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The host immune response is generally sufficient to contain Mycobacterium tuberculosis infection. It does not,
however, efficiently prevent subsequent infection with M. fuberculosis or provide sterilizing immunity. While the
understanding of the immune response generated against this pathogen is incomplete, improvements have
been achieved due to advances in immunological tools. In this study, we analyzed the multifunctional nature
of primary and memory CDS8 T-cell responses generated during murine M. fuberculosis infection. We generated
a recombinant M. tuberculosis strain expressing ovalbumin (OVA) epitopes in order to expand the peptides for
the detection of CD8 T cells during M. tuberculosis infection and enable us to use OVA-specific reagents. Our
results indicate that the majority of M. tuberculosis-specific CD8 T cells are limited to either cytotoxicity or the
secretion of gamma interferon (IFN-y), with cytotoxicity being far more prevalent than IFN-y secretion.
Memory CD8 T cells responded earlier and reached higher levels in the lungs than naive CD8 T cells, as was
expected. They were, however, less cytotoxic and secreted less IFN-y than newly primed CD8 T cells, suggesting
that one factor contributing to bacterial persistence and lack of sterilizing immunity may be the low quality of

memory cells that are generated.

Mycobacterium tuberculosis, the pathogen causing tubercu-
losis, is an escalating global health threat that is spread be-
tween people by aerosolized droplets. While a subset of people
develop primary disease and are infectious, most people con-
tain the infection through a successful immune response. Typ-
ing of M. tuberculosis strains has shown that people can be
infected simultaneously or sequentially with different strains of
M. tuberculosis (29, 37). Thus, immune responses that are suf-
ficient to contain an initial infection may be unable to prevent
the establishment of subsequent M. tuberculosis infections. In
addition, persons treated for tuberculosis with antimycobacte-
rial drugs can be reinfected and develop disease (36). This is
also true in animal models (8, 16, 32). This suggests that mem-
ory responses generated during previous mycobacterial infec-
tions are not generally capable of protecting against new in-
fections or disease.

It is currently unknown which, if any, immune functions can
protect against establishment of infection. In terms of T-cell
responses, gamma interferon (IFN-y) and tumor necrosis fac-
tor can activate infected macrophages to induce antimicrobial
activity, while cytolysis of infected cells can kill the bacterium
or release it to be taken up by healthy cells that are better able
to contain it (12, 21). Most studies of the role of CD8 T cells
during M. tuberculosis infection have focused on either IFN-y
secretion or cytotoxicity. A few studies have examined both
functions but not on a single-cell basis (6, 17, 19). These studies
indicated that CD8 T-cell-mediated IFN-y secretion and cyto-
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toxicity peak in the lungs at 4 weeks postinfection. IFN-y
secretion subsequently decreases, while the results differ as to
whether cytotoxicity decreases. This difference may be due to
variation between mouse strains and epitopes or the tech-
niques used to assess cytotoxicity.

In the current study, we demonstrate that most M. tubercu-
losis-specific CD8 T cells generated during primary infection
were limited to either secretion of IFN-y or cytotoxic function.
There was a higher fraction of CD8 T cells with cytotoxic
potential compared to those that produced IFN-y. The CDS8
T-cell memory response was similarly exclusive in function.
Despite increased degranulation, cells responding during sec-
ondary infection were less cytotoxic than cells responding dur-
ing primary infection. Induction of superior quality CD8 T
cells may provide a benefit during M. tuberculosis infection, but
a more detailed understanding of the complex T-cell response
to M. tuberculosis is necessary for the development of future
preventive and therapeutic strategies.

MATERIALS AND METHODS

M. tuberculosis strain ova cloning. The culture filtrate protein 10 (CFP10) gene
(Rv3874; 225 bp) and the 228-bp upstream sequence containing the CFP10
promoter were PCR amplified from M. tuberculosis genomic DNA and cloned
into the pJL37 cloning vector (5). An 87-bp ovalbumin (OVA) gene fragment
containing OT-I- and OT-II-recognized epitopes was PCR amplified from a
larger fragment and cloned into pJL37-CFP10. Restriction enzymes (Roche,
Indianapolis, IN) and T4 DNA ligase (Invitrogen, Carlsbad, CA) were used,
according to the manufacturers’ protocols. Plasmids were transformed into
DH5a cells (Invitrogen) by a 42°C heat shock for 30 s and purified with the High
Pure plasmid isolation kit (Roche), according to the manufacturer’s protocols.
The CFP10-OVA insert was cloned into the pMH94 integration vector (25) and
electroporated (23) into M. tuberculosis strain Erdman (originally obtained from
the Trudeau Institute, Saranac Lake, NY), using a Gene Pulser II (Bio-Rad,
Hercules, CA). pJL37 and pMH94 plasmids were kindly provided by Graham
Hatfull.

PCR. AccuPrime (Invitrogen), with primers from Integrated DNA Technolo-
gies (Coralville, IA), was used for PCR (95°C [20 s], 45°C [30 s], 68°C [1 min], 32
cycles, 68°C [7 min]), unless otherwise stated.
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(i) PCR amplification of CFP10. The primers used for PCR amplification of
CFP10 are as follows: CACCTCTAGAGCTCGCGCAGGAGCGTGAAGAAG
(sense, CFP10-Xbal 5) and TATACATATGGAAGCCCATTTGCGAGGAC
AGCG (antisense, CFP10-Ndel 3').

(ii) Primers for PCR amplification of a large OVA fragment. Overlapping
primers were designed with the UpGene DNA codon optimization algorithm (13).
The primers were annealed and amplified at 94°C (30 s), 52°C (30 s), and 72°C
(30 s) for 55 cycles. The primers used are as follows: AACCGGGATCCGGCTCG
GAGC (s1), TAATGAATTCTCAGTGATGGT (asl), AGCTGGAGAGCATCA
TCAACTTCGAGAAGCTGGGCTCGGAGT (s2), GGTGGTGGTGGCCGCA
GGTGGCGAAGTTGTACACGGCCTCG (as2), CGCTGAAGATCTCGCAG
GCCGTGCACGCCGCGCACGCCGAGA (s3), AGCCGCGGCCGGCCTCGTT
GATCTCGGCGTGCGCGGCGTGCA (as3), TCAACGAGGCCGGCCGCGGC
TCGAAGGCCGTGTACAACTTCG (s4), and CGGCCTGCGAGATCTTCA
GCGACTCCGAGCCCAGCTTCTCGA (as4).

(iii) Primers for PCR amplification of an 87-bp OVA gene fragment. The
primers and sequences used are as follows: CACCCATATGATCTCGCAGGC
CGTG (sense, OT-I-Ndel 5') and GGTGGAATTCGCGGCCGGCCTCGTT
(antisense, OT-II-EcoRI 3’).

(iv) PCR amplification for screening and sequencing of CFP10-OVA. The
primers used are as follows: CFP10-Xbal 5’ and OT-II-EcoRI 3’ primers (see
above). The High Pure PCR product purification kit (Roche) was used, and the
product was sequenced at the University of Pittsburgh Sequencing Core Facility
(Pittsburgh, PA).

Mice and bacterial infections. Six- to eight-week-old C57BL/6 and B6.SJL-
Ptprc® Pepc®/BoyJ (CD45.1) mice were purchased from Jackson Laboratories
(Bar Harbor, ME), while OT-I and OT-II T-cell receptor transgenic mice on a
C57BL/6 RAG1™/~ background (kindly provided by Louis D. Falo) were bred at
the University of Pittsburgh Biotechnology Center (Pittsburgh, PA). Mice were
kept under specific pathogen-free conditions in a biosafety level 3 facility. OT-I
and OT-II cells were purified from naive spleens using MACS cell separation
technology (Miltenyi, Auburn, CA), according to the manufacturer’s protocol. A
total of 5 X 10> OT-I and OT-II cells in phosphate-buffered saline (PBS; Sigma,
St. Louis, MO) were adoptively transferred to wild-type (WT) C57BL/6 or
CD45.1 mice. Twenty-four hours later, the mice were infected with either WT M.
tuberculosis or M. tuberculosis strain ova, using a nose-only exposure aerosolizer
(Intox, Moriarty, NM) (2). This delivered approximately 10 to 20 CFU per lung,
estimated by plating whole-lung homogenates at 24 h postinfection on 7H10
medium agar (Difco, Sparks, MD) and incubation at 37°C in 5% CO, for 3
weeks. A total of 4 to 12 mice were used per time point per experimental
procedure. Experiments were performed at least twice. Animal protocols were
approved by the University of Pittsburgh Institutional Animal Care and Use
Committee.

Antibiotic treatment. For secondary challenge experiments, infected mice
were treated for 3 months with 0.1 g/liter isoniazid (Sigma), 0.1 g/liter rifampin
(rifampicin) (Sigma), and 8 g/liter pyrazinamide (Acros, Geel, Belgium) in drink-
ing water. Plating of whole-lung homogenates confirmed that no bacteria could
be cultured from the lungs after antibiotic treatment.

PD-1 signal blocking treatment. Treatment was initiated during the chronic
phase of infection (8 weeks postinfection). Mice were injected intraperitoneally
twice a week with anti-PD-1 (200 pg, clone 29F.1A12) and anti-PD-L1 (200 pg,
clone 10F.9G2X) antibodies, or with PBS, for 4 weeks. The antibodies were
kindly provided by Gordon J. Freeman.

Harvesting of lungs and lymph nodes. Organs were crushed through a 40-um
cell strainer with a 5-ml syringe plunger to obtain single-cell suspensions. An
aliquot was used to determine the bacterial load by plating serial dilutions on
7H10 medium agar. For the remainder of the samples, red blood cells were lysed
with an NH,CI-Tris solution and washed in Dulbecco modified Eagle medium
(DMEM,; Sigma). Cells were resuspended in T-cell medium (DMEM supple-
mented with 10% fetal bovine serum [FBS; Sigma], 1 mM Na-pyruvate [Sigma],
2 mM L-glutamine [Invitrogen], 25 mM HEPES [BioWhittaker, Walkersville,
MD], and 50 pM 2-mercaptoethanol [Sigma]) and counted based on trypan blue
exclusion (Sigma).

ELISPOT assay. Bone marrow-derived dendritic cells (DCs) were used as
antigen-presenting cells in enzyme-linked immunospot (ELISPOT) assays.
Mouse bone marrow was cultured for 6 days in DMEM supplemented with 10%
FBS, 2 mM L-glutamine, 1,000 U/ml granulocyte-macrophage colony-stimulating
factor (kindly provided by Binfeng Lu), and 20 ng/ml interleukin-4 (PeproTech,
Rocky Hill, NJ). Cells were split, and media were added on day 3. DCs were
either left uninfected or infected with M. tuberculosis at a multiplicity of infection
of 3 for 24 h in media lacking interleukin-4.

ELISPOT plates (MultiScreenHTS 96-well; Millipore, Billerica, MA) were
coated with anti-mouse IFN-y antibody (10 pg/ml, clone R4-6A2) in PBS. A total
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of 5 X 10* cells were coincubated for 48 h with 4 X 10* DCs. Peptide (4 pg/ml;
GAP [GAPINSATAM] or OVA [SIINFEKL]) (GenScript, Piscataway, NJ) was
added to DCs to stimulate antigen-specific responses, while M. tuberculosis-
infected DCs were used to stimulate total M. tuberculosis-specific responses.
Uninfected DCs and media were used to determine background levels of IFN-y
secretion. Biotinylated anti-mouse IFN-y antibody (5 wg/ml, clone XMG1.2),
streptavidin-conjugated peroxidase (PK6100; Vector Laboratories, Burlingame,
CA), and AEC substrate (PK-4200; Vector Laboratories) were used to detect
IFN-vy. Spots were counted on an ImmunoSpot automatic ELISPOT reader
(Cellular Technology, Shaker Heights, OH).

Flow cytometry. Cells were incubated with GAP (GAPINSATAM) or OVA
(SIINFEKL) tetramer-phycoerythrin (Beckman Coulter, Fullerton, CA) for 30
min at 4°C in T-cell medium. The cells were then washed and incubated at 37°C
for 5 h in T-cell medium containing 3 .M monensin (Sigma), anti-CD107a and
anti-CD107b fluorescein isothiocyanate antibody, anti-CD28 antibody (clone
37.51, 1 pg/ml), and anti-CD3 antibody (clone 145-2C11, 0.1 pg/ml). Cells were
then washed, stained with anti-CD8 peridinin chlorophyll protein antibody in
20% mouse serum (Gemini, West Sacramento, CA) in fluorescence-activated
cell sorter (FACS) buffer (PBS with 0.1% bovine serum albumin [Sigma] and
0.1% NaNj; [Sigma]) for 15 min, washed, and fixed in 2% paraformaldehyde
(Sigma). Cells were permeabilized in FACS buffer containing 0.2% saponin
(Calbiochem, Gibbstown, NJ) and stained with anti-IFN-y—phycoerythrin-Cy7
and anti-granzyme B-allophycocyanin (Invitrogen). Samples were read on a
FACSAria (BD Biosciences, San Jose, CA) and analyzed with FlowJo (Tree Star,
Ashland, OR) software. Antibodies were obtained from BD Biosciences, unless
otherwise stated.

In vivo cytotoxicity assay. Uninfected splenocytes were labeled with 0.4 mM
carboxyfluorescein succinimidyl ester (CFSE'™ cells) or 5 mM CFSE (CFSEM™
cells) (Molecular Probes, Eugene, OR) for 15 min at 37°C. The reaction was
quenched with T-cell medium, and cells were washed in 20% FBS in PBS.
CFSE" cells were pulsed for 1 h with 20 pg/ml peptide in PBS (GAP or OVA
used for antigen-specific killing and amino acids 33 to 41 of the lymphocytic
choriomeningitis virus [LCMV] glycoprotein used as controls).

CFSEM and CFSE'" cells were mixed in a 1:1 ratio, and approximately 5 X 107
cells were injected into the tail veins of mice (four mice/group/time point). Mice
were sacrificed 18 h later, and cell homogenates were harvested from the
lungs and lymph nodes. Cells were washed in FACS buffer and fixed in 4%
paraformaldehyde. Samples were read with FACSCalibur (BD Biosciences) and
analyzed with FlowJo software. Peptide-specific lysis was measured by the loss of
CFSE'" cells compared to that of CFSEM cells (ratio averaged per group), as
follows: percent peptide-specific lysis = 100 — 100 X [(percent CFSE'*/percent
CFSE™) from GAP or OVA group/(percent CFSE"/percent CFSE™) from
LCMV group].

Statistical analysis. GraphPad Prism 4.01 (GraphPad Software, La Jolla, CA)
was used for graphing and statistical analysis. Unpaired, two-sided ¢ tests were
used for two-group analysis, while two-sided, nonparametric Spearman rank
correlation coefficient tests were used to determine correlation. P values of
<0.05 and 0.01 were considered significant and highly significant, respectively.

RESULTS

Generation of the M. tuberculosis ova strain for analysis of
the CD8 T-cell response. A scarcity of known M. tuberculosis-
specific CD8 T-cell immunodominant epitopes in C57BL/6
mice (28) led us to generate a recombinant M. tuberculosis
strain (ova) expressing OVA epitopes fused to CFP10. CFP10
is a small protein that forms a heterodimer with 6-kDa early
secreted antigenic target (ESAT-6), and together they are se-
creted by M. tuberculosis (27). CFP10 epitopes are not effi-
ciently presented by major histocompatibility complex class I
molecules in C57BL/6 mice and, thus, do not induce CD8
T-cell responses (19). However, CFP10 elicits robust CDS8 T-
cell responses in humans (26), nonhuman primates (7, 22), and
the C3H mouse strain (19), indicating that CFP10 has access to
the antigen presentation pathway. For this reason, CFP10 was
chosen as a carrier protein for the OVA epitopes. This con-
struct enables us to take advantage of the numerous OVA-
specific immunologic reagents available as well as to compare
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FIG. 1. Generation and screening of M. tuberculosis strain ova. (A) Map of pMH94CFP10ova integration vector, drawn with Vector NTI suite
8 (InforMax, Inc.). CFP10 and the upstream sequence were inserted into pMH94, followed by the OVA sequence. The plasmid lacks an origin of
replication in M. tuberculosis and is lost unless it is integrated in a site-specific manner into the genome by the integrase via the a#tP site.
Recombinant colonies were selected based on kanamycin resistance (KanR). (B) PCR screening for integration of pMH94CFP10ova into M.
tuberculosis. Lane 1 shows a 100-bp DNA ladder (Invitrogen). Lanes 2 (WT M. tuberculosis) and 4 (M. tuberculosis strain ova) show positive
controls, screening for endogenous copies of CFP10 (225 bp). Lanes 3 (WT M. tuberculosis) and 5 (M. tuberculosis strain ova) screen for
pMH94CFP10ova, with primers specific for the ends of the CFP10-OVA fusion gene (312 bp; indicated by the arrow). The figure has been edited
to remove irrelevant lanes. (C) ELISPOT assay measuring IFN-y secretion in response to M. tuberculosis (Mtb), endogenous T-cell epitopes (GAP
and ESAT-6), OVA CDS T-cell epitopes, and background levels (media). The data are the means = standard errors of means from testing results
for four mice. OVA-specific CD8 T-cell responses induced by M. tuberculosis strain ova (Mtb-ova) were statistically different (+x, P < 0.01) than
responses induced by WT M. tuberculosis, while other responses were not statistically different.

OVA-specific responses in the context of M. tuberculosis infec-
tion to those in other infections where recombinant OVA-
expressing strains have been used. Here, we used this construct
to compare responses to the following two different CD8 T-cell
epitopes: OVA and an endogenous M. tuberculosis CD8 T-cell
epitope (GAPINSATAM, designated GAP, from Rv0125
[15]).

OVA epitopes 257 to 264 (SIINFEKL) and 323 to 339 (IS
QAVHAAHAEINEAGR) are recognized by H-2"-restricted
OT-I transgenic CD8 T cells and I-AP-restricted OT-II trans-
genic CD4 T cells, respectively (14), as well as nontransgenic T
cells in C57BL/6 mice. M. tuberculosis strain ova was generated
by fusing OT-I- and OT-II-recognized sequences downstream
of the intact CFP10 gene and upstream regulatory sequences.
The CFP10-OVA fusion gene was inserted into pMH94, a
vector that integrates into the bacterial genome (25) (Fig. 1A
and B). Integration of the pMH94CFP10ova plasmid did not
alter the growth rate or survival of the bacterium in vitro or in
vivo compared to the parent M. tuberculosis Erdman strain
(data not shown). M. tuberculosis ova, but not WT M. tubercu-

losis, induced OVA-specific responses, as demonstrated by
IFN-y ELISPOT assay (P < 0.01) (Fig. 1C). OVA-specific
CD4 T-cell responses were always weaker than OVA-specific
CDS8 T-cell responses. Endogenous T-cell responses to GAP
(CD8) and ESAT-6 peptide amino acids 1 to 20 (CD4) were
not altered by the plasmid integration, nor were any differences
in the outcomes of mice inoculated with M. tuberculosis strain
ova and WT M. tuberculosis observed. In summary, we gener-
ated a recombinant M. fuberculosis strain expressing OVA
epitopes, expanding the repertoire of peptides for the detec-
tion of CD8 T cells during M. tuberculosis infection.
Expansion of CD8 T cells specific for GAP and OVA during
primary infection with M. tuberculosis strain ova. In C57BL/6
mice infected by aerosol with a low dose of M. tuberculosis,
primary T-cell responses can be detected 2 to 3 weeks postin-
fection. We used tetramers to quantify GAP- and OVA-spe-
cific populations of CD8 T cells. In infected mice, GAP- and
OVA-specific CD8 T cells comprised about 2 to 10% of the
primary CD8 T-cell response in the lungs and 1 to 13% in the
lymph nodes (see Fig. S1A and B in the supplemental mate-
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FIG. 2. M. tuberculosis strain ova induces similar GAP- and OVA-
specific responses. Based on the percent tetramer-positive (Tet™) CD8
T cells (see Fig. SIA and B in the supplemental material) and live cell
numbers (data not shown), the numbers of tetramer-positive cells in
the lungs (A) and lymph nodes (B) were calculated. The frequencies of
tetramer-specific cells during primary (1') and secondary (2') infec-
tions were significantly different at 0, 2, 3, and 4 weeks postinfection for
OVA-specific cells (0*) and at 0, 2, and 4 weeks postinfection for
GAP-specific cells (g*). The frequencies of OVA- and GAP-specific
cells were significantly different at 8 weeks (lungs) and 28 weeks
(lymph nodes) after primary infection (go1*) and 4 weeks (lungs) after
secondary infection (go2*). (C) Bacterial load in the lungs. Primary
and secondary infections were statistically different at 3 and 4 weeks
postinfection (P < 0.01). Data are the means * standard errors of the
means from test results for 4 (A and B) to 12 (C) mice per time point.

rial). This response was sustained for at least 7 months postin-
fection. GAP- and OVA-specific CD8 T-cell responses were
similar, peaking first at 3 weeks postinfection and then con-
tracting as bacterial expansion was controlled (Fig. 2A to C)
(24). GAP- and OVA-specific CD8 T cells expanded again late
in infection in the lung, which was associated with an increase
in the bacterial load (P < 0.05, week 16 versus week 28 postin-
fection) (Fig. 2C). CD8 T-cell expansion late in infection was
observed previously (24).

In summary, GAP and OVA induced similar primary CD8
T-cell expansions, which were detected in both acute and
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chronic phases of infection in the lung and, to a lesser extent,
in the mediastinal lymph nodes.

GAP- and OVA-specific CD8 T-cell function during primary
infection. To characterize the effector functions of individual
M. tuberculosis-specific CD8 T cells over the course of infec-
tion, we examined CD8 T-cell-mediated cytotoxicity and cyto-
kine production on a single-cell basis using flow cytometry. For
this, we used intracellular cytokine staining for IFN-y and
surface staining for CD107 (see Fig. S2A in the supplemental
material). CD107a and CD107b are lysosomal proteins that
are transiently exposed to the surface upon degranulation,
which is indicative of cytotoxicity (4). Incubation of the cells
with anti-CD107 antibody during stimulation provides an assay
to assess which cells were degranulated during the incubation
period.

Two weeks postinfection, GAP- and OVA-specific CD8 T
cells started expanding in the lymph nodes (Fig. 2B); by 3
weeks postinfection, primed GAP- and OVA-specific CD8 T
cells had expanded and migrated to the lungs (Fig. 2A). By 3
weeks postinfection, 25% of GAP- and OVA-specific CD8 T
cells in the lungs had acquired the ability to be cytotoxic (i.e.,
CD1077"), while little degranulation was detected in the lymph
nodes (see Fig. S3A and B and S4A and B in the supplemental
material). Approximately 15% of GAP- and OVA-specific
CDS8 T cells in both the lungs and lymph nodes acquired the
ability to secrete IFN-y. Less than 5% of the cells were able to
both degranulate and secrete IFN-vy, indicating that distinct
populations of cells carry out these functions.

By 4 weeks postinfection, there was an increase in the fre-
quency and number of cytotoxic cells in the lungs, while there
were fewer IFN-y-secreting cells (Fig. 3A and B). However,
IFN-y production peaked at 4 weeks postinfection, as mea-
sured by ELISPOT assay using M. tuberculosis-infected DCs
(see Fig. S5 in the supplemental material) or peptide-pulsed
DCs as stimulators (Fig. 4A). The difference in the results is
likely due to the following differences in the methods: ELISPOT
assay includes stimulation by antigen-pulsed or infected DCs
for 2 days, while intracellular cytokine staining occurs during a
short (5-h) stimulation with tetramer and anti-CD3/CD28 an-
tibody. The longer stimulation may induce production of
IFN-y from cells that are not immediately ready to produce it.
There may also be differences in the sensitivity of the assays
(20).

In vivo cytotoxicity assays (Fig. 4B) showed a peak in cyto-
toxic activity against GAP- and OVA peptide-loaded cells in
the lungs at 4 weeks postinfection. Cytotoxicity decreased after
the 4-week peak but then slowly increased during the chronic
phase of infection. Comparison of the pattern of GAP-specific
cytotoxicity and the frequency of CD107" GAP-specific cells in
lungs over the course of infection (Fig. 4C) supports the idea
that CD107 surface expression is a good indicator of cytotox-
icity during primary M. tuberculosis infection.

By 7 months postinfection, expansion of CD107" and
IFN-y" CD107" T cells was observed (Fig. 3A and B; see also
Fig. S3A and B and S4A and B in the supplemental material).
These data indicate a dynamic response to M. tuberculosis over
the acute and chronic phases of infection, with changes in the
effector functions of CD8 T cells. However, the assays are not
able to discriminate whether cellular function changes over
time or whether new cells appear with different functions.
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FIG. 3. IFN-vy secretion and degranulation are carried out by distinct populations of cells. Based on GAP- and OVA-specific CD8 T-cell
numbers shown in Fig. 2A and percent IFN-y* (IFNg*) and CD107" cells (see Fig. S3A and B in the supplemental material), numbers of cells
per organ were calculated for primary (A and B) and secondary (C and D) infections. (A and C) GAP; (B and D) OVA. The data are the means *
standard errors of the means from test results for four mice per time point. There was a significant difference in the frequency (P < 0.05) and
number (P < 0.05) of IFN-y* CD107" cells between primary and secondary infections for GAP-specific cells at 2 weeks postinfection and

OVA-specific CD8 T cells at 2 and 4 weeks postinfection.

In summary, cells primed in the lymph nodes primarily se-
creted IFN-y but lost the ability to secrete IFN-y after the first
month of infection and later acquired cytotoxic function. Ef-
fector cells migrating to the lungs retained the phenotype ex-
pressed in the lymph nodes or acquired cytotoxic function.
Again, IFN-vy was mostly lost after the first month of infection.
Cytotoxicity and secretion of IFN-y were carried out by distinct
cell populations.

Blocking PD-1 signaling during primary infection. PD-1 is a
negative costimulatory molecule, whose expression is upregu-
lated following T-cell activation (3). A high expression level of
PD-1 has been implicated in CD8 T-cell exhaustion in several
chronic infections in humans, e.g., human immunodeficiency
virus (11, 31) and hepatitis C virus (34), as well as in animal
models, e.g., LCMV (3). Using congenic strain differences, we
examined temporal expression of PD-1 by adoptively transfer-
ring CD45.2 OT-1 T cells into CD45.1 background mice. The
frequency of M. tuberculosis-specific cells expressing PD-1 in-
creased in both the lungs and lymph nodes following infection
and continued to increase as infection progressed (Fig. 5A).
Mean fluorescence intensity (MFI), however, was highest im-
mediately upon priming, after which PD-1 levels remained low
(Fig. 5B; see also Fig. S2G and H in the supplemental mate-
rial).

The administration of PD-1-blocking antibody during
chronic infections (3, 11, 31, 34) has been shown to improve
CD8 T-cell function and lower viral loads. Thus, we examined
whether intraperitoneal administration of blocking antibodies

against PD-1 and PD-L1 would significantly alter CD8 T-cell
function, specifically the ability of CD8 T cells to make IFN-y
and be cytotoxic. Treatment was initiated 8 weeks postinfec-
tion, which we define as the beginning of chronic phase, and
was continued over a 4-week period. This treatment did not
produce cells capable of both being cytotoxic and secreting
IFN-y (Fig. 5C; see also Fig. S2D in the supplemental mate-
rial), indicating that PD-1 is not involved in maintaining the
functional distinction of cytotoxic cells and cells that secrete
IFN-y. Treatment did not significantly alter the frequency of
CD107" and IFN-y™" cells or the bacterial load (Fig. 5D).

In summary, while the frequency of PD-1-expressing cells
increased with time, expression levels on a per-cell basis de-
creased, indicating that newly primed cells expressed PD-1 and
that its expression then decreased. Blocking PD-1 signaling
had no appreciable effect on CD8 T-cell function, as measured
here. It is possible that blocking PD1 signaling at a different
time point, either earlier or later in infection, may affect CD§
T-cell function.

Expansion of CD8 T cells specific for GAP and OVA
epitopes during rechallenge with M. tuberculosis strain ova. As
a model for studying memory responses, mice were infected
with M. tuberculosis for 2 months and then treated with anti-
biotics in drinking water for 3 months, after which no bacteria
could be cultured from whole-lung homogenates. Mice were
then reinfected and sacrificed at weekly time points. Recalled
memory T cells can be examined for the first 2 weeks postin-
fection. After that time, the response is likely to consist of both
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FIG. 4. Functional assays for GAP- and OVA-specific cytotoxicity
and IFN-y secretion. (A) ELISPOT assay, where lung cells were in-
cubated with DCs pulsed with GAP or OVA peptide (SIINFEKL) for
48 h. There was no background level of IFN-y (IFNg) secretion,
measured by incubating cells with either T-cell media or unpulsed,
uninfected DCs (data not shown). Data are means * standard errors
of the means from test results for four mice per time point. There was
no statistical significance between primary (1') and secondary (2')
infections, except for OVA-specific cells at 8 weeks postinfection (P <
0.05). (B) In vivo cytotoxicity assay in the lung. Data are the averages
from test results using four mice per group. (C) GAP-specific cytotox-
icity versus the frequency of CD107* GAP-specific CD8 T cells in the
lung. There was a significant correlation (P < 0.05) between cytotox-
icity and CD107 surface expression during primary infection, as mea-
sured by the Spearman nonparametric test, while there was not a
significant correlation during secondary infection.

memory and primary T cells, since bacteria are not cleared,
allowing for priming of new T cells.

GAP- and OVA-specific memory CDS8 T-cell expansion was
significantly larger than primary CD8 T-cell expansion in re-
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sponse to these epitopes in terms of the number of cells (P <
0.01) (Fig. 2A and B), and they represented a greater propor-
tion of the total CD8 T-cell response (P < 0.01 for OVA; P <
0.05 for GAP) (see Fig. S1 in the supplemental material). This
indicates that GAP and OVA CDS8 T-cell epitopes are pre-
sented during both primary and secondary infections. Memory
T-cell expansion against M. tuberculosis was associated with an
earlier control of bacterial numbers in the lung (P < 0.01) (Fig.
2C). This protection was transient, as previously published
(18), indicating that memory CD8 T cells induced by infection
in this model do not confer significant long-term protection
against subsequent M. tuberculosis infection. M. tuberculosis-
specific CD8 T cells did not contract despite control of bacte-
rial infection, reaching higher numbers in the lung than during
primary infection (Fig. 2A). Masopust et al. showed, using
heterologous infections, that cells contracted more slowly with
each subsequent infection (30). Based on this, chronic antigen
exposure during M. tuberculosis infection may cause the slow
contraction of cells.

In summary, both GAP and OVA memory CD8 T cells are
present in the lungs at higher levels during M. tuberculosis
reinfection, indicating a more rapid and robust response to
secondary challenge.

Function of CD8 T cells specific for GAP and OVA during
rechallenge with M. tuberculosis strain ova. Before reinfection
of mice, residual M. tuberculosis-specific CD8 T cells in the
lungs had a cytotoxic phenotype (CD107") (Fig. 3C and D; see
also Fig. S3C and D and S4C and D in the supplemental
material). There was a continued expansion of CD107™" cells in
the lungs following reinfection. IFN-y-secreting cells appeared
by 2 weeks postinfection, as measured by ELISPOT assay (Fig.
4A). As in primary infection, almost no cells were observed
that both secreted IFN-y and degranulated (Fig. 3C and D; see
also Fig. S3C and D and S4C and D in the supplemental
material). By 3 weeks postinfection, CD8 T cells expressing
IFN-y were observed by flow cytometry. These cells are pre-
sumably newly primed, since they correspond to the peak of
these cells in primary infection. After 3 weeks postinfection,
cytotoxicity, as measured by the in vivo cytotoxicity assay, de-
creased (Fig. 4B), despite continued expansion of CD107*
cells (Fig. 3C and D). The lack of correlation between GAP-
specific cytotoxicity and the frequency of CD107" GAP-spe-
cific cells in the lungs (Fig. 4C), unlike what was observed
during primary infection, suggests that although memory CDS8
T cells are capable of degranulation, they are less efficient at
killing targets during secondary infection.

To summarize, cytotoxicity is the main function of M. tuber-
culosis-specific memory CD8 T cells in the lungs and appears
to be the main function of primary CD8 T-cell responses. By 4
weeks postinfection, however, the memory CD8 T-cell re-
sponse was altered compared to primary responses, in that
cytotoxicity had decreased.

Cytotoxic effector molecules. To address a potential cause of
decreased cytotoxicity during secondary infection, we exam-
ined expression of perforin and granzyme B (see Fig. S2I in the
supplemental material). They are the primary cytotoxic effec-
tor molecules, stored in lytic vesicles, during M. tuberculosis
infection (39). While granzyme B protein levels were low in
both primary and memory GAP-specific CD8 T cells in un-
stimulated samples (Fig. 6A), incubation with anti-CD3 and
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FIG. 5. Blocking PD-1 signal in vivo does not give IFN-y* CD107* cells. A total of 5 X 10*> OT-I cells (CD45.2) were adoptively transferred
to CD45.1 mice, which were subsequently infected with M. tuberculosis strain ova. Using anti-CD45.2 antibodies, responses of these cells were
examined over the course of infection. (A) Percent CD45.2" OT-I" cells expressing PD-1; (B) geometric MFI of PD-1 staining in panel A. (C and
D) Mice treated with anti-PD-1 and anti-PD-L1 antibodies, or with PBS, for 4 weeks. Ab, antibody; a-, anti-. (C) GAP* CD8 T cells expressing
IFN-y (IFNg) and surface CD107. (D) Bacterial load in the lung and lymph nodes. Data are the means * standard errors of the means from test

results for three or four mice per experimental group.

anti-CD28 antibodies could increase expression in both pri-
mary and memory cells (P < 0.05 at weeks 2 and 6 postinfec-
tion) (Fig. 6B). Perforin levels, on the other hand, were high in
both primary and secondary unstimulated GAP-specific CDS8 T
cells (Fig. 6A).

Both primary and memory GAP-specific CD8 T cells had
high levels of perforin, while granzyme B could be induced in
both. Thus, a lack of effector molecules in recalled CD8 T cells
is unlikely to account for the reduction in actual cytotoxicity
during the later memory response.

Degranulation and IFN-y secretion are highest in IFN-y*
CD107* cells. Although IFN-y* CD107" cells were a very
small population during primary infection, these cells pro-
duced the most IFN-v, as determined by flow cytometry using
geometric MFI (IFN-y* CD107* versus IFN-y* CD107 "~ cells
at 4 weeks postinfection; P < 0.05) (Fig. 7A). The quantity of
IFN-y secreted on a per-cell basis decreased during secondary
infection (IFN-y" CD107" cells at 4 weeks postinfection; pri-
mary versus secondary responses; P < 0.05) (Fig. 7A; see also
Fig. S2B and C in the supplemental material), while the fre-
quency of secreting cells was slightly increased (4 weeks postin-
fection; primary versus secondary responses; P < 0.05) (Fig.
3A and B).

During primary infection, CD107 MFI remained constant,
and there was little difference between CD107" and IFN-y™
CD107" cells until late in the infection, when there was in-
creased degranulation, especially by IFN-y™ CD107" cells
(Fig. 7B). Both numbers (4 weeks postinfection; primary ver-
sus secondary responses; P < 0.01) (Fig. 3A and B) and the
MFI (P < 0.01) (Fig. 7B; see also Fig. S2E and F in the
supplemental material) of degranulating cells were higher dur-
ing secondary infection, while actual cytotoxicity, as measured
in an in vivo assay, was decreased compared to that during
primary infection (Fig. 4B and C).

In summary, IFN-y* CD107* cells may be the best effector
cells, although they were very small populations and their con-
tribution to the control of M. tuberculosis was small, while less
efficient cells constituted the bulk of the response.

DISCUSSION

In this study, we characterized the multifunctional nature of
M. tuberculosis-specific CD8 T-cell responses in the murine
model. Using a recombinant strain expressing OVA epitopes
(M. tuberculosis strain ova), OVA-specific CD8 T-cell re-
sponses were shown to be comparable to CD8 T-cell responses
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FIG. 6. CDS8 T cells express perforin, while granzyme B expression
can be induced. (A) Cells were stained, without incubation, for per-
forin (fluorescein isothiocyanate, clone dG9) and granzyme B (GrB),
using fixative and a protocol from Apo-Active 3 (Cell Technology,
Mountain View, CA). 1, primary infection; 2, secondary infection.
(B) Cells were stained for granzyme B after a 5-h incubation, as
described in Materials and Methods. Data are the means *+ standard
errors of the means from test results for three or four mice per
experimental group.

to an endogenous M. tuberculosis epitope (GAP) over the
course of both primary and secondary infections in C57BL/6
mice. M. tuberculosis strain ova persistence in the host is com-
parable to that of the WT strain, despite the addition of a CDS§
T-cell epitope to CFP10. The GAP- and OVA-specific CDS§
T-cell responses are comparable to, albeit smaller than, those
seen against M. tuberculosis-specific CD8 T-cell epitopes, such

A)
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as TB10.3/4 (6, 17). There has been a lack of good reagents to
study CD8 T-cell responses in C57BL/6 mice, even though it is
the most commonly used mouse strain in tuberculosis research.
Advances in the use of tetramers and new assays for function
of CD8 T cells, as well as the use of the recombinant M.
tuberculosis strain ova and OVA-specific reagents, will allow
for more in-depth studies of CD8 T-cell responses in tubercu-
losis.

IFN-v secretion and cytotoxic function have been traditional
measurements of CD8 T-cell responses. Study of CDS8 T-cell
responses to M. tuberculosis infection has been complicated by
the fact that CD8 T cells are a minor contributor of IFN-y
compared to CD4 T cells (9; our unpublished results), and
until recently, in vitro expansion of M. tuberculosis-specific
CDS8 T cells was required to measure cytotoxic function (24).
In other systems, it has been reported that induction of IFN-y
secretion requires more antigen than cytotoxicity (35). While
M. tuberculosis expansion is contained by 4 weeks postinfec-
tion, we previously showed that antigen accumulates in the
lungs as the infection progresses (24). This indicates that the
lack of antigen exposure is likely not the cause of the low
number of IFN-y-secreting CD8 T cells. This is supported by
the finding that coincubation in an ELISPOT assay with anti-
gen-pulsed DCs was not sufficient to induce IFN-y secretion
from CDS8 T cells after the peak of infection at 4 weeks (Fig.
4A). It is possible that IFN-y-secreting cells contracted, leaving
cells primed for other functions, that cells with different func-
tions entered the lungs, or that IFN-y secretion was blocked.
This block may be relieved as bacterial infection is cleared by
antibiotics, as memory cells could respond by making IFN-v,
although the per-cell amount was reduced compared to that
produced during primary infection (Fig. 7A).

Studies examining CD8 T-cell-mediated cytotoxicity in tu-
berculosis have generated conflicting results. Previous work
from our laboratory, using in vitro cultured cells from C57BL/6
mice to assay for cytotoxicity, indicated that CD8 T cells lost
cytotoxic function by 4 weeks postinfection (24). Work by Ka-
math et al., using an in vivo cytotoxicity assay with BALB/c
mice, indicates that CD8 T cells retain their cytotoxic function
throughout infection (19). It is likely that in vitro culture of
cells led us to underestimate the frequency of cytotoxic CD8 T
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FIG. 7. IFN-y* CD107" cells secrete more IFN-y and degranulate more than cells limited to either function. The geometric MFIs of CD107*
and IFN-y" GAP-specific cells were analyzed. IFN-y (IFNg) MFI (A) or CD107 MFI (B) of cells that both secrete IFN-y and degranulate or are
limited to either function. Data are the means = standard errors of the means from test results for four mice per time point. There were significant
differences in both IFN-vy secretion and degranulation between primary (1') and secondary (2") infections (P < 0.05) at 3 and 4 weeks postinfection.
IFN-y* CD107" cells expressed significantly more IFN-y at 4 weeks postinfection than IFN-y* CD107 " cells (P < 0.01), while there was no
significant difference in degranulation between IFN-y* CD107" and IFN-y~ CD107" cells.
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cells in infected lungs, as cells from the lungs can be highly
activated (33) and prone to apoptosis in vitro. Recent work by
Billeskov et al. (6), using the in vivo cytotoxicity assay with
C57BL/6 mice, indicated that cytotoxicity peaks at 4 weeks
postinfection and decreases slightly with time. We observed
decreased cytotoxicity after 4 weeks, tracking a different CDS8
T-cell population, followed by an increase late in primary in-
fection as the frequency of degranulating cells increased. The
frequency of cells expressing surface CD107 correlated well
with cytotoxicity during primary infection but not during sec-
ondary infection, where cytotoxicity was decreased compared
to that during primary infection, despite an increase in the
frequency of degranulating cells. Wolint et al. (38) showed that
cytotoxicity by memory cells was related to effector molecules
in lytic granules rather than degranulation. Partial CD8 T-cell
exhaustion caused by a lack of effector molecules may be the
cause of decreased cytotoxicity during secondary M. tuberculo-
sis infection, although the cells expressed perforin, and gran-
zyme B expression could be induced by antigen stimulation. It
is possible that antigen-pulsed targets used for in vivo cytotox-
icity assays did not stimulate the cells sufficiently to induce
granzyme B expression.

An unexpected finding was that, on a single-cell basis, the
vast majority of CD8 T cells induced by infection with M.
tuberculosis were not capable of both secreting IFN-y and
degranulating. This contrasts with data from other chronic
infections, such as human immunodeficiency virus type 1,
where CD8 T cells chronically exposed to antigen are able to
perform both functions (10). During chronic LCMYV infection,
cells appear to be primarily cytotoxic, while CD8 T cells from
acutely infected mice retain the ability to both be cytotoxic and
secrete IFN-y (1). Presumably, the phenotype of cytotoxicity
only is due to constant antigen exposure during chronic LCMV
infection, leading to exhaustion of the CDS8 T cells. However,
it is unlikely that distinct CD107" and IFN-y™ cell populations
that arise during the initial phase of M. tuberculosis infection
are due to exhaustion from chronic antigen exposure, as the
inoculum is low and the bacterium slow growing, while the
functional division, i.e., IFN-y secretion or degranulation, is
maintained from the initial priming events of the adaptive
immune response. Additionally, while the frequency of cells
expressing PD-1 increased over the course of M. tuberculosis
infection, which has been correlated to CD8 T-cell exhaustion
in other infections (3, 31), the expression levels decreased
following priming, and administration of blocking antibodies
for 4 weeks had no significant effect on CD8 T-cell function or
the bacterial load (Fig. 5).

In summary, M. tuberculosis infection yielded CD8 T cells
that were, to a large extent, unable to both be cytotoxic and
secrete IFN-y and memory responses that were less functional
than primary responses. Elucidating the cause of the poor
quality of CD8 T-cell responses may enable the generation of
improved vaccines against M. tuberculosis.
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