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The immune response elicited after Mycobacterium tuberculosis
(Mtb) infection is critically dependent on CD4 T cells during both
acute and chronic infection. How CD4 T-cell responses are main-
tained throughout infection is not well understood, and evidence
from other infection models has suggested that, under conditions of
chronic antigen stimulation, T cells can undergo replicative exhaus-
tion. These findings led us to determine whether subpopulations
of CDA T cells existed that displayed markers of terminal differen-
tiation or exhaustion during murine Mtb infection. Analysis of an-
tigen-specific effector CD4 T cells revealed that programmed death-
1 (PD-1) and the killer cell lectin-like receptor G1 (KLRG1) delineated
subpopulations of T cells. PD-1-expressing CD4 T cells were highly
proliferative, whereas KLRG1 cells exhibited a short lifespan and
secreted the cytokines IFNy and TNFa. Adoptive transfer studies
demonstrated that proliferating PD-1-positive CD4 T cells differen-
tiated into cytokine-secreting KLRG1-positive T cells, but not vice
versa. Thus, proliferating PD-1-positive cells are not exhausted,
but appear to be central to maintaining antigen-specific effector
T cells during chronic Mtb infection. Our findings suggest that anti-
gen-specific T-cell responses are maintained during chronic myco-
bacterial infection through the continual production of terminal
effector cells from a proliferating precursor population.

Tuberculosis presents a challenging worldwide public heath
problem. Infection with Mycobacterium tuberculosis (Mtb)
elicits humoral and cellular immune responses that normally
control bacterial burden. However, bacteria are seldom, if ever,
eradicated, and control of the infection requires continual ef-
fector T-cell responses. Consequently, either the depletion or
suppression of T-cell responses results in disease reactivation (1).
In the mouse model, Mtb causes chronic infection and control of
infection is maintained by T cells essentially indefinitely (2).

Although a sustained T-cell response against Mtb infection is
necessary, it is not understood how effector T cells are maintained.
We have previously demonstrated that CD4 T-cell responses are
associated with extensive proliferation throughout Mtb infection
(3), suggesting that proliferation is a major mechanism required
for the maintenance of T-cell responses. However, it is not clear
how T-cell proliferation can be maintained during chronic in-
fection, especially because effector T cells have been described to
have a limited capacity for self-renewal (4).

Although the numbers of antigen-specific T cells are relatively
stable during chronic Mtb infection, CD4 T cells proliferate ex-
tensively, suggesting that a high turnover of effector CD4 T cells
occurs. This high level of turnover suggests that effector T cells
become exhausted or terminally differentiated, and that the main-
tenance of the T-cell response depends on the continual re-
placement of effector T cells. The expression of several cell-
surface receptors has been correlated with functional exhaustion
and terminal differentiation in effector T cells (5, 6). These recep-
tors include the programmed death-1 (PD-1) and the killer cell
lectin-like receptor G1 (KLRG1). Blockade of PD-1-programmed
death ligand 1 (PDL1) interactions in vivo during chronic infec-
tion with lymphocytic choriomeningitis virus (LCMV) clone 13 has
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been shown to increase the frequencies and numbers of antigen-
specific CD8 T cells for LCMV epitopes, and to decrease viral titers
(5). KLRG1 expression, during acute LCMV infection, has been
associated with proliferative senescence and low expression of the
IL-7R (7). Other studies of KLRG1-positive effector T cells
during acute and chronic infections found the antigen-specific
cells to be terminally differentiated, as they exhibited decreased
multicytokine potential and were relatively short-lived (6).

In this study, we have addressed whether KLRG1 and PD-1
expression by CD4 T cells identifies functionally exhausted CD4
T cells during Mtb infection. We show that, unlike in other in-
fection models, PD-1-expression identifies a population of acti-
vated effector T cells, and that PD-1-expressing cells transition
into terminally-differentiated KLRG1-expressing effector cells.
These data reveal that PD-1 and KLRG1 identify differentiating,
not exhausted, CD4 T cells during Mtb infection.

Results

CD4 T Cells Undergo Continual Proliferation During Chronic Mth
Infection. A substantial fraction of the T-cell response in C57BL/6
mice is specific for the early secreted antigenic target 6 (ESAT6), o0/
I-A® epitope following aerosol challenge with a low dose of Mtb. We
had previously shown that CD4 T cells in the lung proliferate ex-
tensively during both acute and chronic infection (3). However,
these experiments used indirect techniques for the identification of
ESAT6-specific CD4 T cells, an approach that did not allow us to
directly correlate antigen-specific cells with proliferation. To cir-
cumvent this limitation, we took advantage of an ESATG6, 17/I-A°
class I MHC tetramer reagent that allowed us to directly identify
antigen-specific cells. The specificity of the tetramer was validated
by demonstrating that the reagent detected antigen-specific CD4
T cells only from mice that were infected with ESAT6-expressing
strains of Mycobacteria (Fig. S1).

Similar to our previously reported findings (3), ~40% of
ESAT6,_1/I-A® tetramer-positive lung CD4 T cells incorporated
BrdU within 24 h of administration, on day 21 postaerosol Mtb
infection (Fig. 1). Thereafter, the percentage of T cells that di-
vided in a 24-h interval declined by about twofold, and was
maintained at ~#20% for at least 200 d. These data confirm that,
in the mouse, the maintenance of protective immunity during
Mtb infection is associated with a continual turnover of antigen-
specific CD4 T cells. This finding contrasts the slow decline of
CD4 memory T cells that occurs following acute infections, such
as LCMV (8) and Listeria monocytogenes (9).
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KLRG1 and PD-1 Identify Subpopulations of Effector CD4 T Cells.
Although antigen-specific CD4 T cells undergo continual pro-
liferation, total cell numbers remained relatively constant
throughout the infection. This observation suggested that effector
T cells within the lungs comprise subpopulations of proliferating,
apoptotic, and perhaps exhausted cells. T-cell exhaustion has been
demonstrated for CD8 T cells in several different chronic viral
infections, and describes cells that fail to proliferate and produce
cytokines (5, 10).

To address whether CD4 T cells undergo functional exhaustion
during Mtb infection, we monitored the expression of surface
proteins known to be associated with terminally differentiated
and exhausted T cells, KLRG1 and PD-1 (5, 6). During Mtb in-
fection we made the following three observations. First, on day 21
postinfection, a majority of ESAT6,_;-/I-AP—specific CD4 T cells
expressed high levels of surface PD-1 (Fig. 24). Second, as the
infection progressed, surface expression of PD-1 was reduced on
the population of antigen-specific cells, such that by day 60 a sig-
nificant population of these cells was found to express low-to-
intermediate levels of PD-1 (Fig. 2B). This result was shown by
a decrease in the mean fluorescent intensity (MFI) of PD-1 ex-
pression on days 21, 30, and 120 postinfection (MFI values of
2,056 + 195, 1,357 + 180, and 1,013 + 74, respectively). Third, by
day 30 postinfection, a population of antigen-specific CD4 T cells
expressed KLRG1 but not PD-1 in the lungs of infected mice (Fig.
2 A and B). These three cell populations, PD-1", PD-1'" and
KLRG1" could also be detected within the nontetramer-binding
host CD4 T-cell population throughout Mtb infection.

The prevalence of large numbers of KLRG1- and PD-1-
expressing cells suggested that a substantial fraction of the T cells
were exhausted under steady-state conditions. We therefore ex-
amined several other activation markers (i.e., CD44, CD62L,
CD27, and CD127) and found that they did not differ between
the KLRG1- and PD-1-expressing cell populations during in-
fection. However, the early activation marker, CD69 (11), was
differentially expressed on PD-1 and KLRGI1 subpopulations. By
day 30 postinfection, most PD-1—positive cells, but few KLRG1-
positive cells, expressed CD69 (Fig. 2C). Thus, cells expressing
PD-1, a marker of chronic exhaustion, also express a marker
found on recently activated effector T cells.

PD-1 Is Not a Marker of Chronically Exhausted T Cells in Mtb Infection.
We next addressed whether PD-1 expression identified exhausted
CD4 T cells by blocking PD-1/PDL1 interactions in vivo. In
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Fig. 1. The proliferative capacity of antigen-specific cells diminishes during
Mtb infection. (A) BrdU was administered to C57BL/6 mice on day 30 after
low-dose aerosol infection with Mtb (strain H37Rv) and BrdU incorporation
in ESAT64_1//I-A® antigen-specific CD44"" cells gated on CD4" T cells in the
lung was measured 1 d later. (B) The percentages of ESAT6,_;,/I-AP antigen-
specific CD4 T cells that incorporated BrdU on the indicated days post-
infection are shown. Data are presented from the lungs of five mice ana-
lyzed on each day. Error bars indicate SD from the mean, and are shown
from two experiments.
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Fig. 2. Antigen-specific cells display markers of terminal differentiation or
senescence during Mtb infection. (A) Flow cytometric gating strategy used to
analyze KLRG1 and PD-1 expression on ESAT6,_1,/I-AP antigen-specific CD4 T
cells. (B) The number of KLRG1- and PD-1-expressing ESAT6,4_¢//I-AP antigen-
specific CD4 T cells during Mtb infection. Data are presented from the lungs
of five mice analyzed on each day. The error bars indicate the SD. The data
are representative of two independent experiments. (C) The dot plots are
representative of the CD69 and PD-1 or CD69 and KLRG1 expression on
ESAT6,_1,/I-A° antigen-specific CD4 T cells isolated from lungs of mice on day
30 postinfection.

previous studies it has been demonstrated that blockading
PD1/PDL1 interactions during LCMV chronic infection reversed
CD8 T-cell exhaustion (12). We administered anti-PDL1 (clone
10F9.2, 200 pg) to mice beginning on day 30 postinfection, and at 3-
d intervals thereafter, until day 45 postinfection. We validated the
blocking antibody efficacy within Mtb-infected animals by con-
firming that a single administration of the anti-PDL1 antibody in
vivo inhibited the detection of this ligand by flow cytometry (Fig.
S2A4). One day after the last antibody administration, no significant
differences were observed in the number or phenotype KLRG1-
and PD-l-expressing antigen-specific CD4 T-cell populations
(Fig. 34). Moreover, no differences were evident in the ability of
the T cells to produce IFNy or TNFa, following stimulation with
antigen in vivo (Fig. S2B), and bacterial burden was unaffected
following antibody treatment (Fig. 3B). Similarly, no differences
were observed in the number (Fig. S2C) or function (Fig. S2D) of
antigen-specific CD8 T cells following PD-1 blockade.

The engagement of PD-1 and PDL1 following T-cell receptor
stimulation leads to the inhibition of PI3K activity, as well as the
down-regulation of the antiapoptotic protein Bcl-xy, (13). How-
ever, evaluation of Bcl-x;, expression was identical in KLRGI1-
and PD-1-expressing cell populations at several times post-
infection (Fig. S3). These data indicate that, unlike its role
in chronic viral infections, PD-1 expression on antigen-specific
T cells during the chronic phase of Mtb infection does not
identify a functionally exhausted T cell.
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Fig. 3. PD-1-PDL1 blockade does not affect the number or function of
antigen-specific T cells. Mtb-infected mice were treated with anti-PDL1, from
day 30 to day 45 postinfection. (A) The numbers of ESAT6,_¢//1-AP antigen-
specific CD4 T cells among each of the indicated populations of KLRG1- and
PD-1-expressing cells in the lung are shown. Each datum represents an in-
dividual mouse. (B) Bacterial burdens in the lung, mediastinal lymph node,
spleen, and liver, were determined on day 46 postinfection. The data are
representative of two experiments of similar design.

PD-1 Is Expressed on Effector CD4 T Cells Before Their Differentiation
into KLRG1-Expressing Cells. We next examined whether PD-1-
expressing cells comprised a stable cell population, or if they
underwent changes in phenotype during infection. To address
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this question, PD-1" KLRG1'° CD4 T cells were purified by flow
cytometric cell sorting from Mtb-infected B6.SJL-Ptprc® Pep3®/
BoyJ mice on day 25 postinfection. Purified T cells were trans-
ferred to C57BL/6J-infected mice, and donor T cells in the re-
cipient mice were analyzed 6 and 14 d later (Fig. 44). PD-1
expression was down-regulated on donor cells within 6 d after
transfer, and by day 14 posttransfer, 80% of the donor T cells
expressed KLRG1 (Fig. 4B). This differentiation of PD-1-
expressing cells into KLRG1 was not seen when cells were
adoptively transferred into naive mice (Fig. S4). The changes in
cell-surface phenotype was accompanied by cell division, as
most PD-1-expressing donor cells had diluted their 5-(and 6)-
carboxyfluorescein diacetate succinimidyl ester (CFSE) within
6 d of transfer, and ~95% had proliferated by day 14 posttransfer
(Fig. 4C). Consistent with these findings, the donor cells in-
creased in number during this period (Fig. 4D). These studies
demonstrate that PD-1 expression identifies a population of
early activated and proliferating T cells that undergo phenotypic
transition to KLRG1-expressing cells.

KLRG1 Expression Defines a Population of Terminally Differentiated T
Cells. Previous studies suggested that KLRG1 expression defined
a population of terminally differentiated, nondividing T cells that
were capable of cytokine production (6, 7). Moreover, engage-
ment of KLRG1 by its ligand, E-cadherin, has been shown to
mitigate T-cell receptor signaling and to lead to decreased func-
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Fig. 4. Differentiation and proliferation of PD-1- and KLRG1-expressing CD4 T cells. (A and E) B6.SJL-Ptprc® Pep3°/Boy) mice were infected, lymphocytes
from the spleen, mediastinal lymph node, and lung were isolated on day 25 postinfection, and PD-1- or KLRG1-expressing cells were purified by flow
cytometric cell sorting. CFSE-labeled PD-1-expressing cells (2.3 x 10%) or KLRG1-expressing cells (2.5 x 10%) were transferred on day 25 to infected congenic
C57BL/6 recipient mice. (B and F) Representative dot plots of KLRG1 and PD-1 expression on CD4*/CD45.1* donor cells in the lung on days 6 and 14 following
transfer. Gates were set on the host population CD4 T cells. (C and G) A representative histogram of CFSE staining on CD4*/CD45.1* donor T cells in the lung on
days 6 and 14 after transfer. (D and H) The number of CD4*/CD45.1* donor cells in the lung and spleen are shown. Differences with a P value <0.05 were

considered significant and are denoted by an asterisk.

19410 | www.pnas.org/cgi/doi/10.1073/pnas.1006298107

Reiley et al.


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1006298107/-/DCSupplemental/pnas.201006298SI.pdf?targetid=nameddest=SF4
www.pnas.org/cgi/doi/10.1073/pnas.1006298107

L T

/

1\

=y

tional activity (14). Because approximately one-third of the
antigen-specific T cells express KLRG1 throughout Mtb infec-
tion, we hypothesized that this cell population may be a termi-
nally differentiated population of effector cells with reduced
proliferative potential.

To address this question, we purlﬁed lung-resident KLRG1"
PD-1!° CD4 T cells from infected mice by flow cytometry and
transferred the cells to recipient mice on day 25 postinfection
(Fig. 4E). In these studies, the donor KLRG1-positive T cells,
unlike the PD-1-expressing cells, retained KLRG1 expression
for at least as long as 14 d (Fig. 4F). The KLRG1-expressing cells
proliferated, although not to the extent observed in the PD-1
population (i.e., only 32 and 70% had proliferated within 6 and
14 d, respectively) (Fig. 4G). In contrast to the studies of the PD-
1-expressing cells, the KLRG1-positive cells also decreased in
number following transfer (Fig. 4H). These studies demonstrate
that, although the KLRGI1-expressing cells retain some pro-
liferative potential, surface expression of KLRG1 ultimately
marks short-lived T cells during Mtb infection. Therefore, the
KLRGI cell population is likely maintained via the proliferation
and differentiation of PD-1-expressing cells (Fig. 5).

KLRG1- and PD-1-Expressing Cells Exhibit Different Capacities for
Cytokine Production. To determine if effector cell differentiation
correlated with functional differences, we examined the capacity
of PD-1- and KLRGI1-expressing cells to produce 1nﬂammatory
cytokines ex vivo. Both KLRG1™- and PD-1"-expressing cells
produced both IFNy and TNFa in vitro in response to stimula-
tlon with ESAT6,_,, peptide. However, compared with the PD-
1™ cells, approximately twice as many KLRG1" cells were ca-
pable of producing both cytokines; this pattern persisted for at
least 200 d following Mtb infection (Fig. 6 A and B). In these
studies, we confirmed that at a population level, surface ex-
pression of KLRG1 and PD-1 remained unchanged during the
5-h in vitro culture, and that cell numbers remained stable after
peptide treatment. We also observed a nearly one-to-one re-
lationship between the frequency of KLRGI1-expressing ESAT6
tetramer-positive cells and the frequency of ESAT6-specific IFNy-
and TNFa-producing T cells within the KLRG1-expressing CD4
subset, independent of the day postinfection when the cells were
harvested (Fig. 6C). We interpret these data to mean that nearly
all of the KLRG1-expressing cells were cytokine-producing cells.
In contrast, only a minority of PD-1-expressing cells were capable
of producing cytokines.

Some mice had higher frequencies of ESAT6-specific IFNy-
and TNFa-producing T cells, relative to ESAT6 tetramer-positive
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Fig. 5. Model of antigen-specific CD4 T-cell differentiation and self-renewal
during Mtb infection. We hypothesize that PD-1-expressing effector CD4 T
cells differentiate into KLRG1-expressing cells, as delineated by the bold
arrow. In this model, a self-renewing population of either PD-1'"_ or PD-
1"i_expressing effector cells maintains antigen-specific T-cell numbers. PD-
119t cells can differentiate into cells that express higher levels of PD-1.
Presently, it is unclear if the surface expression of PD-1 on antigen-specific
CD4 T cells, once up-regulated, can be down-regulated to a low or in-
termediate phenotype. The KLRG1-expressing T cells secreted both IFNy and
TNFo, underwent only moderate proliferation, and exhibited a shorter life
span, all characteristics of terminally differentiated cytokine-secreting cells.
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cells within the KLRG1 population. We hypothesized that this
difference was a result of T-cell receptor down-regulation, per-
haps as a consequence of chronic antigen stimulation. T-cell re-
ceptor down-regulation on antigen-specific effector CD8 T cells
has been reported in human chronic hepatitis B virus infection
(15). Similarly, we observed that KLRGI1-expressing cells ex-
hibited decreased surface receptor expression of both T-cell
receptors, as measured by intensity of ESAT6,_;7/I-A® tetramer
binding and CD44 (Fig. 6D). These findings suggest that the
down-regulation of the T-cell receptor on KLRGI1-expressing
cells during Mtb infection is caused by stimulation by antigen
within the lung of infected mice.

Taken together, our results demonstrate that the T-cell re-
sponse during Mtb infection is highly dynamic, involving a lin-
ear process of T-cell maturation. We find that a less differ-
entiated but highly proliferative population of PD-1-expressing
T cells matures into a terminally differentiated cytokine-producing
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Fig. 6. KLRG1 expression identifies terminally differentiated cytokine se-
creting cells. Lymphocytes isolated from the lung of Mtb-infected mice were
stimulated with ESAT6,_,0 peptide for 5 h in the presence of brefeldin A. (A)
Representative dot plots of IFNy-and TNFa-producing KLRG1'® PD-1",
KLRG1"PD-1'"°, and KLRG1' PD-1'""t CD4 T cells on day 60 postinfection. (B)
The number of ESAT6-specific IFNy- and TNFa-producing KLRG1- or PD-1-
expressing CD4 T cells is shown for the indicated days postinfection. Data are
presented from the lungs of five mice analyzed on each day. The error bars
indicate the SD. The analysis was conducted from two experiments of similar
design. (C) The frequencies of ESAT6, 17/I-A° tetramer-positive cells within
the KLRG1- or PD-1-expressing populations were plotted against the fre-
quency of ESAT61_5/I-A° IFNy- and TNFa-producing cells within these same
populations in each mouse. The best-fit line was generated using least-
squares regression analysis. (D) A representative histogram of ESAT6,_;,/I-A°
tetramer expression and CD44 expression on KLRG1 (filled)- or PD-1 (open)-
expressing CD4 T cells, on day 60 postinfection. The MFI of ESAT6, ;,/I-A°
tetramer-positive cells was 2,147 + 371 for PD-1-expressing cells and 1,280 +
439 for KLRG1-expressing cells. The MFI of CD44 was 6,555 + 935 for PD-1-
expressing cells and 2,617 + 352 for KLRG1-expressing cells. The data are
representative of mice analyzed at several different time points in two
experiments. Differences with a P value <0.05 were considered significant
and are denoted by an asterisk.

PNAS | November9,2010 | vol. 107 | no.45 | 19411

IMMUNOLOGY



L T

/

1\

=y

population of KLRG1-expressing T cells. This linear progression of
T-cell differentiation is a major pathway by which T-cell responses
are maintained during infection with Mtb.

Discussion

Although many studies have examined the kinetics of the CD4 T-
cell responses at the population level during Mtb infection, the
phenotypic heterogeneity of the CD4 T-cell population had not
been investigated in depth. Our studies have focused on two
phenotypic markers commonly associated with exhaustion or
terminal differentiation in peripheral T cells, PD-1 and KLRGI1.
We have shown that effector CD4 T cells identified by these
markers do not exhibit characteristics of exhausted T cells. Both
PD-1- and KLRG1-expressing cells proliferated during infection
and produced cytokines, although the two subsets exhibited dif-
fering capacities for these functions. Instead, PD-1 and KLRG1
expression define functionally distinct subsets of effector CD4 T
cells. PD-1 expression identifies activated effector cells that exhibit
a higher proliferative capacity than the KLRG1-expressing cells,
but a lower capacity for cytokine production. In contrast, KLRG1-
expressing T cells produce cytokines with a higher efficiency.
These findings, along with the observation that PD-1-expressing
cells transition into KLRG1-expressing cells, suggest that PD-1—
positive T cells are a less-differentiated CD4 T-cell subset, and
that additional signals are required for their maturation into
terminally differentiated cytokine-producing effector cells. A
model that summarizes our findings, and a proposed scheme
for effector cell differentiation during Mtb infection, is shown in
Fig. 5. The differences we have observed between PD-1- and
KLRG1-expressing T-cell subsets suggest that yet additional het-
erogeneity exists within effector CD4 T-cell populations in vivo.
Such heterogeneity may include differences in the ability of the
cell subsets to localize in and around granulomas, or even
within specific lymph nodes or peripheral sites.

Although previous studies have demonstrated that PD-1-
expressing CD8 T cells exhibited decreased proliferative poten-
tial and cytokine production, PD-1 has commonly been used as
a marker of T-cell functional exhaustion in both mouse and
human infections (16) and in autoimmunity (17). Our data
demonstrate that PD-1 surface expression on CD4 T cells, during
chronic Mtb infection, is not a marker of exhausted T cells
during Mtb infection. Support for this conclusion comes from the
PD-1/PDL1 blockade studies, where no effect was observed on
either bacterial burden or antigen-specific T-cell responses.
PDL1 was expressed in the lungs during Mtb infection, indicating
that the ligand was likely available to T cells during infection.
Our results demonstrate that cells that express PD-1 are less dif-
ferentiated, and have the capacity to differentiate into antigen-
specific cells with other effector functions.

These data raise questions regarding the role of PD-1 on T
cells. One possible explanation for the observation that PD-1 is
not a marker of exhaustion in CD4 T cells is that previous studies
focused on antigen-specific CD8 T cells. Lineage-specific dif-
ferences may result from the utilization of different signaling
pathways in the T-cell subsets. An alternative explanation is that
signal transduction via the PD-1 pathway during chronic viral
infections are inherently different from those that occur during
chronic bacterial infections. In light of our findings, careful
consideration should be used when associating the expression of
PD-1 on antigen-specific cells with functional exhaustion.

It has been demonstrated that KLRG1 expression identifies
short-lived, terminally differentiated effector T cells with mini-
mal proliferative capacity (6, 7, 18). Our results are in partial
agreement with these previous studies, in that the surface ex-
pression of KLRGI, once expressed on T cells, is maintained.
Moreover, KLRG1-expressing cells transferred into Mtb-infec-
ted mice failed to persist, a finding that is similar to that reported
by Joshi et al. in their studies of short-lived effector cells (6).
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However, we have observed that cytokine production differs be-
tween KLRG1-expressing and non-KLRG1-expressing cells, in-
dicating that additional functional differences demarcate these cell
populations. Furthermore, in our studies the KLRG1-expressing
cells retained a limited capacity for cell division, although they did
not proliferate to the same extent as the PD-1-expressing cells.
One explanation for the ability of KIL.RG1-expressing cells to
proliferate is that KLRG1 cells had recently transitioned from
PD-1-expressing cells and, for a limited period, retain their pro-
liferative ability. Alternatively, the survival or maintenance of
KLRGT1 cells during Mtb infection may require proliferation be-
cause of expression of other coreceptors induced during infection
or from external cytokine stimulation within local microenviron-
ments of infected lung tissue.

Antigen-specific T-cell numbers, which are quite stable
throughout chronic Mtb infection, must be maintained by a source
of new effector cells. Our previous studies have revealed that re-
plenishment of the effector T-cell pool does not appear to require
new thymic emigrants (3), which would suggest that newly derived
T cells do not appear to provide a major mechanism whereby
chronic T-cell responses are maintained during Mtb infection.
Rather, these data demonstrate that a precursor population must
exist that continually produces new terminal effectors throughout
the infection. The origin or location of such a pool of proliferating
effector cells is not known, although possible sources of T cells
may include secondary lymph nodes, spleen, or other organs (Fig.
5). Such a putative self-renewing effector T-cell population may
bear some similarity to “memory stem cells” that have been de-
scribed recently (19). The existence of such a population of self-
renewing effector T cells during chronic infections may have
importance for understanding the mechanisms of T-cell persis-
tence for not only human Mtb, but for other chronic infections.

Materials and Methods

Animals. C57BL/6) and B6.SJL-Ptprc® Pep3®/Boy) (CD45.1) mice were pur-
chased from The Jackson Laboratory. C57BL/6 mice were maintained in
specific pathogen-free facilities at the Trudeau Institute (Saranac Lake, NY)
and at the University of Washington (Seattle, WA). Experimental mice were
age- and gender-matched, and were infected between 8 and 12 wk of age.
Mice were used in accordance with the Institutional Animal Care and Use
Committee guidelines of the National Research Council, the Trudeau In-
stitute, and the University of Washington.

Infections. Aerosol infections were preformed with a low dose of bacteria
(~75 CFU), using a Glas-Col airborne infection system, as described previously
(20). Bacterial burden was measured by serial dilutions of whole-organ
homogenates (20).

Lymphocyte Isolation and Flow Cytometry. Lung tissue was prepared by
injecting intact lungs with a 0.5 mg/mL solution of collagenase (Roche) and
DNase (Sigma Aldrich); the tissue was coarsely chopped and incubated for
30-45 min at 37 °C. Single-cell suspensions were prepared from lung tissue,
lymph nodes, or spleens by dispersing the tissues through a 70-um nylon
tissue strainer (BD Falcon). The cell suspensions were treated with Gey’s
solution to remove erythrocytes. Lymphocytes were enriched from lung
tissue by differential centrifugation, using a gradient of 40/80% Percoll. Cells
were stained with fluorochrome-labeled antibodies for anti-CD4 (clone
RM4-5), anti-CD8 (clone 5H10), anti-CD45.2 (104) and anti-CD69 (H1.2F3),
anti-BrdU, streptavidin-PerCP-Cy5.5 (all from BD Biosciences); anti-PDL1
(10F.9G2), anti-CD45.1 (A20), anti-PD-1 (RPM1) (all from BioLegend); anti-
KLRG1 (2F1) (Southern Biotech); anti-Bcl-X, (H-5) (Santa Cruz Bio-
technology); and anti-PDL1 (HI5I), anti-CD44 (IM7) (eBioscience). The samples
were analyzed on a LSRII flow cytometer (BD Biosciences). For the adoptive
transfer studies, the low numbers of adoptively transferred KLRG1- and PD-
1-expressing T cells required an enrichment method to detect them within
recipient mice, as has been previously described (21). The flow cytometry
data were analyzed using FlowJo software (Tree Star).

Intracellular Cytokine Detection. Lymphocytes isolated from infected mice

were incubated in a 96-well plate, at a concentration of 3 x 10° cells per well.
Cells were incubated in the presence of ESAT-6,_5, or Sendai HNg»q 436
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peptide (5 pg/mL each) for 2 h at 37 °G; Brefeldin A (50 pg/mL) was added,
and the incubation was continued for an additional 4 h. Surface staining for
CD4, CD8, PD-1, and KLRG1 was performed, as described previously (22), and
the cells were fixed and permeabilized using a Cytofix/Cytoperm Fixation/
Permeabilization kit (BD Biosciences). For detection of intracellular IFNy and
TNFa, the cells were incubated for 30 min in Perm/Wash Buffer (BD Bio-
sciences) with anti-IFNy (clone XMG1.2) and anti-TNFa (clone MP6-XT22); the
cells were analyzed as described above.

Generation of the MHC Class Il ESAT6,_7/I-A® Tetramer Reagent. The ESAT64 17/
I-A® tetramer was generated in the laboratory of Dr. M. Jenkins, University of
Minnesota, as described by Moon et al. (23). In brief, a set of overlapping
oligonucleotides encoding the ESAT6 peptide sequence (amino acid residues
4-17) was clone into the expression plasmid pRMHa3 I-A°. The plasmids were
transfected into Drosophila S2 cells, using the DES Drosophila Expression Sys-
tem (Invitrogen). Transfected S2 cells were flow cytometrically sorted for the
highest surface expression of the ESAT6, ;7 I-A® tetramer. ESAT6, 7 I-A® tet-
ramer expression was induced in the transfected S2 cells using CuSO,. Soluble
I-A® heterodimers were purified from cell cultures supernatants using nickel
affinity chromatography and purified by size-exclusion chromatography. Bio-
tinylated heterodimers were tetramerized using streptavidin-PE, and the
labeled tetramers were separated from heterodimers using size-exclusion
chromatography.

BrdU Incorporation. BrdU (4 mg/mL in PBS; Sigma-Aldrich) was injected into
the peritoneum of mice 24 h before the assay (200 uL per mouse). Single-cell
suspensions were stained with the ESAT6 tetramer, followed by surface
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staining. BrdU incorporation was detected using a BrdU Flow Kit (BD Bio-
sciences).

Isolation of KLRG1- and PD-1-Expressing CD4 Effector T Cells. Lymphocytes
were isolated from spleen, mediastinal lymph nodes, and lungs, and CD4 T
cells were enriched using a CD4* T cell-isolation kit (Miltenyi Biotec). Enriched
CDA4 T cells were stained with anti-KLRG1-PE and anti-PD-1-biotin, followed
by streptavidin-PerCP-Cy5.5. The cells were flow cytometrically sorted into
two subsets, KLRG1" PD-1"° and KLRG1'® PD-1". Sorted cells were labeled
with 0.5 uM CF(DA)SE and were transferred i.v. into day 25 Mtb-infected
congenic mice. Cell sorting was performed on a FACSVantage cell sorter
(BD Biosciences).

In Vivo PDL1 Antibody Blockade. In vivo antibody treatment of infected mice
was preformed as described previously (5). Anti-mouse PDL1 (clone 10F.9G2;
BioXCell) or a rat IgG2b isotype control Ig (200 ug each) were administered
every third day, beginning on day 30 postinfection, for 15 d.

Statistic Analysis. Statistical analysis was preformed with Prism5 GraphPad
software using a two-tailed student’s t test. Differences with a P value <0.05
were considered significant and are denoted by an asterisk.
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