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ABSTRACT Interleukin 21 (IL-21) is a pleiotropic common cytokine receptor y chain
cytokine that promotes the effector functions of NK cells and CD8* T cells and in-
hibits CD8* T cell exhaustion during chronic infection. We found that the absolute
number of short-lived effector CD8+ T cells (SLECs) (KLRG1high CD127'°w) decreased
significantly in IL-21 receptor-deficient (IL-21R~/~) mice during Mycobacterium bovis
bacillus Calmette-Guérin (BCG) infection. Early effector CD8* T cells (EECs) (KLRG1'ow
CD127'°w) were normally generated in IL-21R~/~ mice after infection. Exhausted
CD8* T cells (PD-1high KLRG1'°w) were also normally generated in IL-21R~/~ mice af-
ter infection. Mixed bone marrow (BM) chimera and transfer experiments showed
that IL-21R on CD8™ T cells was essential for the proliferation of EECs, allowing them
to differentiate into SLECs after BCG infection. On the other hand, the number of
SLECs increased significantly after infection with recombinant BCG (rBCG) that se-
creted an antigen 85B (Ag85B)-IL-21 fusion protein (rBCG-Ag85B-IL-21), but the
number of exhausted CD8* T cells did not change after rBCG-Ag85B-IL-21 infection.
These results suggest that IL-21 signaling drives the differentiation of SLECs from
EECs but does not inhibit the exhaustion of CD8* T cells following BCG infection in
mice.
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(MPECs), based on the expression of KLRG1 and CD127. SLECs are in fact KLRG1high
CD127'w cells that form terminally differentiated effector cells. MPECs are KLRGT'ow
CD127high cells that differentiate into long-lived memory cells (25-27). In addition to
these two subsets, early effector cells (EECs) were recently found to have a KLRG1'ow
CD127'°w phenotype, with the ability to form both SLECs and MPECs (28, 29). However,
the inflammatory stimuli that alter their fate remain unknown.

Sustained antigenic stimulation associated with persistent infection may often cause
CD8™ T cell exhaustion, which is characterized by functional unresponsiveness, the
expression of multiple inhibitory receptors, such as CD43 (1B11 isoform), and main-
tained expression of the inhibitory receptors programmed death 1 (PD-1), lymphocyte-
activated gene 3 (LAG-3), T-cell immunoglobulin and mucin domain-containing protein
3 (TIM-3), and cytotoxic T-lymphocyte-associated protein 4 (CTLA-4) (30-32). It has been
reported recently that IL-21 inhibited CD8% T cell exhaustion, controlling chronic
infection by LCMV (22) or M. tuberculosis (20). However, whether IL-21 directly inhibits
the development of CD8* T cell exhaustion remains unknown.

In this study, we used IL-21R~/~ mice and IL-21-expressing recombinant Mycobac-
terium bovis bacillus Calmette-Guérin (rBCG-Ag85B-IL-21), with rBCG expressing
ovalbumin (OVA), to examine the roles of IL-21 in the Ag-specific CD8* T cell response
in the lung following BCG infection. We found that IL-21 signaling played a critical role
in converting EECs to SLECs but was not involved in inhibiting the generation of
exhausted CD8™" T cells after BCG infection in mice.

RESULTS

Kinetics of bacterial load and cytokine production in IL-21R~/~ mice after BCG
infection. We first examined bacterial numbers and cytokine production in the lungs.
The number of bacteria was slightly higher in IL-21R~/~ mice than in wild-type (WT)
mice on day 14 after rBCG-OVA infection but decreased equally in both groups
thereafter (Fig. 1A). The level of IL-21 was higher in IL-21R~/~ mice than in WT mice
during rBCG-OVA infection (Fig. 1B), presumably due to the lack of IL-21 consumption.
The level of gamma interferon (IFN-y) was significantly lower in IL-21R~/~ mice than in
WT mice on day 28 after rBCG-OVA infection (Fig. 1B). There were no differences in the
levels of IL-10 and IL-17A between WT mice and IL-21R~/~ mice during infection
(Fig. 1B).

CD8* T cell response in IL-21R~/~ mice after BCG infection. We next examined
CD8* T cell responses in the lungs and spleens after rBCG-OVA infection. OVA,s, 564
H-2K® tetramer staining revealed that the absolute numbers of OVA-specific CD8+ T
cells decreased in the lungs and spleens of IL-21R~/~ mice on days 14 and 21 after
rBCG-OVA infection (Fig. 2A; see also Fig. STA in the supplemental material). Intracel-
lular staining for IFN-y upon OVA,s, ¢, stimulation showed that the ability of OVA-
specific CD8* T cells from rBCG-OVA-infected IL-21TR~/~ mice to produce IFN-y was
significantly lower than that of WT mice on days 21 and 42 after rBCG-OVA infection
(Fig. 2B; also Fig. S1B in the supplemental material).

Ag-specific CD8* T cells can be classified into several categories: C44~ CD62L™
naive cells, CD44+ CD62L~ effector or effector memory cells, and CD44+ CD62L*
central memory T cells (33, 34). The majority of OVA-specific CD8" T cells were of the
CD44L+ CD62L~ phenotype in both groups, and the absolute numbers of OVA-specific
CD44+ CD62L~ CD8* T cells in the lungs and spleens were significantly lower in
IL-21R~/~ mice than in WT mice on days 14 and 21 after rBCG-OVA infection (Fig. 3A;
see also Fig. S2A in the supplemental material). The absolute numbers of OVA-specific
CD44+ CD62L* CD8™ T cells were significantly lower in IL-21R~/~ mice on day 21 (Fig.
3A). The pools of effector CD8™ T cells at an early stage after infection were further
divided into three subsets—EECs, SLECs, and MPECs—based on the expression of
KLRG1 and CD127 (27-29, 33, 34). The majority of OVA-specific CD8™ T cells had the
KLGR1high CDI27'°w phenotype, corresponding to SLECs, in WT mice on days 14 and 21
after rBCG-OVA infection (Fig. 3B; also Fig. S2B in the supplemental material). The
numbers of SLECs were significantly lower in the lungs and spleens of IL-21R~/~ mice
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FIG 1 Kinetics of bacterial growth and cytokine production in the lungs of IL-21R~/~ mice after BCG infection.
IL-21R~/~ mice and age-matched wild-type (WT) mice were infected i.t. with 2 X 10¢ CFU of rBCG-OVA. (A) The
numbers of bacteria recovered from the lungs of infected mice were determined on the indicated days. (B)
Cytokine production in lung homogenates from mice at the indicated times after rBCG-OVA infection. IL-21, IFN-v,
IL-10, and IL-17A levels in the lung homogenates were measured by ELISA. Data from one experiment represen-
tative of three separate experiments are shown and are expressed as means =+ standard deviations for five mice
from each group. Statistically significant differences between IL-21R~/~ mice and WT mice are indicated (¥, P <
0.05; **, P < 0.01; ***, P < 0.001).

than in those of WT mice on days 14 and 21 (Fig. 3B). The relative percentage of EECs
increased in IL-21R~/~ mice (Fig. S2B), but the absolute number was comparable to
that in WT mice after infection (Fig. 3B).

Two transcription factors, T-bet and Blimp-1, are highly expressed in SLECs (27, 35,
36), whereas another two, Bcl-6 and eomesodermin (Eomes), are important in MPEC
differentiation (37-41). In agreement with the reduced number of SLECs in IL-21R~/—
mice, the mean fluorescence intensities (MFI) of T-bet and Blimp-1 expressed by the
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FIG 2 Kinetics of Ag-specific CD8* T cells and IFN-y* CD8" T cells in IL-21R~/~ mice following BCG infection. (A) The absolute number of
OVA,,_,e4-specific CD8* T cells was calculated by multiplying the total number of lung MNCs or spleen cells by the percentage of each subset.
On the indicated days after infection with 2 X 106 CFU of rBCG-OVA, the lung MNCs and spleen cells of each mouse were stained with an anti-CD8
MAb and OVA,.,_,s, H-2K® tetramers. (B) The absolute number of OVA,.,_,.,-specific IFN-y+ CD8* T cells was calculated by multiplying the total
number of lung MNCs or spleen cells by the percentage of IFN-y* CD44+ CD8" T cells. For intracellular expression of IFN-y by CD44* CD8" T
cells, the lung MNCs or spleen cells were cultured with the OVA,.,_,., peptide on the indicated days after rBCG-OVA infection and were surface
stained with an anti-CD8 and an anti-CD44 MAb and intracellularly stained with an anti-IFN-y MAb. Data from one experiment representative of
three separate experiments are shown. Each value shown is the mean = standard deviation for four mice of each group. Statistically significant
differences between IL-21R~/~ mice and WT mice are indicated (*, P < 0.05; **, P < 0.01).

OVA-specific CD8™ T cells were significantly reduced in IL-21R~/~ mice infected with
rBCG-OVA (Fig. 3C; also Fig. S2C in the supplemental material). There were no differ-
ences in the MFI of Bcl-6 and Eomes between the two groups of mice (Fig. 3G; also Fig.
S2CQ). Taking these findings together, the differentiation of SLECs from EECs may be
inhibited in the absence of IL-21R signaling.

Exhausted CD8+ T cells in IL-21R~/— mice after BCG infection. Exhausted T cells
show phenotypic features of an exhausted state, including upregulated expression of
inhibitory receptors such as PD-1 (30-32). We examined PD-1 expression on OVA-
specific CD8" T cells following rBCG-OVA infection. The percentage of OVA-specific
PD-1high KLRG1'w CD8™" T cells, corresponding to exhausted T cells, was higher in the
lungs of IL-21R~/~ mice than in those of WT mice 21 days after rBCG-OVA infection (Fig.
S2D in the supplemental material). However, the absolute numbers of OVA-specific
PD-1high KLRG1'ow CD8™" T cells in the lungs of IL-21R~/~ mice were not significantly
different from those in WT mice after rBCG-OVA infection (Fig. 3D). The higher propor-
tion of exhausted T cells among OVA-specific CD8* T cells in IL-21R~/~ mice may
reflect a change in the total number of OVA-specific effector CD8* T cells in IL-21R~/—
mice.

Direct effect of IL-21R signaling on the CD8* T cell response after BCG infec-
tion. IL-21R is widely expressed on various cell types within the immune system (9-17).
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FIG 3 Kinetics of numbers of Ag-specific effector CD8* T cells in IL-21R~/~ mice following BCG infection. (A and B) The absolute number of
OVA-specific CD44+ CD62L~ CD8* T cells, CD44+ CD62L* CD8* T cells, short-lived effector cells (SLECs), or early effector cells (EECs) was
calculated by multiplying the total number of lung MNCs or spleen cells by the percentage of each subset. On the indicated days after infection
with 2 X 108 CFU of rBCG-OVA, the lung MNCs and spleen cells were stained either with anti-CD8, anti-CD44, and anti-CD62L MAbs and
OVA, s, 564 H-2KP tetramers or with anti-CD8, anti-KLRG1, and anti-CD127 MAbs and OVA,.,_,s, H-2K® tetramers. (C) The mean fluorescence
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FIG 4 IL-21R signaling for differentiation of Ag-specific CD8* T cells in mixed bone marrow (BM) chimeric mice following BCG infection. (A) Recipient WT
(Ly5.1/5.2) mice were lethally irradiated (10 Gy), and BM was reconstituted by a mixture of WT (Ly5.1/5.1) and IL-21R~/~ (Ly5.2/5.2) BM cells. Eight weeks after
BM transfer, 5 X 10° CFU rBCG-OVA was i.t. inoculated, and the lung cells were harvested on days 14 and 28 after infection. (B) Eight weeks after BM transfer,
the lung cells were stained with an anti-Ly5.1 and an anti-Ly5.2 MAb. (C) The absolute number of OVA, ., ,¢,-specific CD8* T cells expressing Ly5.1/5.1 or
Ly5.2/5.2 was calculated by multiplying the total number of lung MNCs by the percentage of each subset. The lung MNCs were stained with anti-CD8, anti-Ly5.1,
and anti-Ly5.2 MAbs and OVA,.,_,s, H-2K® tetramers. (D) The absolute number of OVA,,_,,-specific IFN-y* CD8* T cells was calculated by multiplying the
total number of lung MNCs by the percentage of IFN-y+ CD8* T cells. For intracellular expression of IFN-y by CD8* T cells, lung MNCs were cultured with the
OVA,s, 64 Peptide on the indicated days after rBCG-OVA infection, surface stained with anti-CD8, anti-Ly5.1, and anti-Ly5.2 MADbs, and intracellularly stained
with an anti-IFN-y MAb. Data from one experiment representative of two separate experiments are shown. Each value shown is the mean * standard deviation

for three mice. Statistically significant differences between IL-21R~/~ and WT T cells are indicated (*, P < 0.05; **, P < 0.01).

To determine whether IL-21R was acting directly on Ag-specific CD8% T cells or
indirectly, through a third party, we first performed a mixed bone marrow (BM) chimera
experiment using Ly5.1- or Ly5.2-congenic C57BL/6 (B6) mice. Recipient WT mice
(Ly5.1/5.2) were lethally irradiated and injected with a mixture of BM cells from WT
(Ly5.1/5.1) and IL-21R~/~ (Ly5.2/5.2) mice (Fig. 4A). Cells derived from IL-21R~/~ BM
and WT BM were equally distributed in host mice 2 months after BM transplantation
(Fig. 4B). On days 14 and 28 after rBCG-OVA infection, the numbers of OVA-specific
CD8™* T cells from IL-21R~/~ mice were significantly lower than those from WT mice in
BM chimeric mice (Fig. 4C). Moreover, the ability of OVA-specific CD8* T cells from
IL-21R~/~ mice to produce IFN-y was significantly lower than that of cells from WT mice
(Fig. 4D). These results suggest that IL-21R on BM-derived cells is critical for the
differentiation or expansion of Ag-specific CD8* T cells after BCG infection.

To further confirm the requirement for IL-21R expression by Ag-specific CD8™ T cells,
we carried out transfer experiments using OT-I cells, which express an OVA-specific T
cell receptor (TCR). WT or IL-21R~/~ naive OT-I cells were transferred to WT mice, which
were then challenged with rBCG-OVA, and the number of OT-I cells in the lungs was

FIG 3 Legend (Continued)

intensities (MFI) of T-bet, Blimp-1, Bcl-6, and Eomes in OVA,,_,¢,-specific CD8* T cells in the lung were calculated on days 14 and 21 after
rBCG-OVA infection. For intracellular expression of T-bet, Blimp-1, Bcl-6, and Eomes by OVA,,_,¢,-specific CD8" T cells, lung MNCs were surface
stained with an anti-CD8 MAb and OVA,.,_,s, H-2K® tetramers and were intracellularly stained with each MAb. (D) The absolute number of
OVA,s,_,e4-specific exhausted CD8* T cells was calculated by multiplying the total number of lung MNCs by the percentage of the PD-1high
KLRG1'*w subset. On the indicated days after infection with 2 X 106 CFU of rBCG-OVA, lung MNCs were stained with anti-CD8, anti-KLRG1, and
anti-PD-1 MAbs and OVA,,_,, H-2KP tetramers. Data from one experiment representative of three separate experiments are shown. Each value
shown is the mean = standard deviation for four mice of each group. Statistically significant differences between IL-21R~/~ mice and WT mice

are indicated (*, P < 0.05; **, P < 0.01). N.S,, not significant.
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examined on day 14 (Fig. 5A). IL-21R*/* and IL-21R~/~ OT-I cells were equally distrib-
uted in host mice after adoptive transfer, while the number of IL-21R~/~ OT-I cells in
the lungs and mediastinal lymph nodes (MLNs) was significantly lower than that of WT
OT-l cells on day 14 after rBCG-OVA infection (Fig. 5B and C). The percentages and
absolute numbers of SLECs were significantly reduced in IL-21R~/~ OT-l cells after
infection (Fig. 5D and E). The percentage of EECs showed a relative increase in
IL-21R~/~ OT-l cells (Fig. 5D), but there was no significant difference in the absolute
number of EECs between IL-21R*/* and IL-21R~/~ OT-I cells after infection (Fig. 5E).
Thus, IL-21R is important for the generation of effector CD8* T cells in the lymphoid
organs after BCG infection.

To examine the in vivo division of OT-I cells, OT-I cells were labeled with 1 uM
5-(and-6)-carboxyfluorescein diacetate succinimidyl ester (CFSE) and were injected
intravenously (i.v.) into WT mice, which were subsequently injected with 2 X 10 CFU
rBCG-OVA. Transfer of CFSE-labeled OT-I cells showed that cell division on day 14 after
rBCG-OVA infection was impaired in IL-21R~/~ OT-I cells relative to that in WT OT-| cells
(Fig. 5F). These results indicate that IL-21R signaling in CD8* T cells is indispensable for
their proliferation and for the differentiation of OVA-specific SLECs from EECs in the
lungs after BCG infection.

CD8* T cell response after rBCG-Ag85B-IL-21 infection. To elucidate the effects
of IL-21 on CD8™" T cell responses to BCG infection under conditions of IL-21 overex-
pression, we used rBCG-IL-21-Ag85B, secreting the IL-21-Ag85B fusion protein, which
can be detected by an enzyme-linked immunosorbent assay (ELISA) with an anti-IL-21
monoclonal antibody (MAb) (42). The level of TB10.4- or Mtb32a-specific CD8* T cells
was examined after intratracheal (i.t.) inoculation with 5 X 10* CFU rBCG-Ag85B-IL-21
or rBCG-Ag85B. There was no difference in bacterial counts in the lungs between
rBCG-Ag85B-IL-21- and rBCG-Ag85B-infected mice (Fig. 6A). The numbers of TB10.4- or
Mtb32a-specific CD8* T cells, as assessed by tetramer staining, were significantly higher
on day 21 after rBCG-Ag85B-IL-21 infection (Fig. 6B; see also Fig. S3A in the supple-
mental material). Similarly, the numbers of IFN-y*+ CD44+ CD8" T cells upon stimula-
tion with the TB10.4 or Mtb32a peptide were significantly higher on day 21 after
rBCG-Ag85B-IL-21 infection (Fig. 6C; also Fig. S3B in the supplemental material). Most
of the TB10.4- or Mtb32a-specific CD8" T cells showed the KLGR1hish CDI27'°W phe-
notype, corresponding to SLECs (Fig. S3C). The numbers of TB10.4- or Mtb32a-specific
SLECs were significantly higher on day 21 after rBCG-Ag85B-IL-21 infection (Fig. 6D).
Although the relative number of PD-1high KLRG1'°W exhausted CD8* T cells decreased
after rBBCG-Ag85B-IL-21 infection (Fig. S3D), the absolute numbers of rBCG-Ag85B-IL-
21- and rBCG-Ag85B-infected mice were not different (Fig. 6E). These results suggest
that overproduction of IL-21 increases the number of SLECs but does not affect the
generation of exhausted CD8* T cells.

DISCUSSION

In this study, we show two novel findings pertaining to the role of IL-21 in the CD8*
T cell response during BCG infection: (i) IL-21 signaling plays a critical role in the
proliferation and differentiation of SLECs from EECs; (ii) IL-21 by itself may have very
little, if any, effect on the generation of exhausted CD8* T cells (see Fig. S4 in the
supplemental material).

Effector CD8™ T cells at an early stage after acute infection are divided into two
subsets: KLRG1high CD127'°w SLECs, which differentiate into terminally differentiated
effector cells, and KLRG1'ew CD127high MPECs, which differentiate into long-lived
memory cells (27-29, 33, 34). In the present study, the number of SLECs decreased
significantly in IL-21R~/~ mice on days 14 and 21 after rBCG-OVA infection and vice
versa, i.e., there was a significant increase in the number of SLECs after rBCG-Ag85B-
IL-21 infection. These results suggest that IL-21 had a positive impact on the quality of
the effector CD8* T cell response during chronic infection by BCG. IL-21R is widely
expressed on various cells (9-18) and leads to the pleiotropic action of IL-21 in innate
and adaptive immune responses. In the present study, the double approach of using
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FIG 5 IL-21R signaling for differentiation of Ag-specific CD8* T cells in adoptive transfer experiments following BCG infection. (A) Naive CD8+ T
cells purified from WT (Ly5.1/5.1) and IL-21R~/~ (Ly5.1/5.2) OT-I mice were transferred i.v. into WT mice (Ly5.2/5.2), which were inoculated i.t. with
2 X 10° CFU rBCG-OVA on the next day. Two weeks after infection, lungs were harvested. (B) Percentages of OT-I cells in the lung after rBCG-OVA
infection. (C) The absolute number of OT-I cells expressing Ly5.1/5.1 or Ly5.1/5.2 was calculated by multiplying the total number of lung MNCs or
mediastinal lymph node (MLN) cells by the percentage of each subset. On day 14 after infection, the lung MNCs and MLNs were stained with anti-CD8,
anti-Ly5.1, and anti-Ly5.2 MAbs and OVA_,_,, H-2K® tetramers. (D) Numbers in the dot plot show the percentage of each region in a gated population.
A representative fluorescence-activated cell sorter profile is shown. On day 14 after infection, lung MNCs were stained with anti-CD8, anti-Ly5.1,
anti-Ly5.2, anti-CD127, and anti-KLRG1 MAbs and OVA,,_,, H-2K® tetramers. (E) The absolute number of SLECs or EECs was calculated by multiplying
the total number of lung MNCs by the percentage of each subset. (F) Histogram overlays of CFSE on CD8* T cells. Shown are levels for naive CD8* T
cells before transfer (filled histogram), WT OT-I CD8* T cells after infection (shaded histogram), and IL-21R~/~ OT-I CD8* T cells after infection (open
histogram). The MFI of CFSE in WT or IL-21R=/~ OT-1 CD8* T cells was calculated on day 14 after rBCG-OVA infection. To examine the division of OT-|
cells in vivo, the cells were first labeled with 1 uM CFSE and then injected intravenously into sex-matched WT mice, which were subsequently injected
with 2 X 108 CFU rBCG-OVA. On day 14 after infection, lung MNCs were stained with anti-CD8, anti-Ly5.1, and anti-Ly5.2 MAbs. Data from one
experiment representative of two separate experiments are shown. Each value shown is the mean * standard deviation for four mice. Statistically
significant differences between IL-21R—/~ OT-I CD8* T cells and WT OT-I CD8* T cells are indicated (*, P < 0.05; **, P < 0.01).
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FIG 6 Kinetics of Ag-specific CD8+ T cells following rBCG-Ag85B-IL-21 inoculation. The lung MNCs were harvested on the indicated days, at an early stage after
rBCG-Ag85B-IL-21 or rBCG-Ag85B inoculation. (A) The numbers of bacteria recovered from the lungs of infected mice on the indicated days were determined.
(B) The absolute numbers of TB10.4- or Mtb32a-specific CD8* T cells were determined by staining with an anti-CD8 MAb and TB10.4 or an Mtb32a MHC class
| tetramer. (C to E) The absolute numbers of TB10.4- or Mtb32a-specific IFN-y* CD44" CD8* T cells were calculated by multiplying the total number of lung
MNCs by the percentage of IFN-y* CD44* CD8* T cells stimulated with the TB10.4 or Mtb32a peptide. The lung MNCs were stained with an anti-CD8,
anti-KLRGT1, anti-CD127, or anti-PD-1 MAb and TB10.4 or Mtb32a MHC class | tetramers. Data from one experiment representative of three separate experiments
are shown. Each value shown is the mean = standard deviation for four mice of each group. Asterisks indicate statistically significant differences between

rBCG-Ag85B-IL-21-infected mice and rBCG-Ag85B-infected mice (¥, P < 0.05; **, P < 0.01). N.S., not significant.

mixed BM chimeras and adoptive transfer indicates that direct signaling from IL-21R on
CD8* T cells contributes to the proliferation and differentiation of the effector CD8* T
cell response against BCG infection. These results were consistent with a previous
report on M. tuberculosis infection (20), although the loss of IL-21R has almost no effect
on bacterial elimination after rBCG-OVA infection. This may be explained by the
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difference in virulence between rBCG-OVA and M. tuberculosis. Effector cells other than
CD8* T cells may compensate for the absence of effector CD8* T cells in IL-21R~/~
mice following avirulent rBCG-OVA infection.

Obar and colleagues recently showed that KLRG1'°w CD127'°w EECs appear at a very
early stage, such as day 3 after acute infection with recombinant Listeria-OVA or
recombinant vesicular stomatitis virus (rVSV)-OVA (28, 29). They also showed that EECs
have the ability to form both SLECs and MPECs but that this depends on pathogen-
induced inflammatory environmental conditions (28). We showed in our study that
EECs appeared at a relatively early stage (day 14) in chronic bacterial infection with
rBCG-OVA. Notably, in contrast to SLECs, the absolute number of EECs in IL-21R~/—
mice after infection did not differ from that in WT mice. During the response of CD8*
T cells to infection, SLECs express high levels of T-bet and Blimp-1, whereas MPECs
express high levels of Bcl-6 and Eomes (27, 35-41). The balance of expression of T-bet,
Blimp-1, Bcl-6, and Eomes is important for the efficient development of CD8* T cells. In
accord with the decreased number of SLECs in IL-21R~/~ mice, the expression of T-bet
and Blimp-1 in Ag-specific CD8™" T cells was lower in IL-21TR~/~ mice than in WT mice
at an early phase of infection. These results suggest that IL-21 is a critical factor for the
proliferation and differentiation of EECs into SLECs at a relatively early stage (day 14) of
chronic infection with BCG.

The roles of IL-21 in Ag-specific CD8™" T cell proliferation and effector function are
controversial. The Ag-specific CD8* T cell response in acute infection with LCMV or L.
monocytogenes appears to proceed independently of IL-21, since the initial CD8" T cell
responses are elicited in IL-217/~ mice at the same level as in WT mice (22-24).
Conversely, the response of CD8* T cells is impaired in IL-217/~ or IL-21R~/~ mice
during chronic infection with strains of LCMV or M. tuberculosis (20, 22). In agreement
with those reports, we showed that the effector CD8* T cell response deteriorated in
the absence of IL-21R signaling. Taking these findings together, it is possible that the
effects of IL-21 on the Ag-specific effector CD8* T cell response may differ between
acute and chronic infection, irrespective of the pathogen (viral or bacterial). An appar-
ent difference in the adaptive immune response between acute and chronic infection
is the interval required for its development. L. monocytogenes proliferated rapidly
in vivo, resulting in rapid Ag presentation with a formidable CD8* T cell response,
which peaked on day 7, but subsequently, T cells underwent rapid apoptosis. In
contrast, BCG grows slowly, resulting in delayed Ag presentation and a weaker mag-
nitude of the CD8™" T cell response, which peaks around the second week of infection
and then declines slowly (43, 44). IL-21 induces KLRG1 expression but inhibits CD94-
NKG2A expression on NK cells in vitro, resulting in functional maturation of NK cells (10).
IL-21R activates Jak1 and Jak2, causing the phosphorylation, dimerization, and nuclear
translocation of Stat3 and, to a lesser extent, Stat1, Stat5a, and Stat5b (3-8, 45). The
balance of activation of these STAT proteins may influence the expression of IL-21-
regulated genes in CD8* T cells after infection. Further experiments are required to
clarify how IL-21 induces KLRG1 during effector maturation of CD8* T cells.

It has been reported recently that CD8* T cells become exhausted in chronic viral
infection under conditions of persistent Ag stimulation, conditions that arise during
chronic infection with HIV, LCMV, or M. tuberculosis and in cancer (30-32). Effector
activities, including the ability to produce IFN-v, are lost by the exhausted CD8* T cells,
and the absolute number of these cells declines. The exhausted T cells also express
phenotypic features of the exhausted state, including PD-1, CTLA-4, LAG-3, and Tim-3
(29-32). Chronic LCMV infection of IL-21—/~ or IL-21R~/~ mice results in severe CD8+
T cell exhaustion, proving the importance of IL-21 in sustaining CD8* T cell responses
during chronic viral infection (22). Thus, the availability of IL-21 critically influences the
functional quality and sustainability of CD8" T cell responses, especially under condi-
tions of persistent Ag stimulation during chronic infections (20, 29). CD8* T cell
exhaustion can develop if IL-21 is unavailable, indicating that the level of IL-21
influences the capacity to mount effective responses. However, we did not detect an
increase in the absolute number of PD-1high CD8™* T cells in IL-21R~/~ mice, although
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the relative percentage of PD-1high CD8™ T cells increased after BCG infection. We also
did not detect a decrease in the absolute number of PD-1high CD8+ T cells, although the
relative number of PD-1high CD8* T cells decreased after rBCG-Ag85B-IL-21 infection.
The downregulation of inhibitory receptors by IL-21 signaling may merely reflect
IL-21-induced expansion of effector CD8* T cells in BCG infection. It was therefore
predicted that IL-21 would not have a positive impact on the quality of the exhausted
CD8™" T cell response after chronic infection with BCG. There are several mechanisms
for processing Ag for major histocompatibility complex (MHC) class | presentation,
such as proteasomal processing in classical cytosol processing by infected antigen-
presenting cells (APC) and cross-processing by bystander APC (46). Therefore, it is also
possible that differences in Ag-processing mechanisms for MHC class | presentation
among various chronic infections may affect IL-21 function in the quality of the
exhausted CD8" T cell response. The generalizability of our finding and its possible
implications await analysis of other chronic infections.

In conclusion, IL-21 plays an important role in the CD8" T cell response in BCG
infection. Ensuing important steps will be the use of our improved understanding of
the roles of IL-21 to devise approaches to vaccination for tuberculosis.

MATERIALS AND METHODS

Mice. C57BL/6 wild-type (WT) mice were purchased from Japan KBT Inc. (Tosu, Japan). IL-21R~/~ mice
were generated as described previously (9). OT-I mice expressing an ovalbumin (OVA),s,_,e,/KP-specific
TCR and B6 Ly5.1-congenic mice were obtained from the Jackson Laboratory (Bar Harbor, ME). All mice
were maintained under specific-pathogen-free conditions and were provided food and water ad libitum.
All mice used were 6 to 12 weeks old. This study was approved by the Committee of Ethics on Animal
Experiments of the Faculty of Medicine, Kyushu University. Experiments were carried out according to
local guidelines for animal experimentation.

Microorganisms. OVA-expressing recombinant BCG (rBCG-OVA) has been described previously (43).
To construct rBCG-Ag85B-IL-21 or rBCG-Ag85B, pNN2-mlIL-21-Ag85B or pNN2-Ag85B was introduced
into BCG (strain Tokyo 172) by electroporation as reported previously (42, 44, 47).

Bacterial infection. The culture method for rBCG-OVA, rBCG-Ag85B-IL-21, or -BCG-Ag85B has been
described previously (42, 48). Mice were inoculated intratracheally (i.t.) with viable M. bovis BCG (Tokyo
strain) or rBCG-OVA in 50 ul of phosphate-buffered saline (PBS) on day 0 at a sublethal dose of 5 X 104
or 2 X 10% CFU. On various days after infection, mouse lungs were removed and separately homoge-
nized. Samples were spread on Middlebrook 7H10 medium enriched with 10% oleic acid-albumin-
dextrose-catalase (OADC), and colonies were counted after incubation for 3 weeks at 37°C.

Flow cytometric analysis. Lung mononuclear cells (MNCs), spleen cells, and MLNs were prepared as
described previously (49, 50). All cells were stained with various combinations of MAbs. I-A/I-E-V500
(M5.144.15.2), allophycocyanin- and Cy.7-conjugated CD8« (RM53-6.7), CD44-V450 (IM7), phycoerythrin
(PE)- and Cy.7-conjugated CD127 (A7R34), Alexa Fluor 488-conjugated Bcl-6 (K112-91), Alexa Fluor
647-conjugated Blimp-1 (5E7), and PE- and Cy.7-conjugated streptavidin antibodies were purchased from
BD Biosciences (San Jose, CA). Peridinin chlorophyll protein (PerCP)- and Cy5.5-conjugated CD44 (clone
IM7), PerCP- and Cy5.5-conjugated CD45.1 (A20), PE- and Cy.7-conjugated CD45.2 and fluorescein
isothiocyanate (FITC)-conjugated CD45.2C (clone 104), PerCP- and Cy5.5-conjugated CD62L (MEL-14),
PE-conjugated IL-21R (4A9), allophycocyanin-conjugated KLRG1 and PerCP- and Cy5.5-conjugated KLRG1
(2F1/KLRGT1), biotin-conjugated PD-1 (RMP1-30), and allophycocyanin-conjugated T-bet (4B10) antibod-
ies were purchased from BioLegend (San Diego, CA). Biotin-conjugated CD45.2 (A20) and Alexa Fluor
488-conjugated Eomes (Dan11mag) antibodies were purchased from eBioscience (San Diego, CA).
PE-conjugated OVA,;,_,¢, H-2K?, TB10.4 H-2K®, and Mtb32a H-2D® tetramers were purchased from MBL
(Nagoya, Japan). Dead cells were excluded from the analysis using a Zombie Aqua fixable viability kit
(BioLegend). Intracellular staining with T-bet, Blimp-1, Bcl-6, and Eomes was performed with the Foxp3
staining kit (eBioscience). The stained cells were analyzed in a FACSVerse flow cytometer (BD Biosci-
ences). The data were analyzed using FlowJo software, v10.0.7 (TreeStar).

Intracellular cytokine staining. Lung MNCs or spleen cells were incubated without any stimulation
or with each peptide (5 ug/ml OVA,5, 6, 10 uM TB10.4, or 10 uM Mtb32a) or 1 ug/ml phorbol
12-myristate 13-acetate (PMA) plus 50 ug/ml ionomycin (ION) for 6 h, with 10 ng/ml brefeldin A
(Sigma-Aldrich) added in the last 3 h, at a concentration of 1 X 10° in RPMI 1640 medium containing 10%
fetal calf serum (FCS). After culture, cells were preincubated with the 2.4G2 antibody and were stained
with various combinations of MAbs. After surface staining, intracellular staining was performed using the
Cytofix/Cytoperm kit (BD Biosciences).

ELISAs. Supernatants of lung homogenates from mice were obtained by centrifugation at 440 X g
for 3 min at 4°C. Cytokine secretion in the supernatants was measured with a DuoSet ELISA development
system (R&D Systems, Minneapolis, MN) according to the manufacturer’s protocol.

Generation of mixed bone marrow chimera. BM cells were prepared from WT (Ly5.1/5.1) and
IL-21R~/~ (Ly5.2/5.2) mice by flushing the femurs and tibias and resuspending them in PBS for injection.
A mixture of 2 X 106 cells from WT (Ly5.1/5.1) and IL-21R~/~ (Ly5.2/5.2) mice was injected intravenously
(i.v.) into lethally (10-Gy) irradiated WT recipient mice (Ly5.1/5.2).
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Adoptive transfer. Adoptive transfer cells were obtained from spleen and lymph node (LN) cells in
IL21R*/* OT-I mice (Ly5.1/5.1) or IL21R=/~ OT-I mice (Ly5.1/5.2). OT-I naive CD8* T cells that had been
negatively purified using magnetic beads (EasySep naive CD8" T cell isolation kit; Stemcell Technologies,
Vancouver, Canada) were mixed (2.5 X 10 cells from each group) and adoptively transferred i.v. into
naive B6 mice (Ly5.2/5.2), which were infected with 2 X 10% CFU rBCG-OVA 24 h later. Transferred OT-I
cells were identified by staining with various combinations of MAbs and OVA,,_,, H-2K® tetramers. In
some experiments, OT-I cells were labeled with 1 uM 5-(and-6)-carboxyfluorescein diacetate succinimidyl
ester (CFSE; Invitrogen, Grand Island, NY) in PBS for 15 min at 37°C. After the reaction was stopped by the
addition of an equal volume of FCS, the cells were washed with RPMI 1640 medium including 10% FCS.
Statistics. Statistical significance was evaluated by Student’s t test using Prism software (GraphPad,
San Diego, CA). P values of <0.05 represent a significant difference.

SUPPLEMENTAL MATERIAL
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