DNA was analyzed in infected spleen and lung cells isolated
using DNAzol (Invitrogen) according to manufacturer’s instructions. QPCR amplification was
carried out with primers EcoHIVF (5’-ATGATCTGTAGTGCTGCGCGTTCAACG-3°) and
EcoNDKR (5’-GAGCCGGGCGAAGCAGTACTGACCCCTC-3") and Tagman Sybr green
(Sigma Aldrich). Values were normalized to GAPDH gene copy number and calculated as

copies per million cells (9).



Results

Productive viral infection of primary murine cells in vitro

Modeling HIV-1 infection in rodents presents numerous obstacles. Due to the inability of
HIV-1 to infect other species than primates, two main strategies to create working model
systems have been developed. One is to modify, or replace, components of the murine
immune system with human molecules or cells. Another is to modify the virus itself, such as
the chimeric EcoHIV and EcoNDK viruses, allowing for productive viral infection of
immunocompetent WT mice (9, /7). In this study, we utilized the EcoNDK virus to establish
a unique small animal model of Mtb/HIV-1 co-infection.

First, we set up an in vitro assay to determine the scale of infectivity of in vitro generated
viral particles. Splenic T cells from naive BALB/c mice were activated in vitro using ConA
and IL-2. The activated cells were then exposed to concentrated EcoNDK virus. Alternatively,
the cells were co-cultured either directly with transfected 293T cells, or co-cultured with
transfected 293T cells separated by a porous membrane that allowed newly formed viral
particles to pass through. The cells were harvested after 48 or 72 h and analyzed for
intracellular p24 expression to determine the frequency of infected cells.

Infection of activated splenocytes using concentrated virus resulted in the lowest frequency
of infected murine cells. Approximately 0,5% of the target cells stained positive for p24
(figure 1A). By culturing the murine cells with transfected 293T cells that were separated by a
porous insert, we increased the infection rate to ~1%. In the cultures where transfected 293 T

cells were co-cultured directly with activated splenocytes, we also analyzed infected T cell
subsets (figure 1B). Interestingly, only 2.1% of the CD8" T cells were producing detectable
levels of p24, whereas almost 10% of the CD4" T cells were p24". As expected, EcoNDK did
not infect the HIV-1 permissive human CEM T cell line that remained p24-negative (data not
shown) (9, 72). In conclusion, despite the reduced ability of murine cells to produce HIV-1
viral particles, we confirm previous observations made by Potash et al and showed the
chimeric EcoNDK virus is able to establish productive infection of primary murine cells in
vitro (9, 13-17).

No difference in body weight or in bacterial burden between Mtb-infected and
Mtb/EcoNDK co-infected mice

Low-dose Mtb aerosol infection of mice mimics the natural route of Mtb infection in
humans. As a result, the bacteria initially replicate in the lungs of infected animals and then
first disseminates to the PLN draining the lung tissue and to other organs. To better
understand protective host immune responses against Mtb, inbred mouse strains that are
resistant or susceptible to pulmonary TB are commonly used. To determine if Mtb/EcoNDK
co-infection accelerates disease progression in Mtb-susceptible DBA/2 mice compared to

resistant BALB/c mice, we first infected groups of mice with Mtb (Harlingen strain) via the
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respiratory route (figure 2). Three weeks later, groups of mice were co-infected with EcoONDK
IP. Disease progression was monitored by weighing the animals (figure 2A) and by
determining the bacterial burden in the lungs two weeks after Mtb/EcoNDK co-infection
(figure 2B). During the course of the experiment, both BALB/c and DBA/2 mice steadily
gained weight. In addition, we did not detect any significant differences in body weight
between Mtb-infected and Mtb/EcoNDK co-infected animals (figure 2A).

To assess the impact of EcoONDK on the ability to control bacterial replication in the lungs
at an early stage of Mtb/EcoNDK co-infection, groups of mice were sacrificed two weeks
after virus inoculation and lung homogenates were plated on Middlebrook 7H11 agar plates
(Figure 2B). Similar to the body weight, we did not detect any significant differences between
co-infected and Mtb-infected animals, or between BALB/c and DBA/2 mice.

In summary, we have demonstrated that early after Mtb/EcoNDK co-infection, the virus
does not interfere with the ability of the animals to control the bacterial burden in the lungs
and it does not negatively influence the general health status of the animals as determined by

body weight in Mtb-susceptible and resistant mouse strains.

Reduced numbers of antigen-specific CD8" T cells in lungs of Mtb-susceptible DBA/2
mice

Mice lacking CD8" T cells succumb prematurely after Mtb infection, showing that MHC
class T-restricted CD8" T cell responses are required for optimal protection during pulmonary
TB (18, 19). TB10.4 is an immunogenic protein secreted by Mtb and elicits MHC-restricted T
cell responses in both humans and in mice (20-22). Because both resistant BALB/c mice and
susceptible DBA/2 mice express MHC class I of H-2%, we were able to use the same MHC
class I-multimer (H-2K®) loaded with the same Mtb-derived peptide (TB10.450.25) to examine
the antigen-specific CD8" T cell compartment in infected lung tissue (figure 3). Three weeks
post Mtb aerosol infection, the absolute number of TB10.4-specific CD8" T cells was similar
in the lungs of BALB/c and DBA/2 mice, although overall numbers of CD8 cells were higher
in the infected lung tissue of BALB/c mice (figure 3B). As a negative control, the TB10.4-
loaded H-2K®-multimer reagent did not detect TB10.4-reactive CD8" T cells in H-2°-
expressing C57BL/6 mice, or in uninfected BALB/c mice (figure 3A and data not shown).
After week three post infection (pi), there was a dramatic difference in the number of TB10.4-
specific CD8" T cells in resistant BALB/c mice compared to susceptible DBA/2 mice. While
the number of antigen-specific CD8" T cells remained essentially unchanged in DBA/2 mice,
the number of antigen-specific CD8" T cells increased approximately 8-fold by week six pi in
infected BALB/c lungs.

Delayed T cell priming may explain the late appearance of antigen-specific T cells after
Mtb infection. However, this does not explain why the number of Mtb-specific CD8" T cells
failed to increase in infected DBA/2 at later timepoints. Perhaps one of the underlying causes



of the increased Mtb-susceptibility of DBA/2 mice is insufficient numbers of Mtb-specific
CD8" cells in the infected lungs.

Increased number of TB10.4-specific CD8" T cells in the lungs and in the spleen of
Mtb/EcoNDK co-infected animals

To investigate the possible impact that EcONDK infection may have on the early Mtb-
specific CD8" T cell response in peripheral tissues and secondary lymphoid organs of
BALB/c mice, we identified TB10.4-specific CD8" T cells, as well as the total CD4'- and
CDS8" T cell populations in Mtb-infected and in Mtb/EcoNDK co-infected lungs and spleens
(figure 4). Two weeks post EcoNDK infection, the total number of CD4" T cells and CDS" T
cells in the lungs and in the spleen was not significantly different in Mtb-infected mice
compared to Mtb/EcoNDK co-infected animals (figure 4A). Furthermore, TB10.4-specific
cells were identified in the CD8" T cell compartment (figure 4B-C). Even though we observed
a trend towards an increased percentage and absolute number of Mtb-specific CD8" T cells in
the co-infected lung tissue, the differences did not reach statistical significance (figure 4B). In
the spleen, the percentage and the absolute number of TB10.4-specific CD8" T cells was
doubled in the Mtb/EcoNDK co-infected group of mice compared to the animals that were
infected with Mtb alone. Both the difference in percentage and in absolute numbers reached
statistical significance (figure 4B). It is worth pointing out that the frequency of TB10.4-
specific CD8" T cells in the spleen was 10-fold lower than in the infected lungs (figure 4B)

Surprisingly, we observed that in the lungs, but not in the spleen, the H-2KYTB10.4-
multimer reagent stained CD8" T cells in co-infected animals significantly brighter than in
Mtb-infected mice (figure 4C). This finding suggests that Mtb-specific CD8" T cells in co-
infected lungs express higher cell surface levels of the af T cell receptor (aff-TCR).

We have shown that EcoNDK infection does not negatively influence the number of total T
cells in the lungs and in the spleen at an early stage of co-infection. Still, a more careful
analysis of the Mtb-specific CD8" T cell response revealed that during early co-infection,
EcoNDK seems to influence the adaptive T cell response directed against the bacterium. This
conclusion is based on the increased Mtb-specific CD8" T cell population, and the higher cell
surface expression of the af-TCR on Mtb-specific CD8" T cells, in co-infected mice.
Importantly, this observation was dependent on the presence of viral DNA in the co-infected
mice. Animals that were injected with the virus, but failed to establish a productive viral
infection, did not display the observed changes in the CD8" T cell compartment. Therefore,
we continued by focusing on the functional potential of Mtb-specific CD8" T cells in Mtb-
infected and Mtb/EcoNDK co-infected animals.
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Similar Tim3 and PD1 cell surface expression profiles on T cell subsets in Mtb-infected
and Mtb/EcoNDK co-infected mice

PDI and Tim3 are two examples of markers of T cell exhaustion in HIV-1" patients. Both
molecules are involved in downregulating host immune responses and play a role in
maintaining T cell tolerance. For example, PD1 is expressed on a significant fraction of CD4"
and CDS" T cells in healthy individuals (23). We compared the Tim3 and PD1 cell surface
profiles on CD4"- and CD8" T cell subsets in Mtb-infected- and in co-infected mice in order
to determine if Mtb/EcoNDK co-infection influences the expression patterns in our murine
model (figure 5).

Representative pseudo-color plots from one representative experiment are shown in figure
5A. Although we did not observe any significant differences between Mtb-infected- and
Mtb/EcoNDK co-infected mice, the differences in Tim3 and PD1 expression between the T
cell subsets in the lungs or in the spleen were apparent. We found that most CD4" T cells in
the lungs and in the spleen do not express Tim3 (5% or less), and not more than 15% of the
lung CD4" T cells and less than 10% of the spleen CD4" T cells express PD1 (figure 5B-C).
By staining for Tim3 and PD1 simultaneously, we were able to show that most CD4" T cells
in the lung that expressed Tim3 co-expressed PD1 (Figure 5A), and that this staining pattern
was essentially reversed in the spleen.

Within the total lung CD8" T cell population, around 10% expressed Tim3 or PD1. Similar
to the CD4" T cells in the lungs, most Tim3'CD8" T cells were also PD1". Because infection
with EcoNDK seem to promote an increased number of TB10.4-specific CD8" T cells, we
investigated the PDI and Tim3 profile on H-2K%TB10.4-multimer-positive and H-
2K%TB10.4-multimer-negative CD8" T cells. Strikingly, TB10.4-specific CD8" T cells in the
lungs are enriched for Tim3" (~40%) or PD1" cells (~20%) compared to CD8" T cells that
stained negative for the H-2K%/TB10.4-multimer reagent (figure 5). Also, TB10.4-specific
CDS8" T cells that were Tim3" to a large extent co-expressed PD1 (figure 5A).

The cell surface expression profile of Tim3 on CDS8" T cells in the spleen was different
from the lungs (figure 5). Tim3 expression on total CD8" T cells was lower in the spleen,
similar to the expression profile we found on total splenic CD4" T cells. Still, we did observe
increased Tim3 expression on TB10.4-specific CD8" T cells, even though the number was
lower than in the infected lung tissue.

In summary, Mtb-specific CD8" T cells in the infected lungs contain the highest frequency
of Tim3" cells and a high percentage of PD1" cells. Near 70% of the antigen-specific CD8" T
cells in the lungs expressed Tim3 or PD1 during pulmonary TB, or during the early stage of
Mtb/EcoNDK co-infection.

11



Mtb-specific CD8*Tim3" T cells in the lungs are enriched for cytokine producing cells
during pulmonary TB and during the early stage of Mtb/EcoNDK co-infection

The pro-inflammatory cytokines TNF and IFN-y are required for control of mycobacterial
growth in humans and in animal models (24-29). Constant antigenic stimulation caused by
chronic infections, such as TB and HIV-1/AIDS, can result in T cell exhaustion, which is
characterized by a persistent, but dysfunctional, effector T cell population displaying loss of
functional potential, i.e. cytokine production and cytotoxic activity, and proliferative ability in
response to antigen stimulation. T cell exhaustion may therefore help explain the failure of the
immune system to eradicate chronic infections. We analyzed the cytokine profile in our
experimental model systems to determine if we would detect signs of antigen-specific T cell
exhaustion at a an early stage of Mtb/EcoNDK co-infection (five weeks after Mtb infection
and two weeks after ECONDK infection) compared to the T cell activity in animals infected
with Mtb alone (week five pi). Similar to the PD1 and Tim3 cell surface expression profiles,
we did not detect any significant differences in cytokine production by T cells isolated from
Mtb-infected mice or Mtb/EcoNDK co-infected mice (figure 6).

After polyclonal stimulation, around 20% of Tim3"CD4" T cells produced both TNF and
IFN-y, and approximately 10% of the Tim3'CD4" T cells produced one of the cytokines
(figure 6A-B). Among Tim3'CD4" T cells, the majority produced only TNF and 10% of the
cells were able to produce both TNF and IFN-y (figure 6A-B). Within the Tim3'CD8" T cell
subset, ~40% of the cells producing both TNF and IFN-y after polyclonal stimulation.
Approximately 30% of the Tim3'CD8" T cells produced IFN-y only and essentially no cells
were TNF single-producers (figure 6A, C).

Even though PMA and ionomycin stimulation will reveal the functional potential of the T
cell subsets, antigen-specific stimulation is more physiologically relevant (figure 6D-E). We
used the same TB10.4 peptide for restimulation of the CD8" T cells in vitro that was loaded
onto the MHC class I-multimers for detection of Mtb-specific CD8" T cells in infected organs
(figures 3-5). Antigen-specific stimulation of CD8" T cells isolated from the lungs of Mtb-
infected mice, or from Mtb/EcoNDK co-infected animals, revealed that the Tim3" subset was
enriched for cells producing pro-inflammatory cytokines (figure 6D-E). It is noteworthy that
~45% of the Tim3'CD8" T cells expressed both TNF and IFN-y, while only ~10% of the
Tim3 CDS8" cells expressed both cytokines. Irrespective of Tim3 expression, TB10.4-peptide
stimulated cells contained few single-producers compared to the CD8" T cells that were
polyclonally activated (compare figure 6C and figure 6E).

We determined the cytokine profile among TB10.4-reactive CDS" T cells in the lungs of
co-infected mice and found that at the early stage of Mtb/EcoNDK co-infection, the Tim3 cell
surface marker identifies CD8" T cells that are enriched for both TNF- and IFN-y-producing
cells.
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Increased viral load in peripheral tissues and secondary lymphoid organs of
Mtb/EcoNDK co-infected mice compared to EcoNDK-infected animals

Mtb infection leads to increased viral replication in Mtb/HIV-1 co-infected patients,
including in the lungs. Therefore, we determined if there was a difference in the amount of
provirus in peripheral tissues and secondary lymphoid organs during EcoNDK infection and
during Mtb/EcoNDK co-infection. We isolated genomic DNA from lungs and spleen of
BALB/c mice and performed QPCR amplification of an EcoNDK-specific region of the gag
gene using the GADPH gene as a reference (figure 7). Similar to what has been published by
other investigators, approximately 80% of the mice that were inoculated with the virus were
positive for the gag gene specific for the chimeric virus in the lungs and in the spleen (9).
Animals that were negative for the PCR product were excluded from the study.

EcoNDK established a productive infection both in the spleen and in the lungs, with levels
averaging 600-650 infected cells/10° total cells in the spleen and 150-250 infected cells/10°
total cells in the lungs. In mice infected with Mtb prior to EcoNDK inoculation, the overall
levels of proviral DNA was significantly higher in both organs. The amount of viral DNA in
the spleens of co-infected animals was 1.5 times higher than in EcoNDK-infected animals
while in the lungs, the difference was almost double.

The total number of cells increases dramatically in peripheral tissues and secondary
lymphoid organs during pulmonary TB due to proliferation and influx of recruited myeloid
and lymphoid cells. Recruitment of EcoNDK-infected cells, or increased viral replication in
already infected tissue-resident cells, may help explain the increased viral load we observed in
our Mtb/EcoNDK co-infection model.
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Discussion

Mtb/HIV-1 co-infection poses an immense public health problem and involves two deadly
pathogens for which there are no efficient vaccines available. For successful vaccine
development, we need to understand what constitutes protective host immunity so that we can
induce it in healthy individuals. Clearly, there are gaps in our knowledge of how the immune
system can control Mtb- and HIV-1 infections, and even more to elucidate when it comes to
controlling Mtb/HIV-1 co-infection.

A small animal model of Mtb/HIV-1 co-infection would be a useful tool to investigate
innate and adaptive immune responses in vivo. However, mice are not natural hosts for Mtb
or HIV-1 and there are several arguments against a successful rodent model of co-infection.
Even though cell surface expression of human CD4 molecules and an additional co-receptor
will enable HIV-1 to enter non-human cells, additional factors that are missing in murine cells
are needed for efficient production of infectious viral particles (/3-17). One example is the
cyclin T1 protein that supports HIV-1 Tat function and viral transcription. Murine cyclin T1
does not mediate Tat function, which reduces the ability of murine cells to produce the virus
(30-32). Additional post-transcriptional defects and a block in viral assembly have been
suggested to further reduce the yield of HIV-1 production in murine cells (/3, 33, 34). Despite
these limitations, a murine model of HIV-1 infection has been described. Potash et al reported
that the chimeric viruses EcoHIV and EcoNDK infect T cells and macrophages in naive WT
mice and that a single injection of the viruses causes systemic and persistent infection, for
example neuroinvasivness. Also, the virus is immunogenic and a humoral immune response is
mounted towards viral proteins, including the formation of Gag- and Tat-specific antibodies,
and it induces gene expression of the complement component C3, IL-1, MCP-1, and STAT-1
(9). The chimeric virus may be useful in translational research and has been used in HIV-1
vaccine challenge studies and for preclinical evaluation of anti-retroviral drugs (35, 36).
Therefore, we combined EcoNDK with the murine model of pulmonary TB to establish
Mtb/EcoNDK co-infection that enabled us to start addressing basic immunological questions
regarding the Mtb-specific T cell response in an in vivo setting (10).

In contrast to Mtb/HIV-1 co-infected patients, an advantage with the animal model is that
we exactly know when co-infection was established. This allowed us to investigate the PD-
1/Tim3 expression profile and the functional potential of TB10.4-specific CD8" T cell at an
early stage of co-infection (figures 5-6). During pulmonary TB, cross-linking of the Tim3
ligand galectin-9 (Gal9) in vivo, and on Mtb-infected macrophages in vitro, reduce Mtb
growth in a murine model (37). From these observations, Tim3 has been suggested to activate
Mtb-infected macrophages via interaction with Gal9 and at the same time inhibit T cell
function to prevent excessive Thl-mediated inflammation and prevent immunopathology in
the infected lungs (37). Similarly, PD1 inhibits T cell function, and Mtb-infected PDI-
deficient mice display exacerbated disease progression, including increased levels of pro-
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inflammatory cytokines in the infected lungs, inability to control bacterial growth and
premature death (38, 39). As markers of exhaustion, PD1 and Tim3 are expressed by
essentially non-overlapping T cell subsets in HIV-1-infected patients, suggesting that multiple
mechanisms are responsible for T cell exhaustion during HIV-1/AIDS (4-6). Regulation of
host immune responses during chronic infections via inhibitory receptor/ligand interactions
illustrates the delicate balance between pro-inflammatory effector functions that will reduce
microbial replication, and tolerogenic mechanisms needed to prevent tissue damage and loss
of function of the affected organs, such as the lung tissue.

Disease progression in low-dose Mtb aerosol-infected mice is in many important respects
similar to human disease. For example, lung pathology progresses gradually over time similar,
the bacteria disseminate from the lung tissue, but the pathology in other infected organs is not
as dramatic, and in both immuno-compromised humans and mice disease progress much
faster. Susceptibility to Mtb in inbred WT mice is characterized by excessive lung
inflammation. The murine model of pulmonary TB has been used by us to study the immune
response against Mtb and to increase our understanding of what constitutes protective
immunity in resistant mouse strains (C57BL/6 and BALB/c) compared to highly susceptible
mice (DBA/2) (10). We found that lymphoid and myeloid cells that may be important in
controlling the inflammatory response during pulmonary TB are markedly reduced, or even
missing, in the lungs of susceptible animals (10). Figure 6 shows IFN-y and TNF production
by Tim-3"- and Tim-3'CD8" T cells isolated from the lungs of Mtb-infected, or co-infected
mice. TB10.4-stimulated Tim-3"CD8" T cells were clearly enriched for cytokine-producing
cells during this early stage of Mtb/EcoNDK co-infection. In addition, co-infected mice
seemed to contain an elevated frequency of TB10.4-reactive CD8" T cells in the lungs
compared to mice infected with Mtb alone (figure 4), and Mtb-specific CD8" T cells were
enriched for Tim-3 expressing cells (figure 5). Taken together, the results implied increased
immune activation during the early stage of Mtb/EcoNDK co-infection in our murine model.
Therefore, we tested if EcONDK would accelerate disease progression in Mtb-susceptible
DBA/2 mice (figure 2). Even though co-infected DBA/2 mice did not display weight loss
within the study period, and were not less able to control bacterial replication, we did observe
a qualitative difference in the cytokine profile of TB10.4-reactive CD8" T cells. TB10.4-
reactive CD8" T cells in DBA/2 lungs contained a lower frequency of TNF TFN-y" cells than
TB10.4-reactive CDS" T cells isolated from the lungs of BALB/c mice. However, this
observation was not dependent on the presence of the chimeric virus and was also seen in
Mtb-infected animals (data not shown).

An important aspect of HIV-1 infection is T cell exhaustion. Further investigations during
later stages of co-infection are needed to determine if Mtb- or EcoNDK-specific T cells
acquire an exhausted phenotype in our murine model. Also, we report increased viral
replication in animals co-infected with Mtb (figure 7). How viral-specific host immune
responses are affected during Mtb/EcoNDK co-infection also needs to be determined.
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Figure legends

Figure 1. EcoNDK infects primary murine cells in vitro. Murine splenocytes were
stimulated with ConA and IL-2 for 4-5 days and then infected with the EcoNDK virus as
outlined below. The cells were harvested after 72 h and analyzed for specific cell surface
markers and intracellular p24 protein. (A) Stimulated cells were infected directly with
concentrated EcoNDK virus, or co-cultured with transfected 293T cells separated by a 0.45
um filter. (B) The stimulated spleen cells were co-cultured directly together with non-
transfected (upper left panel) or transfected 293T cells (upper right panel and lower panels).
The lower panels show p24 expression on gated CD45.2°CD19™ cells. (C) The left panel
shows p24 expression in transfected 293T cells and a representative isotype control staining is
displayed in the right panel. Representative plots of two independent experiments are shown.

The gates were set after relevant isotype control mAbs.

Figure 2. Change in body mass and bacterial load during pulmonary TB and during
Mtb/EcoNDK co-infection. BALB/c and DBA/2 mice were infected with a low dose of Mtb
via the respiratory route. Three weeks later, groups of mice were co-infected with EcoNDK IP
(dashed line). The weight of the mice was determined weekly over the course of the
experiment. The mean percent change of body weight (:SEM) is shown in (A). Groups of
mice were sacrificed two weeks after virus injection and the bacterial load was enumerated in
lung homogenates (B). The bacterial load in the lungs of individual mice is shown with mean
lung CFU values shown as a solid line in. Statistical significant differences between the

groups were calculated using non-paired #-test.

Figure 3. Mtb-specific CD8" T cells in Mtb-infected susceptible and resistant mice. (A)
CD8" T cells specific for an Mtb-derived TB10.4-peptide presented by H-2K* were identified
in uninfected and Mtb-infected lung tissue. H—ZKd/TB10.4—speciﬁc CD8" T cells were not
detected in naive BALB/c or DBA/2 mice (data not shown), or in Mtb-infected H-2°-
expressing C57BL/6 mice. (B) The absolute number of TB10.4-specific CD8" T cells was
reduced in the lungs of susceptible DBA/2 mice compared to resistant BALB/c mice 4 to 12
pi. The graphs display mean + SEM. Mtb-specific CD8" T cells were enumerated and

characterized in five separate experiments with 2-3 mice per group in each experiment.
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Figure 4. Increased levels of Mtb-specific CD8" T cells in the lungs and in the spleen of
Mtb/EcoNDK co-infected BALB/c mice. Using the same gating strategy as in figure 3, total
CD4" T cells, total CD8" T cells and TB10.4-specific CD8" T cells were identified in the
lungs and in the spleen two weeks post EcoONDK infection (week five post Mtb infection). (A)
The graphs display the absolute number of CD4'- and CD8" T cells in the lungs (left panel)
and in the spleen (right panel) of Mtb/EcoNDK co-infected and Mtb-infected animals. (B)
The graphs show the percentage and absolute number of TB10.4-specific CD8" T cells in the
lungs (left panel) and in the spleen (right panel) of Mtb/EcoNDK co-infected and Mtb-
infected animals. (C) The bar graph display the mean fluorescence intensity of the H-
2K%/TB10.4-multimer cell surface staining on CD8" T cells in the lungs and spleen of
Mtb/EcoNDK co-infected and Mtb-infected mice. The graphs display mean + SEM. A #-test
was used to determine statistical difference between Mtb-infected and Mtb/EcoNDK co-
infected animals (*, p < 0.05). Filled bars = EcONDK/Mtb co-infected animals; open bars =

Mtb-infected animals.

Figure 5. Different Tim3 and PD1 expression profiles on CD4" and CD8" T cell subsets
in infected BALB/c mice. To examine the Tim3 and PDI1 expression profiles on T cell
subsets, total lung- and spleen cells were prepared from Mtb-infected and Mtb/EcoNDK co-
infected BALB/c mice two weeks post EcONDK infection (week five post Mtb infection). (A)
The pseudo-color contour plots show representative Tim3 and PD1 cell surface stainings on
gated total CD4" T cells, total CD8" T cells and CD8" T cells divided into the H-2K%/TB10.4-
multimer-positive and H-2KY/TB10.4-multimer-negative subsets from a Mtb/EcoNDK co-
infected mouse. (B-C) The graphs illustrate the percentage and absolute number of gated T
cells that express Tim3, PD1 or both Tim3 and PD1 in the lungs (B) and in the spleen (C).
Graphs display mean = SEM. Mtb-infected mice are represented by open bars and
Mtb/EcoNDK co-infected mice by filled bars.

Figure 6. Cytokine production by antigen-specific Tim3™ and Tim3" CD8" T cells during
pulmonary TB and during the early stage of Mtb/EcoHIV co-infection. BALB/c mice
were infected with Mtb via the respiratory route. Three weeks pi, groups of mice were
injected with EcoNDK IP. Lung cells were analyzed after an addition two weeks. The
cytokine profile of Mtb-specific Tim3™ and Tim3" CD8" T cells in the lungs was analyzed
after TB10.4-peptide stimulation in vitro (D-E). For comparison, the cytokine profile of
polyclonally stimulated CD4" and CD8" T cells in the lungs was included in the analysis (A-
Q). (A) The pseudo-color plots show identification of Tim3" and Tim3" cells on pre-gated
CD4'- and CD8" T cells from a Mtb/EcoNDK co-infected mouse (left panels). The middle
panels display intracellular TNF and IFN-y production by Tim3" and Tim3" cells after PMA
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and ionomycin stimulation. Cytokine production by cells kept in media alone is shown in the
right panels. All gates were set after relevant isotype control mAbs (data not shown). (B-C)
The graphs show the percentage of cytokine producing CD4'- (B) and CD8" T cells (C) after
polyclonal stimulation. The T cell populations were further divided into Tim3" and Tim3"
cells as indicated. (D) The plot shows identification of Tim3™ and Tim3" cells on pre-gated
CD8" T cells from a Mtb/EcoNDK co-infected mouse (left panel). Intracellular TNF and IFN-
y production by Tim3" and Tim3™ cells are shown in the middle panels. The cells were
stimulated with a TB10.4-peptide or kept in media alone as indicated. The right panels show
isotype control stainings for the anti-TNF and anti-IFN-y mAbs. (E) The graphs display the
cytokine profile of Tim3'CD8" T cells (left panel) and Tim3'CD8" T cells (right panel) after
TB10.4-peptide stimulation. The graphs display mean + SEM. Filled bars = ECONDK/Mtb co-
infected mice; open bars = Mtb-infected mice.

Figure 7. Increased viral load in Mtb/EcoNDK co-infected mice. Three weeks post Mtb
aerosol infection, groups of BALB/c mice were injected once IP with EcoNDK. For
comparison, naive mice were infected with ecoNDK alone. DNA from the lungs and spleen
was isolated two weeks after virus infection and the number of EcoNDK gag gene copies in
relation to the GADPH gene was enumerated by QPCR as described in Materials and
Methods. The results presented in the graphs have been pooled from five separate co-infection
experiments and from two separate experiments where the mice were infected with EcoNDK
alone. Animals that were injected with the virus, but displayed the same, or lower EcoNDK
DNA levels than the negative controls, i.e. Mtb-infected mice, naive mice and blank samples,
were considered EcoNDK non-infected and excluded from the study. Statistical significance

was determined using a non-paired #-test (*, p < 0.05).
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Figure 4
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ABSTRACT

Individually, tuberculosis (TB) and acquired immunodeficiency syndrome (AIDS) pose major global health
problems and together, they form a deadly liaison. Preventive vaccines for any of the diseases are not yet
available. Therefore, better understanding of protective immunity to each pathogen that cause the diseases and
how co-infection influences host immune responses are urgently needed. The overall aim of this thesis was to
increase our understanding of immune regulation and protective immune responses during pulmonary TB and
during Mycobacterium tuberculosis (Mtb)/ human immunodeficiency virus-1 (HIV-1) co-infection in the mouse
model.

In study I, we explored CD103" dendritic cell (0tE-DC) and CD4 Foxp3* regulatory T (Treg) cell function
during pulmonary TB. We showed that in mice resistant to Mtb infection the number of aE-DCs increased
dramatically in response to Mtb infection. In contrast, highly susceptible mice failed to recruit oE-DCs even
during chronic infection. Instead of producing TNFa, aE-DCs preferentially produced TGFf. In contrast to
resistant mice, the Treg cell population was diminished in the lungs, but not in the draining pulmonary lymph
node (PLN) of highly susceptible DBA/2 mice during chronic infection. Further, we showed that Treg cells
produced IFNy in response to infection with a virulent clinical Mtb isolate. The reduced number of lung oE-DCs
and Treg cells in susceptible mice coincided with severe lung inflammation and increased bacterial burden. Our
results indicated that oE-DCs and Treg cells may play a role in regulating the host immune response during
pulmonary TB.

In study II, we further investigated the origin, tissue localization, infection rate and cytokine profile of oE-DCs
during pulmonary TB. We showed that alveolar epithelial cells support monocyte survival and differentiation in
vitro. We demonstrated that bone marrow-derived monocytes were precursors of aE-DCs in the lungs and PLN
during pulmonary TB. We confirmed the localization of aE-DCs beneath the bronchial epithelial cell layer and
near the vascular wall during steady state conditions, and showed that oE-DCs had a similar localizaton in the
lungs during pulmonary TB. In addition, aE-DCs were detected in the bronchoalveolar lavage during the
infection. In contrast to other DC subsets, we found that only a minor fraction of lung aE-DCs was infected with
the bacterium. We also showed that virulent Mtb did not significantly alter the cell surface expression level of
MHC II on infected cells in vivo and that aE-DCs contain the highest frequency of IL-12p40” cells among the
myeloid cell subsets in infected lungs. Our results support a model in which inflammatory monocytes are
recruited into the Mtb-infected lung tissue and, depending on which non-hematopoietic cells they interact with,
differentiate along different paths to give rise to multiple monocyte-derived cells, including DC with a distinctive
aE-DCs phenotype.

In study III, we determined the impact of chronic Mtb infection on the immunogenicity of a HIV vaccine
candidate. We found that, depending on the vaccination route, Mtb-infected mice displayed impairment in both
the magnitude and in the quality of both antibody- and T cell responses to the vaccine components p24Gag and
gpl60Env. Mtb-infected and HIV-vaccinated mice exhibited reduced p24Gag-specific serum IgG and IgA titers,
and suppressed gpl60Env-specific serum IgG titers compared to uninfected HIV-1-vaccinated controls.
Importantly, the virus neutralizing activity in serum of intramuscular HIV-vaccinated Mtb-infected mice was
significantly decreased relative to the uninfected controls. In addition mice concurrently infected with Mtb had
fewer p24Gag-specific IFNy-expressing T cells and multifunctional T cells in the spleen. These results
suggested that Mtb infection may interfere with the effectiveness of HIV vaccines in humans.

In study IV, we established a mouse model for Mtb/HIV-1 co-infection by utilizing the chimeric EcCoNDK virus.
During the time-course of the experiment, we did not detect signs of immunodeficiency. However, we
confirmed that the virus was present in Mtb/EcoNDK co-infected mice at least 14 days after a single injection of
the virus. In fact, the viral load was significantly higher in the lungs and in the spleen of Mtb/EcoNDK co-
infected mice compared to animals infected with the virus alone. We showed that EcoNDK influence the
adaptive T cell response directed towards the bacterium. We observed that the number of Mtb-specific CD8" T
cells was significantly increased in the spleen compared to Mtb-infected animals. Furthermore, we characterized
the cell surface expression profile of T cell immunoglobulin and mucin domain-3 (Tim-3) and Program Death 1
(PD-1) on T cell subsets during TB and during Mtb/EcoNDK co-infection. Even though we did not detect any
significant difference between Mtb-infected and co-infected mice, we did find that Tim-3 and PD-1 were utilized
differently by CD4" T cells and CD8" T cell subsets. Finally, we showed that TB10.4-specific CD8' Tim-3" T
cells were enriched for both TNFa- and IFNy-producing cells. Our murine co-infection model may be a useful
tool to elucidate why pulmonary TB is such a problem in patients with HIV-1/AIDS.

© Chaniya Leepiyasakulchai, 2013
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