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The expression of T cell differentiation markers is known to increase during Mycobacterium tuberculosis infection, and yet the
biological role of such markers remains unclear. We examined the requirement of the T cell differentiation marker killer cell
lectin-like receptor G1 (KLRG1) during M. tuberculosis infection using mice deficient in KLRG1. KLRG1�/� mice had a signifi-
cant survival extension after M. tuberculosis infection compared to wild-type controls, and maintained a significantly lower level
of pulmonary M. tuberculosis throughout chronic infection. Improved control of M. tuberculosis infection was associated with
an increased number of activated pulmonary CD4� T cells capable of secreting gamma interferon (IFN-�). Our report is the first
to show an in vivo impact of KLRG1 on disease control.

Killer cell lectin-like receptor G1 (KLRG1) expression identifies
natural killer (NK) cells and antigen-experienced T cells that

have become terminally differentiated (1–3). Unlike some NK re-
ceptors, KLRG1 binds to nonclassical major histocompatibility
complex (MHC) molecules of the cadherin family (E-, N-, and
R-cadherin) (4, 5). While the structure (6) and ligands of KLRG1
are known, the biological function of KLRG1 in vivo is still un-
clear. The majority of our current understanding of KLRG1 is
derived from in vitro studies, which demonstrated that KLRG1
ligation can negatively affect the functional activity of NK and
CD8� T cells (4, 5, 7–11). Despite this, NK and CD8� T cell re-
sponses in several infection models were normal in KLRG1-defi-
cient mice (7). In addition, an inhibitory function of KLRG1 in ex
vivo-isolated NK cells was observed only in transgenic mice over-
expressing KLRG1 (7).

The expression of KLRG1 on T cells increases during M. tubercu-
losis infection and decreases after chemotherapy (12), suggesting a
correlation between KLRG1 expression and disease progression.
Studies using adoptive transfer of KLRG1� T cells determined that,
during M. tuberculosis infection, KLRG1� effector cells were capable
of gamma interferon (IFN-�) production but impaired in their pro-
liferative capacity (13). This finding supported the hypothesis that
KLRG1 marks terminally differentiated cells, but the in vivo func-
tional kinetics and biological impact for KLRG1 expression during
M. tuberculosis infection are still unclear. In this report, we demon-
strate for the first time that C57BL/6 mice deficient in KLRG1 had a
highly significant survival advantage over wild-type mice and that the
advantage was associated with reduced M. tuberculosis burden during
chronic infection. Although the majority of studies in viral infection
suggests that KLRG1 expression impacts NK and CD8� T cell func-
tion (11, 14), we observed no differences in CD8� T cell numbers or
function, instead finding a significant increase in pulmonary CD4� T
cell numbers as well as production of IFN-� and tumor necrosis fac-
tor (TNF) within the CD4� T cell population. Our studies demon-
strate an in vivo biological relevance of KLRG1 expression in an in-
fection model that was highly associated with enhanced CD4� T cell
function and long-term control of M. tuberculosis infection.

MATERIALS AND METHODS
Mice. Specific pathogen-free, age- and sex-matched C57BL/6 KLRG1�/�

mice (7) and C57BL/6 wild-type mice (The Jackson Laboratory, Bar Har-
bor, ME) were maintained in ventilated cages inside a biosafety level 3
(BSL3) facility and provided with sterile food and water ad libitum. All
protocols were approved by The Ohio State University’s Institutional Lab-
oratory Animal Care and Use Committee. Control hybrid mice were cre-
ated by crossing KLRG1�/� animals with C57BL/6 wild-type mice (The
Jackson Laboratory). The heterozygous (�/�) offspring were crossed
with homozygous (�/�) knockout mice to generate KLRG1�/� and
KLRG1�/� mice, which were subsequently infected with M. tuberculosis
and analyzed for CFU at day 120 postinfection. The genotype of these
mice was identified on splenic cells by flow cytometry using KLRG1-
specific antibodies at necropsy.

M. tuberculosis infection and CFU enumeration. M. tuberculosis Erd-
man (ATCC no. 35801) was obtained from the American Type Culture
Collection. Stocks were grown according to published methods (15). Mice
were infected with M. tuberculosis Erdman using an inhalation exposure
system (Glas-Col) calibrated to deliver 50 to 100 CFU to the lungs of each
mouse, as previously described (15). At specific time points post-M. tu-
berculosis infection, mice were sacrificed and lungs and spleens were asep-
tically removed into sterile saline solution. Organs were homogenized and
serial dilutions plated onto 7H11 agar supplemented with oleic acid-albu-
min-dextrose-catalase (OADC) as previously described (16). Plates were
incubated at 37°C for 21 days in order to enumerate bacterial colonies and
calculate the bacterial burden.

Survival studies. Groups of wild-type and KLRG1�/� C57BL/6 mice
were infected with M. tuberculosis Erdman via aerosol and maintained in
a BSL3 facility (17). Mice were observed daily and euthanized when mor-
ibund, and the date of euthanasia was recorded. Survival studies were
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performed twice (n � 25 wild-type and 25 KLRG1�/� mice or 30 wild-
type and 25 KLRG1�/� mice).

Lung cell isolation. Mice were euthanized by CO2 asphyxiation, and
lungs were perfused through the right ventricle with cold phosphate-buff-

ered saline containing 50 U/ml of heparin. Lungs from individual mice
were mechanically disrupted using a GentleMACS dissociator (Miltenyi
Biotec, Boston, MA) followed by collagenase A (type XI) (Sigma) (0.7
mg/ml) and type IV (Sigma) (30 �g/ml) bovine pancreatic DNase diges-

FIG 1 Survival of wild-type or KLRG1�/� C57BL/6 mice and M. tuberculosis burden. Wild-type and KLRG1�/� C57BL/6 mice were infected with M. tuberculosis
(Mtb). (a) Survival time. Mice were maintained under BSL3 conditions, monitored daily, and euthanized when moribund (n � 25 wild type, 25 KLRG1�/�). (b
and c) Subsets of infected mice were sacrificed at various time points postinfection and lungs (b) and spleens (c) removed for CFU enumeration on 7H11 plates.
(b) Top: table comparing day 30 to other time points within the same group by two-way ANOVA. Data are representative of the results of two independent
experiments with 5 mice per group per time point. (d) Pulmonary M. tuberculosis CFU from wild-type (WT) or KLRG1�/� (KO) C57BL/6 mice versus
heterozygous crosses at day 120 postinfection. Data are representative of the results of one experiment with 10 mice per group. *, P � 0.05; **, P � 0.01; ***, P �
0.001 (as obtained by Student’s t test for comparisons between groups). Survival significance was determined by a log rank Mantel-Cox test.

FIG 2 Pulmonary histology of KLRG1�/� mice. Wild-type and KLRG1�/� C57BL/6 mice were infected with M. tuberculosis. At day 90 postinfection, groups of
mice were sacrificed and lungs removed and fixed in formalin for histological analysis. Images representative of lung lobes from 5 mice at day 90 postinfection
stained with hematoxylin and eosin are shown.
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tion at 37°C for 30 min in GentleMACS C-tubes. Lung cell suspensions
were passed through a 70-�m-pore-size nylon cell screen, and residual
erythrocytes were lysed with Gey’s solution. Viable cells were determined
by trypan blue exclusion.

Cell purification. Single lung cell suspensions were adhered to sterile
tissue culture dishes for 1 h at 37°C. Nonadherent cells were washed and
removed from the plates. CD4� T cells were obtained from the nonad-
herent cell fraction by magnetic cell separation (BD IMag anti-CD4 par-
ticles, clone GK1.5) (BD Biosciences, San Jose, CA). The purity of the
CD4� T cell populations was determined to be greater than 90% for all
experiments by flow cytometry using an LSRII flow cytometer (BD Bio-
sciences).

Cytokine assays. Purified pulmonary CD4� T cells (1 � 105) were
cultured with M. tuberculosis culture filtrate protein (CFP) (BEI Re-
sources, NIAID, NIH) for 48 h at 37°C with 5% CO2. After incubation,
plates were frozen at �80°C until all time points were completed. IFN-�
enzyme-linked immunosorbent assay (ELISA) antibodies and standards
were obtained from BD Biosciences and processed as previously described
(15). Levels of TNF in cell supernatants were determined using a mouse
TNF ELISA Ready-SET-Go! kit from Ebioscience (San Diego, CA) ac-
cording to the manufacturer’s instructions. Colormetric reactions were
read on a SpectraMax plate reader (Molecular Devices, Sunnyvale, CA).

Flow cytometry. Isolated lung cells were suspended in deficient RPMI
medium (Sigma) supplemented with 0.1% sodium azide (Sigma). Surface
targets were detected as previously described (18). The following specific
antibodies and isotype controls were purchased from BD Biosciences:
peridinin chlorophyll protein (PerCP)-Cy5.5 anti-CD3 (145-2C11), allo-
phycocyanin (APC)-Cy7 anti-CD3 (17A2), PerCP-Cy5.5 anti-CD11b
(M1/70), phycoerythrin (PE) anti-FoxP3 (MF23), PE anti-NK1.1
(PK136), APC-Cy7 anti-CD4 (GK1.5), PE-Cy7 anti-CD8 (53-6.7),
PerCP-Cy5.5 anti-CD8 (53-6.7), PE-Cy7 anti-IFN-� (XMG1.2), PE anti-
TNF (MP6-XT22), and PE anti-CD69 (H1.2F3). FoxP3 buffer set (BD
Biosciences), PE or APC anti-KLRG1 (2F1), APC anti-perforin (eBioO-
MAK-D), and PE anti-granzyme B (NGZB) antibodies were purchased
from eBiosciences. Cytokine levels and perforin/granzyme B degranula-
tion were determined according to the manufacturer’s instructions for
intracellular staining (Cytofix/Cytoperm fixation/permeabilization solu-
tion kit with BD GolgiStop; BD Biosciences). Cytokines were stained fol-

lowing a 4-h incubation with 10 �g/ml anti-CD3 (145-2C11) and 1 �g/ml
anti-CD28 (37.51) in the presence of GolgiStop or concanavalin A (ConA;
Sigma) (10 �g/ml) and GolgiStop. Mice were injected with bromode-
oxyuridine (BrdU) 24 h prior to necropsy, and intracellular BrdU was
quantified using a BD fluorescein isothiocyanate (FITC) BrdU kit (BD
Biosciences) as described previously (19). Samples were read using an
LSRII flow cytometer and analyzed with FACSDiva software (BD Biosci-
ences). Lymphocytes were gated into CD3� CD4� T cells and CD3�

CD8� T cells, with or without KLRG1.
Histology. Caudal lung lobes were taken from infected wild-type and

KLRG1�/� C57BL/6 mice at various time points postinfection, inflated,
and stored in formalin as previously described (20). Tissue sections were
prepared and stained with hematoxylin and eosin or Ziehl-Neelsen stain
and were assessed by a board-certified veterinary pathologist with no prior
knowledge of the experimental groups.

Statistics. Statistical analysis was performed with GraphPad Prism
software using the Student t test for comparisons between groups of
mice per individual time point of each graph. All comparisons between
time points of the same group utilized a two-way analysis of variance
(ANOVA) test with Bonferonni posttests for multiple comparisons.
Survival significance was determined by a log rank Mantel-Cox test.

RESULTS
KLRG1 deficiency significantly extends survival after M. tuber-
culosis infection. In contrast to the lack of a phenotype that has
been observed in viral models of KLRG1 deficiency (7),
KLRG1�/� mice infected with M. tuberculosis via the respiratory
route had significantly extended survival compared to wild-type
C57BL/6 mice (Fig. 1a). KLRG1�/� mice survived beyond day 600
in two independent experiments, while C57BL/6 mice had a me-
dian survival time of 334 days, which was within the expected
range for this strain (21). Time to 50% survival was 334 days for
wild-type mice and 516 days for KLRG1�/� mice, an approxi-
mately 35% increase in survival (Fig. 1a). Initial lung CFU num-
bers were equivalent, but KLRG1�/� mice were able to stabilize
pulmonary M. tuberculosis burden with 1 log fewer CFU than

TABLE 1 Microscopic lung lesions from M. tuberculosis-infected mice

Day

Characterizationa

C57BL/6 KLRG1�/�

90 Mild multifocal areas of unorganized granulomatous inflammation;
irregular lymphoid aggregates around small airways; no necrosis
or caseation; few AFB are present

Mild multifocal areas of unorganized granulomatous inflammation;
typical epithelioid M� are present with fewer foamy M� and
small aggregates of PMN and pyknotic debris; no AFB are
observed

120 Moderate to mild multifocal to coalescing granulomatous
inflammation; epithelioid and foamy M� are present with foci of
lymphocytic nodules often around small vessels and airways; few
AFB are present, distributed as attenuated individual bacteria
in M�

Mild multifocal unorganized granulomatous foci with epithelioid
and foamy M�; lymphoid cuffs are present around many
adjacent small airways and vessels; there are a few aggregates of
PMN in the foci, but there is little pyknosis; very few isolated
individual attenuated AFB are noted in the foamy M�

150 Coalescing areas of granulomatous inflammation; cells are
predominately epithelioid and foamy M� with scattered PMN;
no overall caseation necrosis; alveolar septae are thickened; few
AFB are visible, appearing as single isolated attenuated rods
in M�

Moderate multifocal areas of unorganized granulomatous
inflammation; some coalescing foci, but many are small,
individual, and populated by typical granulomatous exudate;
epithelioid and foamy M� with a few scattered aggregates of
PMN and pyknotic debris; very few AFB present

220 Extensive multifocal to coalescing foci of unorganized
granulomatous inflammation; predominately epithelioid and
foamy M� are present, punctuated by small aggregates of
lymphocytes and PMN; cholesterol clefts are noted in some of the
confluent foci; some bronchioles have degenerate PMN, foamy
M�, and pyknotic debris in the lumen; few visible AFB

Extensive multifocal to coalescing unorganized inflammation;
primarily epithelioid and foamy M�, some with degenerative
changes but little pyknosis; occasional cholesterol clefts are
noted; typical lymphoid aggregates are present around small
airways and vessels; few AFB are present and are distributed as
attenuated rods in foamy M�

a M�, macrophage; PMN, polymorphonuclear cell; AFB, acid-fast bacilli.
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wild-type mice from day 60 onward after infection (Fig. 1b). Rel-
ative to pulmonary CFU at day 30 postinfection, KLRG1�/� mice
were able to sustain significantly lower M. tuberculosis CFU
throughout infection, in contrast to the moderate regrowth of M.
tuberculosis in the lungs of wild-type C57BL/6 mice that has also
been reported by others (22, 23). The pulmonary M. tuberculosis
burden before day 21 was not significantly different between
groups, suggesting that KLRG1 does not affect innate immune
responses sufficiently to impact M. tuberculosis CFU (Fig. 1b).
Histological analysis of M. tuberculosis-infected lung tissue
showed that KLRG1�/� mice did not have altered lung granulo-
mas compared to wild-type mice (Fig. 2, Table 1), indicating that

KLRG1 deficiency does not affect the recruitment or organization
of T cells around infected macrophages.

A subset of KLRG1�/� mice from the survival study were eu-
thanized at day 365 and at day 630 of infection, and the M. tuber-
culosis burden was found to have increased to 6.228 (	0.49, n � 5)
log and 6.4 (	0.19, n � 9) log, respectively (not shown). There-
fore, KLRG1�/� mice showed some evidence of moderate disease
progression (increased pulmonary CFU) but this was minimal
compared to the disease progression seen with the wild-type mice,
where the majority were deceased by day 365 (removal of wild-
type mice for CFU determination was not performed to avoid
impacting the survival curve). M. tuberculosis dissemination was

FIG 3 Pulmonary T cell composition and cytotoxic response of KLRG1�/� mice. Wild-type and KLRG1�/� C57BL/6 mice were infected with M. tuberculosis.
At various time points postinfection, groups of mice were sacrificed and lungs removed and processed for analysis by flow cytometry. (a and b) Absolute numbers
of CD8� T cells (a) and CD4� T cells (b) as determined by flow cytometry. (c to f) Percent loss of perforin in CD4� (c) or CD8� (d) T cells or of granzyme B
(GZB) in CD4� (e) or CD8� (f) T cells. Degranulation is represented as percent loss of perforin and granzyme B (GZB) determined by subtracting values
representing the remaining perforin/GZB expression from 100. Data are representative of the results of two independent experiments with 5 mice per group per
time point. *, P � 0.05; **, P � 0.01; ***, P � 0.001 (as obtained by Student’s t test).
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not significantly altered, as changes in splenic CFU between wild-
type and KLRG1�/� mice were moderate and evident only at day
150 postinfection (Fig. 1c). Therefore, the considerable extension
of survival following M. tuberculosis infection in KLRG1�/� mice
was not associated with reduced dissemination of infection to the
spleen or altered granuloma formation but was instead linked to a
significant reduction in pulmonary CFU throughout the course of
M. tuberculosis infection.

To verify that the results obtained with KLRG1�/� mice were
not a consequence of subtle genetic variations between the
KLRG1�/� colony (Germany) and the wild-type colony (The
Jackson Laboratory), a control experiment was performed using
KLRG1�/� and KLRG1�/� offspring mice from heterozygous
breeding. Similar to the parent KLRG1�/� mice, our hybrid
KLRG1�/� mice had significantly lower pulmonary CFU than
wild-type and KLRG1�/� mice at day 120 postinfection (Fig. 1d).
All together, these data demonstrate that KLRG1�/� mice have
significantly extended survival after M. tuberculosis infection asso-
ciated with reduced pulmonary CFU, demonstrating that KLRG1
expression has a functional role in vivo during M. tuberculosis
infection.

KLRG1�/� mice have significantly enhanced CD4� T cell re-
sponses to M. tuberculosis. We hypothesized that the reduction
in CFU and extended survival of KLRG1�/� mice were direct con-
sequences of altered CD8� T cell function, as previously demon-
strated in viral models (24, 25). Instead, we observed no change in
CD8� T cell numbers (Fig. 3a), phenotype (not shown), or func-
tion (not shown) throughout M. tuberculosis infection, with the

exception of a transient increase in perforin/granzyme B expres-
sion at day 90 only (Fig. 3c to f). Contrary to our expectations,
KLRG1�/� mice sustained a higher level of total CD4� T cells than
wild-type mice between days 90 and 120 of infection (Fig. 3b).
Further analysis by flow cytometry revealed that more CD4� T
cells from KLRG1�/� mice expressed the early activation marker
CD69 (Fig. 4a) and were capable of secreting IFN-� after ex vivo T
cell receptor (TcR) stimulation (Fig. 4b) during chronic infection.
After 48 h of culture with M. tuberculosis culture filtrate protein
(CFP), CD4� T cells from KLRG1�/� mice produced significantly
more M. tuberculosis-specific IFN-� (Fig. 5a) and TNF (Fig. 5b)
than those from wild-type mice during chronic infection. Since
the cytokine assays were normalized to cell number, this, together
with the intracellular staining results (Fig. 4b), suggests that
KLRG1 deficiency has the most impact on Th1 responses after day
60 of M. tuberculosis infection. Our data also indicate that CD4� T
cells and not CD8� T cells were most affected by the absence of
KLRG1 during M. tuberculosis infection.

Previous work has indicated that KLRG1 may be responsible
for controlling antigen-induced proliferation of T cells during
infection (4). Therefore, we examined the proliferation of
CD4� (Fig. 5c) and CD8� (Fig. 5d) T cells between days 90 and
120 of M. tuberculosis infection by in vivo BrdU incorporation
and saw no significant differences between wild-type and
KLRG1�/� mice. This indicates that removal of KLRG1 does
not alter the proliferative capability of C57BL/6 CD4� T cells
but instead fundamentally enhances their activation through

FIG 4 Phenotype of KLRG1�/� pulmonary CD4� T cells. Wild-type and KLRG1�/� C57BL/6 mice were infected with M. tuberculosis. At various time points
postinfection, groups of mice were sacrificed and lungs removed and processed for analysis by flow cytometry. (a) Absolute numbers of CD69� CD4� T cells,
with representative flow plots at day 90 postinfection. (b) IFN-�� CD4� T cells after a 4-h incubation with anti-CD3, anti-CD28, and GolgiSTOP export blocker,
with representative flow plots at day 90 postinfection. Data are representative of the results of two independent experiments with 5 mice per group per time point.
*, P � 0.05; **, P � 0.01; ***, P � 0.001 (as obtained by Student’s t test).
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the TcR and their ability to secrete proinflammatory cytokines
during chronic infection.

Analysis of NK 1.1� cells at early time points (day 9 and day 20)
showed a significant increase in the number of NK cells (NK1.1�/
CD3neg) at day 20 post-M. tuberculosis infection in the lungs of
KLRG1�/� mice relative to wild-type controls (Fig. 6a) but not in
the capacity to produce IFN-� to mitogen stimulation (Fig. 6b).
No differences in NK cell proportions or absolute numbers were
observed in the spleen at the time points analyzed (not shown).
No significant differences in the absolute numbers (Fig. 6c) or
proportions (not shown) of NK T (NKT) cells (NK1.1�/CD3�)
or IFN-�-producing NKT cells (Fig. 6d) were observed in the
lung or spleen, although a reduced proportion of IFN-�-pro-
ducing NKT cells was observed in KLRG1�/� mice (Fig. 6e).
Although we observed subtle differences in NK and NKT cell
numbers and function between KLRG1�/� and wild-type mice
during the first 3 weeks of M. tuberculosis infection, such alter-
ations were unable to modify short-term control of M. tuber-
culosis infection.

CD4� FoxP3� T regulatory cells have also been shown to ex-
press KLRG1 (26), and therefore we analyzed the differences in the
proportions of FoxP3� CD4� T cells between wild-type and
KLRG1�/� mice at days 9 and 20 after M. tuberculosis infection.
We observed no significant difference in the proportions or abso-
lute numbers of FoxP3-expressing CD4� T cells in the spleen or
lung of wild-type and KLRG1�/� mice (not shown).

KLRG1 expression on wild-type T cells during M. tuberculo-
sis infection. To more fully understand when KLRG1 may be im-
portant during M. tuberculosis infection, we characterized the dy-
namics of KLRG1 expression on T cells from wild-type C57BL/6
mice. M. tuberculosis infection induced the expression of KLRG1
on both CD4� and CD8� T cells throughout infection (Fig. 7a and
b). In contrast to CD8� T cells (Fig. 7b), which showed a consis-
tent proportion of KLRG1� cells, the number of KLRG1� CD4� T
cells was subsequently reduced around day 90 of infection
(Fig. 7a). These data reaffirm that CD8� T cells are not signifi-
cantly affected by KLRG1 during M. tuberculosis infection and
suggest that KLRG1� CD4� T cells may be deleted at day 90,
shifting the pulmonary CD4� T cell repertoire to predominantly
KLRG1neg (Fig. 7c). Since KLRG1�/� mice had more activated
pulmonary CD4� T cells and were subsequently more protected
during chronic infection, we examined the differences in expres-
sion of CD69 (indicative of antigen-specific activation) between
KLRG1� and KLRG1neg CD4� T cells from M. tuberculosis-in-
fected wild-type mice. Significantly more KLRG1neg CD4� T cells
expressed CD69 throughout M. tuberculosis infection (Fig. 7d).
Together, these data demonstrate that the number of pulmonary
CD4� T cells expressing KLRG1 is not constant throughout M.
tuberculosis infection and match previous findings (13) that few
KLRG1� CD4� T cells are activated during M. tuberculosis infec-
tion.

FIG 5 Protective capacity of pulmonary T cells of KLRG1�/� mice. Wild-type and KLRG1�/� C57BL/6 mice were infected with M. tuberculosis. At various time
points postinfection, groups of mice were sacrificed and lungs removed and processed for analysis by flow cytometry. Using magnetic beads, CD4� T cells were
purified and cultured with M. tuberculosis CFP for 48 h. (a and b) The production of IFN-� (a) or TNF (b) was quantified by ELISA. Data are representative of
the results of two independent experiments with 5 mice per group per time point. At 24 h prior to necropsy, mice were injected with BrdU. (c and d) Absolute
numbers of BrdU� CD4� (c) or CD8� (d) T cells as determined by flow cytometry. Data are representative of the results of one experiment with 5 mice per group
per time point. *, P � 0.05; **, P � 0.01; ***, P � 0.001 (as obtained by Student’s t test).
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DISCUSSION

Our work is the first demonstration of an in vivo consequence of
KLRG1 deficiency during infection and provides clear evidence
that KLRG1 is more than a marker of terminal differentiation. The
absence of KLRG1 leads to decreased pulmonary CFU and signif-
icantly extended survival after M. tuberculosis infection, and con-
trary to our expectations, we have demonstrated that CD8� T cells
are not significantly affected by the presence of KLRG1. KLRG1�/�

mice maintained high numbers of activated CD4� T cells during
chronic M. tuberculosis infection, leading to increased pulmonary
IFN-� levels compared to those seen with wild-type mice. We have
also shown that in wild-type mice, activated (CD69�) KLRG1neg

CD4� T cells were more abundant in the lung than KLRG1� CD4� T

cells during M. tuberculosis infection. It is possible that CD4� T cells
are most affected by KLRG1 during M. tuberculosis infection, because
M. tuberculosis has been shown to decrease MHC class II expression
and function on macrophages (27–29) and KLRG1 can inhibit sub-
optimal TcR signaling (30).

Our studies suggest that day 90 post-M. tuberculosis infection is
a critical time when wild-type mice lose some protective capacity,
resulting in a moderate increase in M. tuberculosis CFU in the
lung, while KLRG1�/� mice are able to exert a continued control
of infection. This suggests that a significant biological change oc-
curs in C57BL/6 mice around day 90 postinfection, and that
KLRG1�/� mice are refractory or potentially further stimulated
by this change. At day 90 postinfection, the inflammatory envi-

FIG 6 Pulmonary NK/NKT cell composition of KLRG1�/� mice. Wild-type and KLRG1�/� C57BL/6 mice were infected with M. tuberculosis. At various time
points postinfection, groups of mice were sacrificed and lungs removed and processed for analysis by flow cytometry. Absolute numbers of NK1.1� CD3neg cells
(a), IFN-�� NK1.1� CD3neg cells (b), NK1.1� CD3� T cells (c), and IFN-�� NK1.1� CD3� T cells (d) or proportions of IFN-�� NK1.1� CD3� T cells (e) as
determined by flow cytometry are indicated. IFN-�� cell numbers were determined by intracellular staining after a 4-h incubation with ConA and GolgiSTOP
export blocker. Data are representative of the results of one experiment with 5 mice per group per time point. *, P � 0.05; **, P � 0.01; ***, P � 0.001 (as obtained
by Student’s t test).
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ronment of the lung or the vascularization of M. tuberculosis gran-
ulomas may change, leading to an increase in the level of available
E-cadherin. We also observed that between day 90 and day 120
postinfection, the total number of wild-type CD4� T cells (but not
CD8� T cells) dropped significantly. It is possible that alterations
within the lung at day 90 led to deletion of KLRG1� CD4� T cells,
thus lowering the overall Th1 response and affording M. tubercu-
losis a survival advantage in wild-type mice. Similarly, we have
demonstrated that KLRG1 does not actively restrict proliferation
but serves only to regulate Th1 effector function during M. tuber-
culosis infection. Indeed, previous work has demonstrated that
KLRG1 indirectly affects proliferation by impairing Akt phos-
phorylation, leading to defective induction of cyclin D and E and

no reduction in cyclin inhibitor p27 expression (10). Other studies
have demonstrated that KLRG1 restricted the production of the
transcriptional repressor Bmi-1 (31), required to maintain prolif-
eration and prevent cell senescence (32–35). KLRG1� T cells did
not induce Bmi-1 after TcR ligation compared to KLRG1neg T cells
(31), suggesting that KLRG1�/� T cells are capable of resisting
senescence and maintaining normal Akt signaling throughout M.
tuberculosis infection.

Together, these data provide much-needed insight into the dy-
namics of protective T cell responses during chronic M. tubercu-
losis infection and demonstrate that KLRG1 expression has a sig-
nificant impact on the course of disease. We have shown that
KLRG1�/� mice were able to survive approximately 35% longer

FIG 7 Pulmonary composition of KLRG1� or KLRG1neg T cells. Wild-type C57BL/6 mice were infected with M. tuberculosis. At various time points postinfec-
tion, lungs were obtained and processed for analysis. (a and b) Absolute numbers of KLRG1�/neg CD3� CD4� T cells (a) or CD3� CD8� T cells (b) with
representative flow plots at day 150. (c) Ratio of KLRG1� to KLRG1neg T cells. Statistics represent comparisons of the CD4� T cell ratio at day 30 to the ratio at
day 60, 90, 120, or 150. (d) Absolute numbers of KLRG1�/neg CD3� CD4� T cells expressing CD69. Data are representative of the results of two independent
experiments with 4 mice per group per time point. *, P � 0.05; **, P � 0.01; ***, P � 0.001 (as obtained by Student’s t test).
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after M. tuberculosis infection and maintained a low level of pul-
monary M. tuberculosis CFU throughout chronic infection. In
contrast to previous viral studies, we have demonstrated that
CD4� T cells were most affected by KLRG1 expression during M.
tuberculosis infection. Our work provides clear evidence that T cell
responses naturally degrade over the course of murine M. tuber-
culosis infection, and that KLRG1 participates in this process. We
believe that these findings have important clinical relevance, as the
addition of KLRG1 blocking antibody to current treatment regi-
mens could ensure the maintenance of optimal T cell responses,
thereby significantly shortening the time required to cure tuber-
culosis.
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