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Abstract

Although CD4 T cells are required for host resistance to Mycobacterium tuberculosis, they may
also contribute to pathology. In this study, we examine the role of the inhibitory receptor PD-1 and
its ligand PD-L1 during M. tuberculosis infection. After aerosol exposure, PD-1 knockout (KO)
mice develop high numbers of M. tuberculosis-specific CD4 T cells but display markedly
increased susceptibility to infection. Importantly, we show that CD4 T cells themselves drive the
increased bacterial loads and pathology seen in infected PD-1 KO mice, and PD-1 deficiency in
CDA T cells is sufficient to trigger early mortality. PD-L1 KO mice also display enhanced albeit
less severe susceptibility, indicating that T cells are regulated by multiple PD ligands during M.
tuberculosis infection. M. tuberculosis-specific CD8 T cell responses were normal in PD-1 KO
mice, and CD8 T cells only had a minor contribution to the exacerbated disease in the M.
tuberculosis-infected PD-1 KO and PD-L1 KO mice. Thus, in the absence of the PD-1 pathway,
M. tuberculosis benefits from CD4 T cell responses, and host resistance requires inhibition by
PD-1 to prevent T cell-driven exacerbation of the infection.

Mycobacterium tuberculosis is one of the most important human pathogens and infects 9.3
million people each year leading to 1.3 million deaths (1). The success of M. tuberculosis as
a pathogen is due to its ability to establish a lifelong persistent infection in the lungs and
other tissues of immunocompetent hosts. It is clear that CD4 T cells are required to slow the
growth of the tuberculosis bacilli, as CD4 T cell lymphopenic HIV patients are highly
susceptible to M. tuberculosisand CD4 T cell-deficient mice rapidly succumb to
uncontrolled bacterial replication. Nonetheless, in all species examined, T cell responses
induced in naive hosts are unable to clear M. tuberculosis. Furthermore, vaccination against
M. tuberculosis generates anamnestic CD4 T cell responses that can enhance control of M.
tuberculosis after challenge, but no vaccination strategy tested to date leads to complete
elimination of the bacteria. In fact, mice cured of M. tuberculosis with antibiotics show only
modest protection upon reexposure (2), and even mice injected with large numbers of M.
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tuberculosis-specific differentiated Th1 cells prior to exposure are unable to clear the
subsequent infection (3). The inability of T cells to eliminate this infection likely indicates
that T cell responses are subject to potent immunoregulation during tuberculosis. Whereas
there is extensive data concerning immune evasion mechanisms used by M. tuberculosis to
persist within macrophages (4, 5), little is known about the role of endogenous host
immunomodulatory molecules that regulate CD4 and CD8 T cell responses during M.
tuberculosis infection. Understanding host factors that control T cell function during M.
tuberculosis infection may lead to strategies for boosting immune function during
chemotherapy or therapeutic vaccination and to a better fundamental understanding of the
pathogenesis of tuberculosis.

PD-1 (CD279/Pdcdl) is a cell surface inhibitory receptor expressed on activated T and B
cells upon Ag receptor engagement (6). Binding of PD-1 to either of its two ligands, PD-L1
(B7-H1/CD274) and PD-L2 (B7-DC/CD273) inhibits T cell proliferation and cytokine
secretion. Most work on the role of PD-1 in infectious disease has focused on chronic viral
infections where it has been shown to play a major role in regulating CD8 T cell function. In
vivo blockade of the PD-1 pathway during LCMV infection in mice (7) and SIV infection in
nonhuman primates (8) results in increased T cell proliferation and effector function and
enhances viral control. In humans infected with HIV (9-11), hepatitis C virus (12), and
hepatitis B virus (13), in vitro PD-1 blockade significantly enhances virus-specific T cell
responses. Indeed, PD-1 is now recognized as a major regulator of pathogen-specific T cell
responses.

Although negative T cell regulation through PD-1 can contribute to poor pathogen control,
this inhibition can also be essential for limiting immunopathology. PD-1 knockout (KO)
mice infected with adenovirus clear the infection more quickly but develop a more severe
hepatitis than do wild-type (WT) mice (14). Administration of anti—-PD-L1 blocking Ab
during HSV-1 infection of the cornea leads to exacerbated herpetic stromal keratitis (15).
Furthermore, PD-L1-deficient mice infected with a persistent strain of LCMV (clone-13)
rapidly succumb to T cell-mediated immunopathology (7, 16). Disrupting the PD-1 pathway
during infection, however, does not always result in enhanced disease. PD-L1 KO mice
infected with a less virulent strain of LCMV (Armstrong) do not show the rapid mortality
seen during LCMV clone-13 infection. Also, after intranasal inoculation with Histoplasma
capsulatum, PD-1 KO mice show less signs of disease and rapidly clear the infection,
whereas WT mice all eventually succumb to disseminated histoplasmosis (17). Therefore,
the trade-off between pathogen clearance and T cell-mediated immunopathology resulting
from blockade of the PD-1 pathway will likely depend on factors, such as the target tissue
and, perhaps more importantly, the infectious agent in question.

In this study, we examine the role of PD-1 during M. tuberculosis infection. We show that
PD-1 KO mice mount greatly increased M. tuberculosis-specific CD4 T cell responses and
have high levels of inflammatory cytokines in their lungs. However, rather than showing
enhanced bacterial control, PD-1 KO mice developed necrotic pulmonary lesions with high
numbers of bacilli and rapidly succumbed postinfection. Adoptive transfer studies
demonstrate that CD4 T cells promote tuberculosis when released from normal inhibition
through PD-1. Therefore, perturbation of a single inhibitory receptor leads to active
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tuberculosis driven by unrestrained T cell responses. These data demonstrate how a fine
balance between positive and negative CD4 T cell regulation is fundamentally important for
optimal control of M. tuberculosis infection and implicate PD-1 as a central regulator
inhibiting tuberculosis-promoting T cell responses.

Materials and Methods

Mice
C57BL/6 and TCRa KO mice were purchased from Taconic Farms (Germantown, NY).
CD45.1 congenic mice were purchased from The Jackson Laboratory (Bar Harbor, ME).
PD-1 KO and PD-L1 KO mice were generated by Dr. Arlene Sharpe (Harvard Medical
School, Boston, MA). P25 TCR transgenic (Tg) CD4 T cells, originally generated by
Takatsu and colleagues, were provided by Dr. Joel Ernst (New York University School of
Medicine, New York, NY) and were crossed to PD-L1 KO mice in our laboratory. All
animals were bred and housed at an Association for the Assesment and Accreditation of
Laboratory Animal Care-approved facility at the National Institute of Allergy and Infectious
Diseases/National Institutes of Health according to the National Research Council Guide for
the Care and Use of Laboratory Animals. Mice were used according to an animal study
proposal approved by the National Institute of Allergy and Infectious Diseases Animal Care
and Use Committee.

Histopathology

Lungs were fixed by infusing 4% formaldehyde. Sectioning, H&E staining, and Ziehl-
Neelsen staining for acid fast bacilli was performed by Histoserv (Germantown, MD).

Mycobacterial infections and measurement of bacterial loads

Mice were exposed to ~100 CFU of the H37Rv strain of M. tuberculosis in a nose-only
aerosol machine (CH Technologies). Bacterial loads were measured in tissue homogenates
by serial dilution on 7H11 agar plates supplemented with oleic acid-albumin-dextrose-
catalase (Difco).

Cytokine ELISA and NO quantification

Levels of cytokines in bronchoalveolar lavage (BAL) fluids were determined with IFN-v,
TNF-a, IL-12/23 p40, IL-1q, IL-1B, IL-6, IL-17A, IL-1Ra, and IL-10 R&D Duoset ELISA
kits (R&D Systems, Minneapolis, MN). BAL and serum NO was measured using the Total
NO/nitrite/nitrate kit from R&D Systems.

In vivo T cell depletions, cell purifications, and adoptive transfers

For T cell depletion experiments, mice were injected i.p. with 500 pg aCD4 (GK1.5) or
aCD8 (53.6.72) (BioXCell, West Lebanon, NH). For long-term CD4 depletion, mice were
treated with the depleting Ab every third day from day 0 to 30. CD4 and CD8 T cell
purifications from spleen and lymph nodes were performed with MACS magnetic beads and
columns from Miltenyi Biotec (Auburn, CA) according to the manufacturer’s instructions.
TCRa KO mice were reconstituted with 4 x 106 cells of each indicated population 1-10 d
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prior to M. tuberculosis infection. For P25 adoptive transfer experiments, WT and PD-L1
KO P25 CD4 T cells were MACS purified and stained with 1 uM CFSE at 1 x 10° cells/ml
for 10 min at room temperature. Then, 1 x 10° cells of each population were adoptively
transferred i.v. into CD45.1 congenic recipient mice infected with M. tuberculosis6 d
previously.

In vitro stimulation assays

For T cell stimulations, cells were incubated with ESAT-61_5g peptide (Rv3875) at 2 ug/mi,
Mtb32cg3_102 (Rv0125) and TB10.3/44_11 (Rv3019c and Rv0288) peptides at 0.2 pg/ml,
purified protein derivative (Statens Serum Institut, Copenhagen, Denmark) at 20 ug/ml, or
soluble anti-CD3 at 1 pg/ml for 5 h in the presence of brefeldin A or monensin. For CD107
degranulation assays, FITC-labeled CD107a and CD107b Abs were also included during the
5 h stimulation at a 1:100 dilution. Bone marrow-derived macrophages were generated as
previously described (18) and were stimulated overnight with irradiated H37Rv (Colorado
State University, Fort Collins, CO) and recombinant murine IFN-y (PeproTech, Rocky Hill,
NJ) at the indicated doses.

MHC tetramers, Abs, and flow cytometry

Weight loss

Anti-CD4 (RM4-4), CD8 (53-6.7), CD45.1 (A20), CD45.2 (104), CD90.1 (H1S51), IFN-vy
(XMGL1.2), TNF-a (MP6-XT22), CD107a (1D4B), CD107b (M3/84), CD44 (IM7), T-bet
(eBio4B10), Foxp3 (FIK-16s), CTLA-4 (UC10-4F10-11), lag3 (C97B7W), I-Ab
(M5/114.15.2), CD11c (HL3), PD-L1 (MIHS5), PD-L2 (TY25), and PD-1 (RPM1-30) were
purchased from eBioscience (San Diego, CA), Biolegend (San Diego, CA), and BD
Pharmingen (San Jose, CA). UV-fixable live/dead stain and streptavidin-Qdot605 were
purchased from Molecular Probes-Invitrogen (San Diego, CA). I-APESAT-61_,
KPTB10.3/44_11, and DPMtb32cq3_192 MHC tetramers were produced by the National
Institute of Allergy and Infectious Diseases Tetramer Core Facility (Emory University,
Atlanta, GA). For staining with I1-APESAT-6,_, tetramer, cells were incubated with
tetramer at 1:50 dilution in complete media containing 10% FCS and monensin at a 1:1000
dilution for 1 h at 37°C prior to staining with surface Abs. Cells were stained with MHC
class I tetramers at 1:400 dilution at 10°C for 30 min. All samples were acquired on an
LSRII flow cytometer (Becton Dickinson, Franklin Lakes, NJ) and analyzed with FlowJo
software (Tree Star, Ashland, OR).

calculation and statistical analysis

Weight loss was calculated as: percentage weight change = ([current weight/initial weight] x
100) - 100. The statistical significance between groups was analyzed by nonparametric
Student t test and survival curves by the Mantel-Cox test using GraphPad Prism software
version 5.0c. The p values are indicated in figures as follows: *p < 0.05; **p < 0.01; and
***p < 0.001.
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Results

PD-1 is required for control of aerosol M. tuberculosis infection

To evaluate the role of the inhibitory receptor PD-1 in regulating immunity to M.
tuberculosis, we infected WT and PD-1 KO mice via aerosol exposure. At about day 20
postinfection, PD-1 KO mice began to rapidly lose weight (Fig. 1A), and all of these mice
succumbed by day 35 postinfection, whereas all WT mice survived (Fig. 1B). Surprisingly,
the lungs of PD-1 KO mice displayed large necrotic lesions (Fig. 1C) and contained greatly
elevated bacterial loads compared with lungs of WT mice at 4 wk postinfection (Fig. 1D). In
contrast, the mediastinal lymph nodes of WT and PD-1 KO mice contained similar numbers
of bacteria (Fig. 1D). These data are in agreement with a recent report demonstrating that
PD-1-deficient mice are unusually susceptible to M. tuberculosis (19).

We next examined the expression of inflammatory cytokines and NO in the BAL fluid of
WT and PD-1 KO mice. On day 26 postinfection, we found that the normally host-
protective mediators IFN-y (20, 21), TNF-a (22, 23), IL-1q, IL-1B (18, 24, 25), and IL-6
(26) were all highly upregulated in the BAL fluid of PD-1 KO compared with that of WT
mice, whereas the levels of IL-12/23p40 (27, 28) and NO (29, 30) were similar in WT and
PD-1 KO animals (Fig. 1E). In addition, the levels of IL-17A (31) or IL-10 (32) (both of
which have been shown to lead to exacerbated disease or poor control during mycobacterial
infections) were also the same in WT and PD-1 KO mice (Fig. 1E). Thus, the susceptibility
of the PD-1 KO mice to M. tuberculosis infection is not associated with a defect in the
expression of a critical cytokine or NO or with the overproduction of IL-17A or IL-10. In
summary, these data indicated that deficiency of a single inhibitory receptor, PD-1, rather
than leading to enhanced bacterial control, results in acute mortality with extensive
pulmonary necrosis and high bacterial burden.

M. tuberculosis infects and persists within macrophages, and although PD-1 is principally
expressed on T cells, several reports in other model systems have indicated a role for PD-1
in regulating cytokine secretion by nonlymphoid cells (33). Therefore, we next asked if
PD-1 might regulate cytokine production by macrophages exposed to M. tuberculosis. To do
so, we stimulated WT and PD-1 KO bone marrow-derived macrophages with increasing
doses of irradiated H37Rv and doses of rIFN-y (a potent inducer of PD-1 ligand expression)
and measured cytokine production. We found no difference under any condition in the in
vitro production of NO, TNF-a, 1L-12/23p40, or IL-10 (Supplemental Fig. 1), indicating
that PD-1 KO macrophages respond normally to M. tuberculosis stimulation. This suggests
that the increased levels of innate inflammatory cytokines in the PD-1 KO mice may not be
due to direct regulation of macrophages by PD-1 but rather to the higher bacterial loads
occurring in these animals.

PD-1-deficient mice develop increased frequencies of M. tuberculosis-specific CD4 but
not CD8 T cells

Containment of M. tuberculosis infection requires CD4 T cells (34-36), so we next
compared CD4 T cell responses in the lungs of WT and PD-1 KO mice. On day 26
postinfection, WT and PD-1 KO mice had similar numbers of total CD4 T cells in their
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lungs (Fig. 2A). An immunodominant CD4 T cell response to M. tuberculosis in H-2P mice
is directed against the bacterial ESAT-6 protein, so we next used I-APESAT-61_50 MHC
class 11 tetramers to visualize directly and enumerate M. tuberculosis-specific CD4 T cells.
We found that ~13% of CD4 T cells in the infected PD-1 KO mice stained with this tetramer
versus only ~3% in the infected WT mice (Fig. 2B). This corresponded with ~5-fold
increase in the total number of Ag-specific CD4 T cells in the lungs of PD-1 KO compared
with that of WT mice on day 26 post-infection (Fig. 2C). Accordingly, ESAT-61_p¢-specific
CD4 T cells from WT mice expressed significant levels of surface PD-1 (Fig. 2D).

It has been shown that regulatory T cells can play a role in limiting the number of effector
CDA T cells in the lungs during the early phase of M. tuberculosis infection (37), so we next
examined the numbers of Foxp3* CD4 T cells. We found ~2- to 3-fold increase in the
number of Foxp3* CD4 T cells in PD-1 KO mice (Fig. 2E). This parallels the elevation in
effector CD4 T cells and indicates that the increased number of M. tuberculosis-specific
CD4 T cells in the PD-1 KO mice is not due to a deficiency in pulmonary Foxp3* cells.

The transcription factor T-bet (38) and the cytokine IFN-y (20) are required for control of M.
tuberculosis, so we next measured their expression in CD4 T cells. Notably, we found
decreased levels of T-bet expression in PD-1 KO relative to WT tetramer* CD4 T cells (Fig.
2F). Nonetheless, PD-1 KO mice displayed increased frequencies of CD4 T cells expressing
IFN-y without additional in vitro stimulation relative to those of WT mice (Fig. 2G, 2H),
which is consistent with the higher levels of IFN-y in the BAL fluid of PD-1 KO animals
(Fig. 1E). We also found increased frequencies of IFN-y—producing CD4 T cells in PD-1
KO mice compared with those in WT mice after in vitro restimulation with ESAT-61_5¢
peptide (Fig. 2G, 2H). In contrast, lower frequencies of the IFN-y—producing CD4 T cells
from PD-1 KO mice co-produced TNF-a compared with that in WT mice (Fig. 21). We also
observed greatly increased levels of two other inhibitory receptors, lag3 and CTLA-4, on
tetramer* CD4 T cells in PD-1 KO mice (Fig. 2J). These data indicate that the inability of
PD-1 KO mice to control M. tuberculosis is not due to a lack of Th1 responses. Furthermore,
the finding that the observed simultaneous increase of both lag3 and CTLA-4 cannot
compensate for the absence of PD-1 underscores the role for PD-1 as a key regulator of T
cell responses in M. tuberculosis infection.

We next compared the CD8 T cell responses of M. tuberculosis-infected WT and PD-1 KO
mice. We observed no differences in the total number of CD8 T cells in the lungs 26 d
postinfection (Fig. 3A). Two major CD8 T cell responses to M. tuberculosisin C57BL/6
mice are directed against the TB10.3/44_; peptide in the context of KP and the
Mth32cg3 102 peptide bound to DP. We therefore used the corresponding MHC class |
tetramers to measure M. tuberculosis-specific CD8 T cell responses. WT and PD-1 KO mice
displayed similar frequencies and numbers of KPTB10.3/44_11-specific CD8 T cells in the
lung, whereas DPMth32cg3_100-specific cells were ~2 fold reduced in the KO animals (Fig.
3B, 3C). Notably, only low levels of PD-1 expression were detected on the
immunodominant KPTB10.3/44_11-specific cells, and no PD-1 was found on the
subdominant DPMth32cg3_30o-specific cells (Fig. 3D). As was observed with the M.
tuberculosis-specific CD4 T cells, we observed decreased levels of T-bet in
KPTB10.3/44_11-specific CD8 T cells in PD-1 KO mice (Fig. 3E). To analyze CD8 T cell
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function, we measured IFN-y and TNF-a production by intracellular cytokine staining. We
observed increased levels of cytokine production with no exogenous peptide restimulation in
vitro, and stimulation with TB10.3/4,4_17 peptide revealed only a slight decrease in the
frequency of IFN-y—secreting cells in PD-1 KO mice (Fig. 3F, 3G). To measure the ability
of CD8 T cells to degranulate, we examined CD107a/b surface expression upon peptide
restimulation and compared it with intracellular IFN-y staining. We found that CD8 T cells
from WT and PD-1 KO mice displayed similar levels of degranulation (Fig. 3G). We next
measured the expression of lag3 and CTLA-4 on KPTB10.3/44_11-specific CD8 T cells from
WT and PD-1 KO mice. Ag-specific CD8 T cells displayed increased levels of both lag3
and CTLA-4 in PD-1 KO mice, albeit to a lesser extent than what was observed on CD4 T
cells (Fig. 3H). Together, these data indicated that with the exception of a compensatory
increase in other inhibitory receptors, M. tuberculosis-specific CD8 T cell expansion and
effector functions are normal or even slightly reduced in the PD-1 KO mice. This is in direct
contrast with the increased M. tuberculosis-specific CD4 T cell responses observed in the
same animals.

PD-1-PD-L1 interactions partially account for the requirement for PD-1 in control of M.
tuberculosis infection

Two B7 family ligands have been identified for PD-1, PD-L1/B7-H1 (39, 40) and PD-
L2/B7-DC (41, 42), and they differ greatly in their cellular distribution. On day 25
postinfection, PD-L1 was found to be widely expressed on all hematopoietic cells recovered
from the lung (Fig. 4A). In contrast, PD-L2 was expressed on ~5% of cells in the lung,
which were all MHC class Il-expressing cells and greater than 90% CD11c* (Fig. 4B).
Because PD-L1 is a much more abundant ligand for PD-1 compared with PD-L2 and
previous studies in chronic LCMV infection have implicated a role for PD-L1 in regulating
lethal immunopathology (7, 16), we assessed the outcome of M. tuberculosis infection in
PD-L1 KO mice. Approximately 50% of the PD-L1 KO mice succumbed before day 50
during the acute phase of infection, with 100% mortality by about day 200 postinfection
(Fig. 4C). This represented a median survival time of 118 d for the PD-L1 KO mice
compared with 225 d for the WT mice. On day 25 postinfection, PD-L1 KO mice contained
higher numbers of bacteria in their lungs (but not in spleen or mediastinal lymph node)
compared with those in WT mice (Fig. 4D). Notably, a subset of the PD-L1 KO mice
contained much higher bacterial loads and may correspond with the mice that succumb
during early infection. Thus, although PD-L1 serves as a ligand for PD-1 during M.
tuberculosis infection, PD-L1 deficiency can only partially account for the phenotype of
infected PD-1 KO mice indicating the involvement of PD-L2 or as an yet to be described
alternative ligand.

We next measured Ag-specific CD4 and CD8 T cell responses on day 25 of infection in WT
and PD-L1 KO mice using MHC class Il tetramers. Similar to the PD-1 KO mice, PD-L1
KO mice displayed greatly elevated I-APESAT-61_sq-specific CD4 T cell responses
compared with that of WT mice (Fig. 4E). In addition, the cell surface expression of PD-1
was increased on tetramert CD4 T cells in the PD-L1 KO mice compared with that in WT
mice (Fig. 4F) indicating that PD-1-PD-L1 interactions may lead to the downregulation of
PD-1. Although PD-L1 KO mice showed normal or slightly reduced Ag-specific CD8 T cell
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responses (Fig. 4G), a large increase in PD-1-expressing CD8 T lymphocytes was seen in
the absence of PD-L1 (Fig. 4H). Notably, this reflected the expansion of a population of
CD8 T cells that were not specific for either DPMtb32cg3 10, or KPTB10.3/44_1; (Fig. 41).
Because these cells were identified by their high expression of PD-1, this expansion could
not be quantified in the PD-1 KO mice. This may indicate a dramatic shift in the
immunodominance hierarchy of the CD8 T cell response and is consistent with the
extremely low expression of PD-1 on DPMth32cg3_102- and KPTB10.3/44_11-specific CD8 T
cells.

Although PD-L1 can inhibit responses by interacting with PD-1 on T cells, it has also been
shown that PD-L1 on T cells can interact with B7-1 and deliver an inhibitory signal itself
(43). To examine the inhibitory role of PD-L1 on T cells, we generated PD-L1 KO Ag85b-
specific TCR Tg CD4 T cells. Thyl.1* WT and Thy1.2* PD-L1 KO TCR Tg CD4 T cells
were CFSE labeled and co-transferred into CD45.1* congenic recipients that had been
infected with M. tuberculosis 6 d previously (Supplemental Fig. 2A). WT and PD-L1 KO
CDA T cells in the pulmonary lymph node and lungs displayed identical CFSE dilution on
day 20 postinfection (Supplemental Fig. 2B). Upon restimulation with cognate peptide, no
difference was seen in the percentage of cells staining for IFN-y when the WT and PD-L1
KO CD4 T cells were compared (Supplemental Fig. 2B). These data indicate that PD-L1 on
T cells is unlikely to play a major role in regulating T cell responses during M. tuberculosis
infection.

PD-1 deficiency in CD8 T cells plays a minor role in susceptibility to M. tuberculosis

infection

Although we did not observe a marked alteration in M. tuberculosis-specific CD8 T cell
responses in PD-1 KO mice, we nonetheless examined the possible contribution of CD8 T
cells to the susceptibility of PD-1 KO mice to M. tuberculosis infection. In the first
approach, we treated WT and PD-1 KO mice with CD8 T cell-depleting mAbs on day 17
and 25 of infection. As expected, CD8 depletion had no effect on the wasting or survival of
WT mice (Fig. 5A, 5B). However, the weight loss was slightly delayed in PD-1 KO mice
depleted of CD8 T cells, and their median survival was extended from 30.5 to 36 d (Fig. 5A,
5B). To examine further the role of CD8 T cells in the mortality of the PD-1 KO mice, we
used an adoptive transfer system where TCRa KO mice were reconstituted with different
combinations of T cells prior to M. tuberculosis exposure. Without CD4 T cells, mice
rapidly succumbed to M. tuberculosis infection, and reconstitution of TCRa KO with either
WT or PD-1 KO CD8 T cells alone failed to protect these CD4 T cell-deficient animals
(data not shown). For this reason, a second series of experiments was performed in which
TCRa KO mice were reconstituted with WT CD4 T cells in combination with either WT or
PD-1 KO CD8 T cells (Fig. 5C). The transferred PD-1 KO CD8 T cells significantly
accelerated the mortality of the reconstituted mice (median survival time of 250 d for
recipients of WT CD4 plus WT CD8 T cells and only 150 d for recipients of WT CD4 plus
PD-1 KO CD8 T cells) (Fig. 5D). As a final approach to addressing the role of CD8 T cells,
we generated PD-L1/CD8 double-KO mice and compared their survival with PD-L1 single-
KO mice after M. tuberculosis infection. We found that by day 60 postexposure, 50% of the
PD-L1 single-KO mice survived the acute phase of infection versus 83% of the PD-L1/CD8

J Immunol. Author manuscript; available in PMC 2014 June 16.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Barber et al. Page 9

double-KO mice (Fig. 5E). Collectively, the results of these three experimental approaches
indicated that the loss of PD-1 expression on CD8 T cells can make only a minor
contribution to the increased susceptibility of PD-1 KO mice to M. tuberculosis infection.

CDA4 T cell depletion rescues PD-1 KO mice from early mortality during tuberculosis

As shown in Fig. 2, PD-1 KO mice display greatly increased IAP ESAT-61_yo-specific CD4
T cell responses. Although CD4 T cells are critical for containment of M. tuberculosis, we
next tested the possibility that CD4 T cells are also capable of promoting tuberculosis in the
absence of PD-1 inhibition. To do so, WT and PD-1 KO mice were infected with M.
tuberculosis and administered CD4 T cell-depleting mAbs from day 0 to 30 postinfection.
CDA4 T cell ablation during the first month of infection had little impact on weight loss and
survival in WT animals but completely rescued PD-1 KO mice from the early weight loss
and prolonged survival (Fig. 6A, 6B). When lung pathology was examined on day 30 post-
infection, we found that control PD-1 KO mice displayed large, highly necrotic lesions (as
also shown in Fig. 1C), whereas the lungs of CD4 T cell-depleted mice were comparable
with those of WT mice (Fig. 6C). CD4 T cell depletion also decreased the levels of
cytokines (IFN-y, TNF-qa, IL-6, IL-12/23 p40, and IL-1Ra) in the BAL fluid of both WT and
PD-1 KO mice (Fig. 6D). Importantly, in two independent experiments CD4 T cell depletion
reduced the bacterial loads in the PD-1 KO mice to the levels found in depleted WT mice
(Fig. 6E). These data indicate that CD4 T cells drive severe lung pathology and promote M.
tuberculosis infection when released from negative regulation by PD-1.

PD-1 deficiency in CD4 T cells is sufficient to trigger increased susceptibility to M.
tuberculosis

To test if PD-1 deficiency in CD4 T cells was sufficient to enhance disease during M.
tuberculosis infection, we reconstituted T cell-deficient mice with WT or PD-1 KO CD4 T
cells and then infected them with M. tuberculosis (Fig. 6F). Unreconstituted TCRa KO mice
rapidly lost weight and all succumbed by day 60 post-infection, whereas mice reconstituted
with WT CD4 T cells all survived for >180 d (Fig. 6G, 6H). Strikingly, mice reconstituted
with PD-1 KO CD4 T cells underwent wasting, and all succumbed by ~90 d postinfection
(Fig. 6G, 6H), indicating that the loss of PD-1 on CD4 T cells is sufficient to lead to acute
susceptibility to M. tuberculosis infection. We next examined M. tuberculosis infection of
TCRa KO mice reconstituted with equal numbers of CD90.2* WT and CD90.1* PD-1 KO
CDA T cells. We found that these doubly reconstituted mice first began to lose weight
around day 60 postinfection and all succumbed by about day 150 (Fig. 6G, 6H). This finding
demonstrates that even in the presence of WT CD4 T cells, PD-1 KO CD4 T cells actively
promote disease during M. tuberculosis infection. Equal numbers of donor cells were
recovered in WT and PD-1 KO CD4 T cell recipients, and in mice that received a mixture of
both types of cells the numbers of PD-1 KO CD4 T cells were <2-fold increased compared
with the WT T cells (Supplemental Fig. 3A) indicating that PD-1 KO CD4 T cells did not
suppress the expansion of the WT CD4 T cells and did not dramatically overexpand. As
measured by intracellular cytokine staining for IFN-y and TNF-a, purified protein
derivative-specific responses of WT and PD-1 KO CD4 T cells were similar in each group
of recipient mice (Supplemental Fig. 3B, 3C). Therefore, the PD-1 KO CD4 T cells did not
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suppress cytokine production by the WT CD4 T cells. Collectively, these data indicate that
PD-1 promotes host resistance by suppressing disease-enhancing CD4 T cells.

Discussion

In this study, we have investigated the role of the cell surface inhibitory receptor PD-1 in
regulating T cell responses during aerosol M. tuberculosis infection. Although CD4 T cells
are required to slow the growth and spread of M. tuberculosis, we now show that PD-1—
mediated inhibition is also required to prevent CD4 T cells from promoting severe disease.
Loss of PD-1 on CD4 T cells is sufficient to lead to rapid wasting and mortality during the
clonal expansion phase of the T cell response to M. tuberculosis. In fact, PD-1 KO mice
succumb to M. tuberculosis infection more rapidly than T cell-deficient mice.

It has recently been shown that human T cell epitopes are highly conserved across globally
distinct isolates of M. tuberculosis (44), strongly suggesting that the bacteria benefits from T
cell responses. This may reflect a critical role of CD4 T cells in the transmission of M.
tuberculosis (45). One outcome of active tuberculosis in immunocompetent hosts is the
formation of cavities in the lung, and individuals with this form of tissue pathology are the
most infectious (46). In HIV patients, the number of CD4 T cells correlates with the
probability of cavitation, with severely immunocompromised patients often displaying
mediastinal adenopathy but rarely cavitary disease (47, 48), suggesting that T cells are
involved in cavity formation. Therefore M. tuberculosis may benefit from CD4 T cell-
induced tissue destruction that promotes escape of bacilli into the large airways and efficient
transmission to new hosts. Our data support the hypothesis that M. tuberculosis can benefit
from T cell responses and raise the additional possibility that enhanced CD4 T cell
responses resulting from lower expression of inhibitory receptors may actually promote
bacterial replication and tissue destruction in those patients who progress to active
tuberculosis.

Itis not clear what T cell effector functions are important for promoting M. tuberculosis in
the absence of PD-1 or if the increased bacterial loads are from quantitative and/or
qualitative changes in T cell function. Although we found decreased levels of T-bet in PD-1
and PD-L1 KO T cells, Th1l responses were not defective. Furthermore, we were unable to
detect appreciable 1L-4, IL-17A, IL-22, IL-9, or IL-10 from M. tuberculosis-specific PD-1
KO T cells by intracellular cytokine staining (data not shown) indicating that they had not
been skewed toward an alternate Th phenotype. Recently, it has been shown that during
influenza infection, Ag-specific Th1 cells drive the production of inflammatory cytokines
and chemokines by innate cells independently of IFN-y or TNF-a production (49).
Similarly, we found that depletion of CD4 T cells in WT mice dramatically reduced the
levels of innate inflammatory cytokines and in PD-1 KO mice prevented the exacerbated
production of the same cytokines. Although the precise mechanism is unclear, our data
suggest that PD-1 may regulate Thl-driven innate inflammation.

It is also not clear if the increase in bacterial loads induced by PD-1-deficient CD4 T cells is
the cause or effect of the necrotic pathology. PD-1 KO CD4 T cells may directly promote
bacterial growth within macrophage, but it is also possible that they induce tissue
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destruction, which allows for high levels of extracellular bacterial growth. Indeed, we see
high numbers of extracellular acid-fast organisms within the necrotic debris of granulomas
in the lungs of PD-1 KO animals (data not shown), and it has been shown that M.
tuberculosis replicates more efficiently in macrophages undergoing necrotic death (50).
Although the mortality of the PD-1 KO mice could be directly due to tissue damage
mediated by CD4 T cells, it is likely that the wasting and extensive inflammation induced by
the necrosis and high bacterial loads also are contributing factors. Indeed, the levels of
innate cytokines in the airways were tightly correlated with the bacterial loads in the lung
(data not shown), and in preliminary experiments antibiotic treatment prior to the onset of
weight loss rescues the PD-1 KO mice from early mortality.

Apart from the insights into the pathogenesis of M. tuberculosis infection, our data have
implications for PD-1 as a target of immunotherapeutic interventions. In numerous
preclinical studies, it has been shown that boosting immune function through PD-1 blockade
clearly holds tremendous potential for the treatment of malignancies and chronic viral
infections. In particular, there is much interest in the use of PD-1 blockade in conjunction
with other therapeutic approaches during HIV infection. It has been noted in previous
studies that PD-1 blockade has the potential for inducing immunopathology. The data
presented in this study now indicate that PD-1 blockade may have major deleterious
consequences during M. tuberculosis infection. This may be of particular relevance to
clinical trials involving PD-1 blockade in HIV infection where an estimated one-third of all
HIV patients are co-infected with M. tuberculosis. Indeed, an ironic implication of our data
are that in patients with tuberculosis, it may be more useful to agonize rather than
antagonize the PD-1 pathway as an approach to limiting T cell-mediated pathology.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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FIGURE 1.
PD-1 is required for control of M. tuberculosis infection. A and B, Weight loss (A) and

survival (B) after low-dose aerosol infection with H37Rv. n =15 WT and n = 11 PD-1 KO
animals. Traveling error bars in A indicate the SD. C, H&E staining of lung sections on day
26 postinfection. Original magnification x50. D, Bacterial loads in lung homogenates and
mediastinal lymph nodes on day 26 postinfection. E, Cytokines were measured by ELISA
and NO by nitrate reductase assay in the bronchoalveolar lavage fluid in naive WT and PD-1
KO mice and on day 26 of infection. NO is also shown in the serum. Data in D and E are
pooled from two to three independent experiments.
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FIGURE 2.
M. tuberculosis-specific CD4 T cells in lung express PD-1 and are increased in PD-1 KO

mice. A, Numbers of total CD4 T cells in the lungs on day 26 postinfection. Data are pooled
from two independent experiments. B and C, Representative plots of IAPESAT-61_59 MHC
class Il tetramer staining of CD4 T cells in the lung on day 26 postinfection (B) and numbers
of tetramer* CD4 T cells in the lung (C). Data in B and C are representative of three
independent experiments. D, PD-1 expression on IAPESAT-6;_, tetramer™ CD4 T cells
from WT and PD-1 KO mice. E, Number of Foxp3*™ CD4 T cells in the lungs on day 26.
Data are pooled from two independent experiments. F, Representative histograms of T-bet
expression on IAPESAT-6_, tetramer* CD4 T cells from WT and PD-1 KO mice on day
26 postinfection. G and H, Representative plots of IFN-y and TNF-a staining on lung CD4 T
cells after ESAT-61_p peptide restimulation (G) and summary data pooled from two
independent experiments (H). I, Percentage of IFN-y—producing CD4 T cells that co-
produced TNF-a. Data are pooled from two independent experiments. J, Lag3 and
intracellular CTLA-4 expression by IAPESAT-61_yq tetramer* lung CD4 T cells from WT
and PD-1 KO mice.
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FIGURE 3.
Immunodominant M. tuberculosis-specific CD8 T cells express low levels of PD-1 and are

not increased in PD-1 KO mice. A, Numbers of total CD8 T cells in the lungs on day 26
postinfection. Data are pooled from two independent experiments. B and C, Representative
plots of KPTB10.3/44_11 and DPMtb32cq3_192 MHC class | tetramer staining (B) and total
numbers of tetramer* CD8 T cells in the lungs of WT and PD-1 KO mice (C). Data in C are
pooled from two independent experiments. D, PD-1 expression on KPTB10.3/44_11 and
DPMth32cg3_10, tetramer* CD8 T cells in the lungs of WT and PD-1 KO mice. E, T-bet
expression in WT and PD-1 KO KPTB10.3/44_1; tetramer* CD8 T cells. F, Representative
plots and summary data for IFN-y and TNF-a production by lung CD8 T cells after
TB10.3/44_11 peptide restimulation. G, Costaining for surface CD107a/b expression (a
surrogate for degranulation) and intracellular IFN-y production by lung CD8 T cells after
TB10.3/44_11 peptide restimulation. Pooled data in F and G are from two independent
experiments. H, Lag3 and intracellular CTLA-4 expression by KPTB10.3/44_1, tetramer*
CD8 T cells in the lung on day 26 postinfection.
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PD-L1 KO mice are susceptible to M. tuberculosis infection and display elevated M.
tuberculosis-specific CD4 T cell responses. A, PD-L1 expression on total viable lung cells in
WT and PD-L1 KO mice on day 25 postinfection. B, PD-L2 expression by I-AP bright
CD11c" cells in the lung on day 28 postinfection. C, Survival of WT and PD-L1 KO mice
after M. tuberculosis infection. p < 0.001. n=9 WT and n=7 PD-L1 KO mice. Data are
representative of three independent experiments. D, Bacterial loads in lung, spleen, and
mediastinal lymph nodes in WT and PD-L1 KO mice on day 25 postinfection. Data are
pooled from two independent experiments. E, Representative plots and summary data of
IAPESAT-6,_59 MHC class 11 tetramer staining on lung CD4 T cells from WT and PD-L1
KO mice on day 25 postinfection. Data in summary graph are pooled from two independent
experiments. F, PD-1 expression on tetramert CD4 T cells in the lung on day 25
postinfection. Data are representative of three independent experiments. G,
DPMth32cg3_102-specific CD8 T cells in the lungs on day 25 postinfection. Data are
representative of two independent experiments. H, PD-1 expression on lung CD8 T cells in
WT and PD-L1 KO mice on day 25. Summary data are pooled from two independent
experiments. |, Representative plots of costaining lung CD8 T cells for K°TB10.3/44_11
tetramers and PD-1. Data are representative of three experiments.
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FIGURE 5.
CD8 T cells play a minor role in the increased susceptibility of PD-1 KO mice to M.

tuberculosis infection. A and B, Weight loss (A) and survival (B) of WT and PD-1 KO mice
treated with CD8 T cell-depleting Abs on days 20 and 25 postinfection with M. tuberculosis.
Data are representative of two independent experiments. C and D, TCRa KO mice were
reconstituted with WT CD4 T cells and either WT CD8 T cells or PD-1 KO CD8 T cells and
then infected with M. tuberculosis (C) and survival was monitored (D). p < 0.05. Data are
representative of two independent experiments. E, Survival of M. tuberculosis-infected WT
(n=10), CD8 KO (n=10), PD-L1 KO (n = 22), and PD-L1/CD8 double-KO (n = 18) mice.
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CDA T cells induce severe pathology and promote M. tuberculosis infection in the absence
of PD-1. A and B, Weight loss (A) and survival (B) of WT and PD-1 KO mice treated with
CD4-depleting Abs from day 0 to 30 postinfection with M. tuberculosis. Traveling error bars
in Arepresent the SD. (n =5 WT no treatment, n=5 WT plus aCD4, n=5 PD-1 KO no
treatment, and n =7 PD-1 KO plus aCD4.) C, H&E sections of lungs on day 30
postinfection. Original magnification x50. D, Cytokines were measured in the BAL fluid on
day 30 postinfection in untreated and CD4-depleted WT and PD-1 KO mice. Data are
representative of two independent experiments. E, Bacterial loads in the lungs on day 30 of
infection. F, TCRa KO mice were reconstituted with WT, PD-1 KO, or a mixture of WT
and PD-1 KO CD4 T cells and then infected with M. tuberculosis. G and H, Weight loss (G)
and survival (H) of mice shown in F. Data are representative of three independent
experiments.
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