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A Context-Dependent Role for IL-21 in Modulating the
Differentiation, Distribution, and Abundance of Effector and
Memory CD8 T Cell Subsets

Yuan Tian, Maureen A. Cox,1 Shannon M. Kahan, Jennifer T. Ingram, Rakesh K. Bakshi,2

and Allan J. Zajac

The activation of naive CD8 T cells typically results in the formation of effector cells (TE) as well as phenotypically distinct memory

cells that are retained over time. Memory CD8 T cells can be further subdivided into central memory, effector memory (TEM), and

tissue-resident memory (TRM) subsets, which cooperate to confer immunological protection. Using mixed bone marrow chimeras

and adoptive transfer studies in which CD8 T cells either do or do not express IL-21R, we discovered that under homeostatic or

lymphopenic conditions IL-21 acts directly on CD8 T cells to favor the accumulation of TE/TEM populations. The inability to

perceive IL-21 signals under competitive conditions also resulted in lower levels of TRM phenotype cells and reduced expression of

granzyme B in the small intestine. IL-21 differentially promoted the expression of the chemokine receptor CX3CR1 and the

integrin a4b7 on CD8 T cells primed in vitro and on circulating CD8 T cells in the mixed bone marrow chimeras. The requirement

for IL-21 to establish CD8 TE/TEM and TRM subsets was overcome by acute lymphocytic choriomeningitis virus infection;

nevertheless, memory virus-specific CD8 T cells remained dependent on IL-21 for optimal accumulation in lymphopenic envi-

ronments. Overall, this study reveals a context-dependent role for IL-21 in sustaining effector phenotype CD8 T cells and

influencing their migratory properties, accumulation, and functions. The Journal of Immunology, 2016, 196: 2153–2166.

T
he local cytokine milieu contributes to the activation and
differentiation of naive CD8 T cells as well as supports the
maintenance of memory populations (1). One cytokine

that regulates CD8 T cells is the common cytokine receptor
g-chain family member, IL-21 (1, 2). This cytokine is primarily
produced by CD4 T cells, including T follicular helper and Th17
cells, as well as by NK T cells (3–6). IL-21 acts on multiple
targets of the immune system, including T cells, B cells, dendritic
cells (DCs), and NK cells (5, 6). Among its actions, IL-21 pro-
motes the proliferation and function of CD8 T cells in conjunction
with IL-15 (7), enhances the antitumor power of CD8 T cells (7,
8), facilitates the maturation of memory CD8 T cells through the
activation of STAT3 (9), and controls chronic lymphocytic cho-
riomeningitis virus (LCMV) infection in mice by sustaining pol-
yfunctional effector CD8 T cells (10–12).
The development of peripheral CD8 T cell responses is triggered

by the recognition of presented Ag in conjunction with costimu-

latory signals and cytokines. The ensuing CD8 T cell response is
comprised of heterogeneous subsets that cooperate to protect the
host, but differ in their phenotype, function, developmental fates,
and anatomic location (13, 14). Massive populations of CD8 ef-
fector T (TE) cells can develop following the activation of naive
CD8 T cells, and these overwhelming responses operate to elim-
inate Ag-expressing target cells; however, the majority of these
cells are prone to apoptosis and lack the self-renewal capacity
necessary to constitute the memory pool (13). By contrast, CD8
memory T (TM) cells are maintained over time following the peak
of the response and contribute to long-lived immunity (13). They
can be subdivided into central memory T (TCM) and effector
memory T (TEM) subsets, as well as the more recently recognized
tissue-resident memory (TRM) population (14). TCM cells prefer-
entially home to lymphoid tissues and mount rapid proliferative
recall responses that help to amplify and replenish the response
during secondary antigenic exposures (15, 16). TEM cells can
traffic to nonlymphoid organs and are immediate producers of
effector cytokines and cytotoxic proteins following reactivation,
but are less proliferative (15–17). The ability of TEM cells to
rapidly elaborate effector activities may be vital for the control of
certain chronic pathogens, such as SIV and malaria, before the
infection is fully established (18–21). TRM cells seed sites of
pathogen entry and provide site-specific protection against viral
infections, such as HSVand vaccinia virus prior to the recruitment
of TEM cells and the recall of TCM cells (22–28).
Depending upon the priming conditions, IL-21 can promote, re-

strict, or have little, if any, impact on the development of CD8 TE

populations (8–12, 29–32). In certain cases, IL-21 has also been
implicated in programming the proliferative recall potential of CD8
TM cells (29–31). Moreover, it is plausible that IL-21 is especially
important for sustaining specific CD8 T cell populations, such as
exhausted T cells or TRM cohorts, which cannot receive sufficient
survival signals from IL-7 or IL-15 due to downregulation of their
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respective receptor chains, CD127 and CD122 (25, 33–36). In this
study, we set out to decipher whether IL-21 contributes to the for-
mation and maintenance of distinct subsets of CD8 T cells. We
report that the development of virus-specific CD8 T cell subsets is
largely independent of IL-21 signaling following acute LCMV in-
fection; however, IL-21 influences the differentiation of TE/TEM
subsets as well as plays a role in regulating the abundance of CD8
T cells that reside in nonlymphoid tissues under homeostatic or
lymphopenic conditions. Furthermore, IL-21 signaling is associated
with the increased formation of CD8 T cell subsets that express
CX3CR1 or a4b7 both in vivo and in vitro. Thus, the requirement
for IL-21 in supporting CD8 T cell development can vary and most
likely depends upon the presence of other regulatory cytokines as
well as the strength and repetitiveness of antigenic signals.

Materials and Methods
Mice and infections

C57BL/6J (B6), B6.SJL-PtprcaPepcb/BoyJ (CD45.1), B6.129S7-Rag1tm1Mom/J
(RAG-12/2) mice were purchased from The Jackson Laboratory (Bar Harbor,
ME). B6;129S5-Il21rtm1Lex (IL-21R2/2) mice were obtained from the Mutant
Mouse Regional Resource Center (Davis, CA) and backcrossed an additional
12–14 generations onto the B6 background (29). B6.PL Thy1a/CyJ (Thy1.1)
mice were purchased from The Jackson Laboratory. LCMV-specific P14 TCR
transgenic (P14) mice crossed onto Thy1.1 and IL-21R2/2 backgrounds were
bred and maintained in fully accredited facilities at the University of Alabama
at Birmingham. For acute LCMV infections, mice were infected by i.p. in-
jection with 2 3 105 PFU LCMV-Armstrong (29).

Generation of mixed bone marrow chimeras

Bone marrow chimeras were generated essentially as previously described
(29). Briefly, suspensions of bone marrow, obtained from the tibias and
femurs of CD45.1 IL-21R+/+, CD45.2 B6, and CD45.2 IL-21R2/2 mice,
were depleted of T cells using anti-CD5 (Ly-1) microbeads (Miltenyi
Biotec, Auburn, CA). RAG-12/2 recipient mice were exposed to two doses
of radiation (∼500 rad each) from a 137Cs source, given 3∼4 h apart. Mice
were then reconstituted by i.v. injection of 7 3 106 CD45.1 IL-21R+/+

T cell–depleted bone marrow and equal numbers of CD45.2 IL-21R+/+ or
CD45.2 IL-21R2/2 cells. Mice were provided chlorinated acidified water
containing sulfamethoxazole, trimethoprim, and neomycin for 6 wk.

Cell preparations

Cells from the blood, spleen, liver, lungs, and kidneys were prepared es-
sentially as previously described (29). For isolation of small intestine
intraepithelial lymphocytes (IELs) and lamina propria lymphocytes (LPLs),
the small intestine was explanted and Peyer’s patches removed. The intestine was
opened longitudinally and cut into ∼1-cm pieces, which were then sequentially
incubated with 1 mM DTT, followed by 2 mM EDTA in Ca2+/Mg2+-free HBSS
supplemented with 2% FCS for 30 min at 37˚C with gentle stirring to
remove IELs. The remaining tissue was then digested with 1 mg/ml type
IV collagenase (Sigma-Aldrich) and 20 mg/ml DNase (Sigma-Aldrich) in
RPMI 1640 supplemented with 10% FCS for 30 min at 37˚C with stirring
to isolate LPLs. IELs and LPLs were then purified on a 40/75% Percoll
(GE Healthcare) gradient by centrifugation at 830 3 g for 20 min at 20˚C.

T cell enrichment

Naive P14 and polyclonal CD8 T cells were isolated from the spleens using
a CD8 T cell isolation kit (Miltenyi Biotec), according to the manufacturer’s
instructions. In certain experiments, biotin-conjugated anti-CD44 (IM7;
BioLegend) was used to ensure the removal of CD44high cells from the
donor cell pools, as previously described (37).

Lymphopenia-induced homeostatic proliferation

Mixtures containing equal numbers of naive IL-21R+/+ and IL-21R2/2 P14 or
polyclonal CD8 T cells (23 106 or 106, respectively) were seeded by i.p. or i.v.
injection into CD45.1 recipient mice that were sublethally irradiated with 650
rad from a 137Cs source 1 d before transfer (38). In certain experiments, splenic
P14 IL-21R+/+ and P14 IL-21R2/2 CD44highCD62Lhigh TCM phenotype CD8
T cells were isolated from irradiated recipients at 48–53 d posttransfer by cell
sorting. Subsequently, these sorted populations were mixed at a 1:1 ratio and a
total of 2 3 104 cells transferred by i.p. or i.v. injection to naive CD45.1 re-
cipient mice that were then infected with LCMV-Armstrong 1 d later.

For the analysis of homeostatic proliferation by memory CD8 T cells,
IL-21R+/+ (Thy1.1) and IL-21R2/2 (Thy1.2) mice were infected with
LCMV-Armstrong. Between days 34 and 38 following infection, CD8
T cells were magnetically enriched from the spleens, as described above,
and CD44high memory CD8 T cells were isolated by cell sorting. Subse-
quently, purified IL-21R+/+ and IL-21R2/2 memory CD8 T cells were
mixed at a 1:1 ratio, and the frequencies of LCMV gp33-specific cells from
each donor population were measured by tetramer staining to confirm
that the ratio of IL-21R+/+ to IL-21R2/2 gp33-specific memory CD8
T cells was close to 1. A total of 106 mixed cells was then transferred by
i.p. injection into CD45.1 recipient mice that were sublethally irradiated
(650 rad) 1 d before.

In vitro T cell differentiation

Naive P14 T cells were purified from the spleens, as described above, and
activated with plate-bound anti-CD3 (2C11; 10 mg/ml) and soluble anti-
CD28 (37.51; 1 mg/ml) for 2 d (39). Cells were then washed and recultured
for 4 d at a concentration of 5 3 105 cells/ml with either IL-2 (100 U/ml)
or IL-15 (10 ng/ml) to generate IL-2 TE and IL-15 TM cells, respectively
(40, 41). During this differentiation period, certain cultures were supple-
mented with either a low (20 ng/ml) or high (100 ng/ml) dose of IL-21, and
each day media was refreshed and resupplemented with the appropriate
cytokines.

For activation of naive P14 T cells with DC subsets, DCs were enriched
from the mesenteric lymph nodes (MLNs) using CD11c MicroBeads
(Miltenyi Biotec), according to the manufacturer’s instructions, and sub-
sequently FACS sorted to isolate CD103+ and CD1032 subsets, as previ-
ously described (42). Purified CD103+ and CD1032 DCs were pulsed with
1 mg/ml gp33–41 peptide for 1 h at 37˚C. Following washing, 105 peptide-
pulsed DC subsets were cultured with 2 3 105 purified naive responder
P14 T cells in the absence or presence of 20 ng/ml (low) or 100 ng/ml
(high) IL-21 for 4 d. Four days later, aliquots of cells cultured in the ab-
sence of IL-21 were washed and recultured with 10 ng/ml IL-7 in the
absence or presence of 20 ng/ml or 100 ng/ml IL-21 for an additional 3 d.

Flow cytometry

Cell preparations from the blood, spleen, liver, lung, kidney, IEL, and
LPL were stained using the following Abs: anti-a4b7 allophycocyanin
(DATK32; BioLegend), anti-CD8a PE or eFluor450 (53-6.7), anti-
CD11c allophycocyanin (N418), anti-CD44 FITC or V500 (IM7; BD
Biosciences), anti-CD45.1 allophycocyanin or allophycocyanin-eFluor780
(A20), anti-CD45.2 PerCP-Cy5.5 (104; BioLegend), anti-CD62L FITC or
PE-Cy7 (MEL-14), anti-CD69 FITC or PE-Cy7 (H1.2F3), anti-CD103
FITC or allophycocyanin (2E7), anti-CD122 PE (TM-b1; BD Pharmin-
gen), anti-CD127 PE-Cy7 (A7R34), anti-CX3CR1 PE (R&D Systems),
anti-granzyme B PE (FGB12; Invitrogen), anti-KLRG1 allophycocyanin
(2F1), and anti-Thy1.1 PE-Cy7 (HIS51) (all purchased from eBioscience,
unless indicated otherwise). MHC tetramer staining was performed es-
sentially as previously described (43). Intracellular staining for granzyme
B was performed after fixation and permeabilization using the BD
Biosciences Cytofix/Cytoperm kit. LIVE/DEAD fixable aqua stain kit
(Life Technologies) was used to exclude dead cells from cell culture
analysis. Samples were acquired using a LSR II flow cytometer (BD
Biosciences), and data were analyzed using FlowJo software (Tree Star,
Ashland, OR).

Statistical analysis

Two-tailed paired Student t test was used to determine statistical signi-
ficance between IL-21R+/+ and IL-21R2/2 T cell populations in the mixed
bone marrow chimeras and irradiated recipients. Two-tailed unpaired
Student t test was used to compare IL-21R+/+ and IL-21R2/2 CD8 T cell
populations in intact mice. The p values were calculated using Prism
software (GraphPad, La Jolla, CA).

Results
IL-21 signaling impacts the generation and maintenance of
effector phenotype CD8 T cells in mixed bone marrow
chimeras

To investigate how IL-21 influences the development of effector
and memory phenotype CD8 T cells, we generated mixed bone mar-
row chimeras by reconstituting lethally irradiated RAG-12/2 mice
with equal numbers of allelically marked IL-21R+/+ and IL-21R2/2

T cell–depleted bone marrow cells (Fig. 1A). In this way IL-21R+/+

and IL-21R2/2 CD8 T cells are exposed to the same environmental
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cues, and any differences observed between these two populations
should be attributable to the effects of IL-21–mediated signaling on
their differentiation. Control mixed chimeras were generated by
reconstituting recipients with equal numbers of allelically marked
CD45.1 IL-21R+/+ and CD45.2 IL-21R+/+ T cell–depleted bone
marrow cells (Fig. 1A). We analyzed the blood of the chimeras
for the presence of naive (CD44lowCD62Lhigh), TCM (CD44high

CD62Lhigh), and TE/TEM (CD44highCD62Llow) CD8 T cells (15,
16) and discovered that IL-21R2/2 CD8 TE/TEM cells were un-
derrepresented in the experimental chimeras at all time points
checked (Fig. 1B, 1C). Enumeration of CD8 T cell subsets in the
spleen showed that, although IL-21R2/2 CD8 T cells displayed a
minor reduction in TCM cells, the defective accumulation of TE/
TEM cells was more severe (Fig. 1D). Notably, the numbers of
naive IL-21R+/+ and IL-21R2/2 CD8 T cells were similar. To-
gether, these data show that IL-21 signaling to CD8 T cells is
necessary to generate and/or sustain TE/TEM subsets.

IL-21 signaling promotes the accumulation of effector
phenotype CD8 T cells in mixed bone marrow chimeras

Because the loss of IL-21 signaling negatively affected the ac-
cumulation of TE/TEM phenotype CD8 T cells, we further dis-
sected the differentiation state of the CD8 T cells that had become
primed in the mixed bone marrow chimeras. Compared with the
IL-21R2/2 population, a greater fraction of IL-21R+/+ CD44high

CD8 T cells expressed KLRG-1 (10 6 4% versus 1 6 1%)
(Fig. 2A), and, similarly, higher absolute numbers of IL-21R+/+

CD44highKLRG1high CD8 T cells were detected in the spleens of
the experimental chimeras (Fig. 2B). The number of IL-21R+/+

CD44highKLRG1low CD8 T cells was less significantly elevated in
the experimental cohort (Fig. 2B). Thus, IL-21 signaling to CD8
T cells can facilitate the formation and/or maintenance of pop-
ulations with a more activated, effector-like phenotype, which is
consistent with the CD62L expression profiles reported in Fig. 1.
To further investigate the roles of IL-21 in peripheral CD8 T cell
differentiation, we evaluated the expression of CD122 (the IL-2R
and IL-15R b-chain) and CD127 (IL-7Ra) (Fig. 2C, 2D). In the
experimental chimeras, the most significant difference was the
reduced fraction and number of IL-21R2/2 CD44highCD8 T cells
that are CD122low. Thus, IL-21 signaling may compensate for the
downregulation of CD122 by subsets of activated CD8 T cells and
operate to sustain these populations.
To better discriminate between CD8 TE (CD127lowCD62Llow),

TEM (CD127highCD62Llow), and TCM (CD127highCD62Lhigh) sub-
sets (44, 45), we determined the patterns of CD127 and CD62L
expression by IL-21R+/+ and IL-21R2/2 CD44highCD8 T cells. In
the experimental chimeras, by comparison with the IL-21R+/+

populations, the fraction and number of CD127highCD62Llow (TEM)
and CD127lowCD62Llow (TE) IL-21R

2/2 subsets exhibited the most
drastic reduction (Fig. 2E, 2F). Taken together, the results in Figs. 1
and 2 demonstrate that under competitive conditions IL-21 con-
tributes to the accumulation of effector phenotype CD8 T cells in
mixed bone marrow chimeras.

IL-21 influences the anatomic distribution of CD8 T cells in
mixed bone marrow chimeras

Because effector and memory CD8 T cells can be present in both
lymphoid and nonlymphoid organs, we compared the recoveries of

FIGURE 1. Defective accumulation of

CD44highCD62LlowCD8 TE/TEM cells in the

absence of IL-21 signaling. PBMCs and

splenocytes from cohorts of control IL-

21R+/+ (CD45.1) and IL-21R+/+ (CD45.2)

and experimental IL-21R+/+ (CD45.1) and

IL-21R2/2 (CD45.2) mixed bone marrow

chimeras were evaluated by flow cytometry.

(A) Schematic depicting the generation of

mixed bone marrow chimeras. (B) Donor-

derived CD8 T cells were isolated from

the blood 144 d following reconstitution

and analyzed for the surface expression of

CD44 and CD62L. Gated CD8 T cells

are shown, and the percentages of CD8+

CD44high cells that are CD62Llow are indi-

cated in parentheses. (C) The percentages

of CD8+CD44high cells that are CD62Llow

in the blood were evaluated over time

following reconstitution. Representative or

composite data are shown from five inde-

pendent experiments with at least six mice

per group. (D) Enumeration of splenic

CD44lowCD62Lhigh, CD44highCD62Lhigh,

and CD44highCD62Llow CD8 T cells 160–

357 d following reconstitution. Composite

results from three experiments are presented

(n = 5 and 9 for IL-21R+/+ and IL-21R+/+

and IL-21R+/+ and IL-21R2/2 cohorts, re-

spectively). Error bars show SD. *p , 0.05,

**p , 0.01, ***p , 0.001.
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IL-21R+/+ and IL-21R2/2 CD8 T cells from various organs, in-
cluding the spleen, liver, lung, and kidney, as well as from the
small intestine IEL and LPL compartments in the mixed bone
marrow chimeras (Fig. 3A). In the experimental IL-21R+/+ and IL-
21R2/2 mixed chimeras, lower percentages and numbers of IL-
21R2/2 CD8 T cells were recovered (Fig. 3B, 3C). Although there
were 3.6-fold fewer IL-21R2/2 CD8 T cells present in the spleen
by comparison with the IL-21R+/+ subset, the differences were
more pronounced in certain nonlymphoid organs. The fold dif-
ferences between the recoveries of IL-21R+/+ and IL-21R2/2 CD8
T cells in the liver, lung, kidney, IEL, and LPL were 5.8, 4.3, 5.6,
5.8, and 4.6, respectively. The overall level of CD4 T cell re-
constitution was similar in the control and experimental bone
marrow chimeras, in all compartments evaluated except in the
LPL, which contained ∼4-fold fewer CD4 T cells in the experi-
mental chimeras (data not shown). Nevertheless, although the
control and experimental chimeras contained similar overall
numbers of LPL CD8 T cells, significantly fewer IL-21R2/2 CD8
T cells were detected in the experimental cohort. Thus, in the
mixed chimeras, IL-21 most dramatically influenced the accu-

mulation of CD8 T cells in select nonlymphoid sites, including the
liver, kidney, IEL, and LPL.

Canonical TRM phenotype in the small intestine is partially
impaired in the absence of IL-21 signaling in mixed bone
marrow chimeras

Because lymphopenia-induced proliferation in the absence of in-
fection can induce CD103+CD69+CD8 TRM cells (33) and IL-21
influences the abundance of CD8 T cells in nonlymphoid organs
(Fig. 3), we investigated whether the expression of IL-21R influ-
enced the development of this population. By comparison with IL-
21R+/+ CD8 T cells, substantially lower numbers of small intestine
CD8+ IL-21R2/2 IELs were present in the mixed bone marrow
chimeras (Fig. 3C). Although fewer IL-21R2/2 IELs were present,
both the IL-21R+/+ and IL-21R2/2 T cells displayed the prototypic
CD103+CD69+ IEL TRM phenotype (84 6 5% and 75 6 13%,
respectively) (Fig. 4A). Similarly, no defects in the expression of
CD103 and CD69 by IL-21R2/2 CD8 T cells were detected in
the LPL (data not shown). In addition, both the IL-21R+/+ and
IL-21R2/2 CD8 TRM cells expressed reduced levels of CD122,

FIGURE 2. Altered CD8 T cell activation pro-

files in the absence of IL-21 signaling. Splenocytes

from control (IL-21R+/+ and IL-21R+/+) and ex-

perimental (IL-21R+/+ and IL-21R2/2) mixed

bone marrow chimeras were evaluated by flow

cytometry at days 160–357 following recon-

stitution. (A) Dot plots show expression of

CD44 and KLRG1 gated on CD8 T cells. The

expression of (C) CD122 and CD127 and (E)

CD62L and CD127 on gated CD44highCD8

T cells is also shown. The mean6 SD percentages

of cells in each quadrant are stated. (B, D, and F)

Bar graphs indicate the numbers 6 SD of the

specified CD8 T cell subsets in the control (upper

panels) or experimental (lower panels) cohorts.

Representative or composite data are shown from

three individual experiments (n = 5 and 9 for IL-

21R+/+ and IL-21R+/+ and IL-21R+/+ and IL-

21R2/2 cohorts, respectively). *p, 0.05, **p, 0.01.
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CD127, and CD62L (Fig. 4B, 4C). We also compared the expression
of granzyme B by the IL-21R+/+ and IL-21R2/2 CD103+CD69+ TRM

phenotype CD8+ IELs. The levels of granzyme B were significantly
lower in the IL-21R2/2 IEL CD8 TRM cells (Fig. 4D); however, both
CD44high splenic IL-21R+/+ and IL-21R2/2 CD8 T cells expressed
similarly low levels of granzyme B (Fig. 4D). Collectively, these
findings demonstrate that under competitive conditions IL-21 sig-
naling to CD8 T cells can influence the overall levels of TRM phe-
notype CD8 T cells in the small intestine IEL compartment. The CD8
TRM cells are also CD122low, CD127low, suggesting that this subset is
sustained independently of IL-7 and IL-15, implicating a possible role
for IL-21 in the maintenance of this subset. Nevertheless, the reduced
numbers of IL-21R2/2 CD8 T cells that populate the IEL attain a
typical CD103+CD69+ TRM phenotype, which most likely aids their
retention, but the lower levels of granzyme B expression may limit
their protective efficacy in barrier tissues.
Recently, CD8 TRM cells have been identified within secondary

lymphoid organs, which are characterized by their expression of
CD69, but, unlike their counterparts at epithelial sites, they do not
express CD103 (46). Consistent with these results, we observed
populations of CD69+CD44highCD8 T cells in the spleens of
both control and experimental chimeras (data not shown). Nota-
bly, in the experimental chimeras, a greater fraction of IL-21R+/+

CD44highCD8 T cells expressed CD69 compared with the IL-
21R2/2 population (33 6 10% versus 15 6 5%, p , 0.0001), and
the numbers of IL-21R+/+ CD69+CD8 T cells were 12-fold
higher (data not shown). These data indicate that these putative
secondary lymphoid organ TRM cells are at least partially de-

pendent on IL-21 for their generation and/or maintenance in the
mixed bone marrow chimeras.

IL-21 signaling is required for the differentiation of CD8 TE/
TEM cells and the distribution of CD8 T cells in nonlymphoid
tissues after lymphopenia-induced homeostatic proliferation

Because we identified a role for IL-21 in regulating the phenotype,
function, and abundance of CD8 TE/TEM and TRM subsets that
develop during the reconstitution of mixed bone marrow chimeras,
we next investigated whether IL-21 also impacts the properties of
CD8 T cells that differentiate in response to lymphopenia-induced
homeostatic proliferation in sublethally irradiated recipients (38,
47–49). To address this, equal numbers of allelically marked naive
IL-21R+/+ and IL-21R2/2 P14 TCR transgenic CD8 T cells were
cotransferred into sublethally irradiated recipients (Fig. 5A). In
response to these lymphopenic conditions, a smaller fraction of
IL-21R2/2 P14 T cells acquired the CD44highCD62Llow TE/TEM

phenotype in the blood, by comparison with their IL-21R+/+

counterparts (Fig. 5B, 5C), which is consistent with the results
from mixed bone marrow chimeras presented in Fig. 1B and 1C.
Moreover, we also observed substantially fewer IL-21R2/2 P14
T cells in the liver and small intestine IEL and LPL compartments,
by comparison with their IL-21R+/+ counterparts (Fig. 5D). The
fold differences between the numbers of IL-21R+/+ and IL-21R2/2

P14 T cells in the liver, IEL, and LPL were 2.3, 57.3, and 6.1,
respectively, compared with a 1.3-fold difference in the spleen.
Similar experiments in which naive polyclonal IL-21R+/+ and
IL-21R2/2 CD8 T cells were cotransferred into sublethally

FIGURE 3. Defective accumulation of IL-

21R2/2CD8 T cells in tissues. Control (IL-21R+/+

and IL-21R+/+) and experimental (IL-21R+/+ and

IL-21R2/2) mixed bone marrow chimeras were

sacrificed at days 160–388 following recon-

stitution, and CD8 T cells isolated from

the indicated tissues were analyzed by flow

cytometry. (A) Representative dot plots show

the recoveries of CD45.1 and CD45.2 CD8

T cells. (B and C) Bar graphs show the (B)

percentage or (C) number of donor-derived

CD8 T cells with error bars indicating SD.

Representative or composite data are shown

from seven independent experiments analyzing

at least nine mice per group. *p , 0.05, **p ,
0.01, ***p , 0.001.
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irradiated recipients also showed a marked reduction in the frac-
tion and number of IL-21R2/2 CD8 T cells in the liver, small
intestine IEL, and LPL (Fig. 5E). Notably, IL-21R2/2 P14 and
polyclonal CD8 T cells showed substantially decreased expression
of CD103 and CD69 in the small intestine LPL and reduced
production of the effector molecule granzyme B (Fig. 5F and data
not shown), suggesting that IL-21 is required for the formation of
CD8 TRM cells at mucosal sites following lymphopenia-induced
homeostatic proliferation. Taken together, these data indicate that
IL-21 modulates the abundance and differentiation of CD8 T cells
in nonlymphoid organs during the reconstitution of lethally
irradiated mixed bone marrow chimeras and also following
lymphopenia-induced homeostatic proliferation.

Expression of CX3CR1 and integrin a4b7 is reduced on
IL-21R2/2 TE/TEM CD8 T cells in the peripheral blood of
mixed bone marrow chimeras

The defective accumulation of IL-21R2/2 CD8 T cells in various
tissues in the mixed bone marrow chimeras prompted us to in-
vestigate whether IL-21 signaling influences the ability of circu-
lating CD8 T cells to seed these tissues. We assessed the
expression of the chemokine receptor CX3CR1, which regulates
the migration of CD8 T cells by interacting with its ligand
CX3CL1 (50, 51) and is present on effector phenotype CD8
T cells, as well as serves as a marker for cytotoxic CD4 and CD8
T cells (51–55). We also evaluated the expression of integrin a4b7,
which has been shown to influence CD8 T cell homing to the
intestines (56). CX3CR1 and a4b7 were expressed at higher levels
on IL-21R+/+ CD44highCD62Llow TE/TEM phenotype CD8 T cells
than IL-21R+/+ CD44highCD62Lhigh TCM CD8 T cells in mixed
bone marrow chimeras (Fig. 6). However, substantially lower

levels of CX3CR1 (mean fluorescence intensity: 61 6 28 versus
131 6 22 with p , 0.0001) (Fig. 6A) and a4b7 (mean fluores-
cence intensity: 71 6 24 versus 166 6 29 with p , 0.0001)
(Fig. 6B) were expressed on IL-21R2/2 TE/TEM phenotype CD8
T cells when compared with the IL-21R+/+ population in the ex-
perimental chimeras. Thus, IL-21 can play a role in configuring
the homing properties of CD8 T cells, which most likely regulates
their ability to populate nonlymphoid sites.

IL-21 increases the expression of CX3CR1 and a4b7 on in vitro
differentiated CD8 T cells

We investigated whether IL-21 directly promotes the expression of
CX3CR1 and a4b7 on effector and memory CD8 T cells differ-
entiated in vitro using IL-2 and IL-15, respectively (39–41). Pu-
rified naive P14 CD8 T cells were stimulated with anti-CD3 and
anti-CD28 Abs and then cultured with either IL-2 or IL-15, in the
absence or presence of a low or high dose of IL-21 (Fig. 7A).
Consistent with previous reports, IL-2–cultured cells (IL-2 TE)
displayed an effector phenotype as revealed by elevated expres-
sion of CD25, CD43, and CD44 and downregulation of CD62L
and CD127, whereas cells cultured with IL-15 (IL-15 TM) adopted
a memory-like phenotype and expressed lower levels of CD25,
CD43, and CD44, but higher levels of CD62L and CD127 (data
not shown). Notably, IL-21 increased the percentage of a4b7

high

cells among IL-2 TE but not IL-15 TM cells (Fig. 7B, 7C). IL-15
TM cells expressed high basal levels of a4b7, suggesting that
IL-15 and IL-21 may have redundant roles in modulating the
expression of a4b7 on CD8 T cells. Interestingly, IL-21 enhanced
the expression of CX3CR1 on IL-15 TM cells in a dose-dependent
manner while exerting minimal effects on IL-2 TE cells (Fig. 7D,
7E). Similar results were obtained when splenocytes from P14

FIGURE 4. Phenotypic characterization of

CD8 T cells accumulated in the small intestine (SI)

epithelium. Control (IL-21R+/+ and IL-21R+/+) and

experimental (IL-21R+/+ and IL-21R2/2) mixed

bone marrow chimeras were sacrificed at days

160–388 following reconstitution and SI IEL CD8

T cells analyzed by flow cytometry. (A–C)

Representative dot plots show expression of

CD103, CD69, CD122, CD127, and CD62L

by CD44high CD8 T cells. Numbers show the

percentages (mean 6 SD) of cells in each

quadrant. (D) Ex vivo granzyme B expression

by CD103+CD69+ CD8+ IELs (left panels)

and CD44high splenic CD8 T cells (right

panels). Numbers show the mean fluores-

cence intensity (MFI) 6 SD of CD45.1 (upper

values) and CD45.2 (lower values) populations.

Representative or composite data are shown

from three to four independent experiments an-

alyzing a total of 3–10 mice per group.
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mice were stimulated with the cognate gp33–41 peptide and then
cultured in the presence of the defined cytokines (data not shown).
Taken together, our results indicate that the expression of
CX3CR1 and a4b7 is most likely independently regulated and that
IL-21 can increase the expression of these molecules both in vivo
and in vitro, depending upon the differentiation state of the
responding cells.
It has been previously established that intestinal CD103+ but not

CD1032 DCs can induce the expression of gut-homing molecules,
including CCR9 and a4b7 on CD8 T cells (42). Thus, we tested
whether IL-21 modulates the expression of a4b7 on CD8 T cells
activated by these DC subsets isolated from the MLNs (Fig. 8A).
Consistent with published results (42), CD103+ DCs, but not
CD1032 DCs, were able to induce CCR9 expression on P14
T cells, and, as expected, CD103+ DCs were also more efficient in
inducing the expression of a4b7 (Fig. 8B). Notably, at the 4-d time

point, the presence of IL-21 modestly increased the expression of
both CCR9 and a4b7 on P14 T cells activated by CD103+ but not
CD1032 DCs in a dose-dependent manner (Fig. 8B). In addition
to the day 4 analysis, cell mixtures initially cultured without IL-21
were further expanded for 3 d with IL-7 in the presence or absence
of IL-21. Although IL-21 did not enhance the expression of CCR9
during this phase, it did increase the levels of a4b7 on P14 T cells
activated by CD103+ DCs (Fig. 8C). Strikingly, IL-21 also up-
regulated the expression of a4b7 on P14 T cells activated by
CD1032 DCs to levels comparable to those detected on cells
activated by CD103+ DCs (Fig. 8C). We did not observe upreg-
ulation of CX3CR1 under these conditions (data not shown).
Because MLN CD103+ DCs induce the expression of a4b7 on
CD8 T cells via retinoic acid (57, 58), our data suggest that IL-21
may act as an alternative inducer of a4b7 expression on CD8
T cells.

FIGURE 5. IL-21 signaling modulates CD8

TE/TEM responses and the accumulation of

CD8 T cells in nonlymphoid tissues during

lymphopenia-induced homeostatic prolifer-

ation. (A) Schematic depicting the adoptive

transfer of equal numbers of P14 IL-21R+/+ and

P14 IL-21R2/2 naive CD8 T cells into suble-

thally irradiated recipients. (B and C) Donor

P14 CD8 T cells in the blood were analyzed for

their expression of CD44 and CD62L over time

following transfer. (B) Dot plots show expres-

sion of CD44 and CD62L at day 50 post-

transfer. Gated P14 T cells are shown, and

the percentages of CD44high cells that are

CD62Llow are indicated in parentheses. (C) Bar

graph shows the percentages of CD44high P14

T cells that are CD62Llow at the indicated time

points. In (B) and (C), representative or com-

posite data are shown from two independent

experiments analyzing 16–20 mice. (D) Graphs

show the percentage and number of IL-21R+/+

and IL-21R2/2 donor P14 CD8 T cells recov-

ered from various sites at days 48–53 post-

transfer. Composite data are shown from two

independent experiments analyzing eight mice.

(E) Identical experimental design as in (A);

however, polyclonal IL-21R+/+ and IL-21R2/2

naive donor CD8 T cells were used. Graphs

show the percentage and number of donor CD8

T cells at days 53–57 following transfer.

Composite data are shown from two indepen-

dent experiments analyzing 10 mice. (F) Rep-

resentative dot plots show the expression of

CD69, CD103, and granzyme B gated on donor

LPL IL-21R+/+ and IL-21R2/2 P14 T cells at

48–53 d posttransfer. Numbers indicate the

percentages 6 SD of cells in each quadrant.

Representative or composite data are shown

from two independent experiments analyzing

eight mice. Error bars show SD. *p , 0.05,

**p , 0.01, ***p , 0.001.
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IL-21 signaling is dispensable for the generation of virus-
specific CD8 TE/TEM cells and the accumulation of antiviral
CD8 T cells in tissues after acute LCMV infection

To determine whether infection-associated cues can overcome
the requirements for IL-21 in CD8 T cell differentiation, we in-
fected intact naive IL-21R+/+ and IL-21R2/2 mice with LCMV-
Armstrong (an acute infection). Similar to previous reports (10,
11, 29–31), no marked differences in the patterns of CD44,
CD62L, CD127, and KLRG1 by virus-specific IL-21R+/+ and IL-

21R2/2 CD8 T cells were discernable at days 7 and 35 postin-
fection (data not shown). The expression of CX3CR1 (Fig. 9A)

and a4b7 (Fig. 9B) on LCMV-specific TE cells was also similar

between IL-21R+/+ and IL-21R2/2 mice at day 7 postinfection.

Although there were no marked differences between IL-21R+/+

and IL-21R2/2 mice, analysis of the expression of CX3CR1 on

CD62Lhigh and CD62Llow virus-specific CD8 T cells at days 35–

38 postinfection revealed that CD62Llow TE/TEM phenotype cells

expressed higher levels of CX3CR1 (Fig. 9C), which is consistent

FIGURE 6. Impaired expression of CX3CR1 and a4b7 by TE/TEM phenotype CD8 T cells in the absence of IL-21 signaling. PBMCs from control IL-

21R+/+ and IL-21R+/+ and experimental IL-21R+/+ and IL-21R2/2 mixed bone marrow chimeras were evaluated by flow cytometry at days 226–325

following reconstitution. Representative histograms show expression of (A) CX3CR1 and (B) a4b7 gated on TCM (CD44highCD62Lhigh) and TE/TEM

(CD44highCD62Llow) CD8 T cells. Numbers show the mean fluorescence intensity of CX3CR1 and a4b7 expression on the CD45.1+ (upper values) and

CD45.2+ (lower values) populations. Representative or composite data are shown from two to three independent experiments with at least eight mice per

group.

FIGURE 7. IL-21 increases the expression of

CX3CR1 and a4b7 on CD8 T cells in vitro. (A)

Schematic depicting the experimental setup.

Naive P14 T cells were activated with anti-CD3

and anti-CD28 Abs for 2 d, and then washed

and cultured with IL-2 or IL-15 for 4 d to

generate IL-2 TE or IL-15 TM cells, respec-

tively. A low or high dose of IL-21 was added

to IL-2 and IL-15 cultures, as indicated. (B)

Representative dot plots show the expression of

CD44 and a4b7. Numbers indicate the per-

centages 6 SD of cells in each quadrant. (C)

Bar graph shows the percentages of live

a4b7
high P14 T cells. (D) Representative histo-

grams show the expression of CX3CR1. (E) Bar

graphs show the mean fluorescence intensity of

CX3CR1 on live P14 T cells. Representative or

composite data are shown from three indepen-

dent experiments analyzing three mice per

group. Error bars show SD. *p , 0.05, **p ,
0.01, ***p , 0.001.
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with the results shown in Fig. 6A. In line with previous results (56),
we did not detect a4b7 expression on virus-specific CD8 T cells at
memory time points (data not shown). Next, we evaluated the impact
of IL-21 signaling on the distribution of memory CD8 T cells in
tissues at days 35–38 postinfection. As shown in Fig. 9D, the num-
bers of virus-specific CD8 T cells in both lymphoid and nonlymphoid
tissues were similar between the IL-21R+/+ and IL-21R2/2 mice, and
virus-specific CD69+CD103+ TRM phenotype CD8 T cells became
established in the IEL compartment of both cohorts (Fig. 9E, 9F).
Virus-specific CD8 T cells from both IL-21R+/+ and IL-21R2/2 mice
also expressed similar levels of granzyme B (Fig. 9G).
To further evaluate whether IL-21 signaling influences the

formation of effector phenotype CD8 T cells after acute LCMV
infection, we cotransferred equal numbers of IL-21R+/+ and
IL-21R2/2 TCM phenotype (CD44highCD62Lhigh) P14 T cells that
had developed in the sublethally irradiated recipients into naive
CD45.1 mice. These second sets of recipients were then infected
with LCMV-Armstrong (Fig. 10A). Upon infection, both the P14
IL-21R+/+ and IL-21R2/2 donor CD8 T cell populations expanded
in number and lost surface expression of CD62L, attaining a
CD44highCD62Llow TE/TEM phenotype (Fig. 10B). Moreover, P14

IL-21R2/2 CD8 T cells showed enhanced accumulation in all
tissues tested at day 7 postinfection (Fig. 10C). Taken together,
these data indicate that acute LCMV infection offsets the necessity
for IL-21 to establish CD8 TE/TEM subsets and deposit CD8
T cells in nonlymphoid tissues, suggesting a context-dependent
role for this cytokine in modulating the generation, accumula-
tion, and function of effector phenotype CD8 T cell subsets.

LCMV-specific memory CD8 T cells require IL-21 for optimal
accumulation in lymphopenic environments

The observation that acute LCMV infection drives the differenti-
ation and tissue accumulation of CD8 T cells independently of
IL-21 prompted us to test whether memory populations from
LCMV-infected donors still required IL-21 under lymphopenic
conditions. To address this, equal numbers of IL-21R+/+ and IL-
21R2/2 CD44high memory phenotype CD8 T cells from LCMV-
infected donors were mixed and cotransferred into sublethally
irradiated recipients (Fig. 11A). Prior to transfer, the ratio of IL-
21R+/+ and IL-21R2/2 gp33-specific CD8 T cells in the donor cell
pool ranged from 0.9 to 1.1. At days 32–41 posttransfer, the fre-
quencies and numbers of non-gp33–specific (gp332) donor CD8

FIGURE 8. IL-21 enhances the capacity of DC subsets to induce a4b7 expression on CD8 T cells in vitro. (A) Schematic depicting the experimental

setup. CD103+ and CD1032 DCs from the MLNs were sorted and pulsed with gp33–41 peptide and then cultured with naive P14 T cells with or without the

addition of IL-21. Four days later, cells were analyzed by flow cytometry. Cells activated without IL-21 were then recultured with IL-7 in the absence or

presence of IL-21 for additional 3 d prior to analysis. (B and C) Histograms show expression of CCR9 and a4b7 gated on live P14 T cells cultured with

CD1032 (left panels) and CD103+ (right panels) DCs after (B) 4 d of initial culture and (C) 3 d of secondary culture. Numbers show the mean fluorescence

intensity of P14 T cells cultured with no IL-21 (upper values), low dose of IL-21 (middle values), and high dose of IL-21 (lower values). Representative data

are shown from two independent experiments.
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T cells recovered from the irradiated recipients were generally
similar (Fig. 11B, 11D). Notably, by comparison with their IL-
21R+/+ counterparts, fewer IL-21R2/2 gp33+ donor CD8 T cells
were detected in the spleen, and the differences between these
two cell populations were more dramatic in the liver and LPL
(Fig. 11C, 11E). The fold differences between the numbers of IL-
21R+/+ and IL-21R2/2 gp33+ donor CD8 T cells in the spleen, liver,
and LPL were 2.7, 4.4, and 6.8, respectively. It should be noted that
few gp33+ donor CD8 T cells were detected in the small intestine
IEL compartment, and thus excluded from the analysis.

The expression of CX3CR1 was similar on IL-21R+/+ and IL-
21R2/2 LCMV-specific memory CD8 T cells prior to transfer
(Fig. 9C and data not shown); however, 32–41 d posttransfer, the
frequencies of both gp332 and gp33+ IL-21R2/2 CD62Llow

CX3CR1+ donor CD8 T cells were 2-fold lower than their IL-
21R+/+ counterparts (136 4% versus 66 2% with p = 0.0037 and
23 6 8% versus 10 6 3% with p = 0.0017, respectively), whereas
the frequencies of CD62LhighCX3CR12 cells were increased
(Fig. 11F, 11G). Taken together, these data indicate that the
priming and environment associated with acute LCMV infection

FIGURE 9. IL-21 signaling is dispensable for the differentiation of virus-specific CD8 T cell subsets during acute LCMV infection. IL-21R+/+ and IL-

21R2/2 mice were infected with LCMV-Armstrong. Representative histograms show expression of (A) CX3CR1 and (B) a4b7 on LCMV Db(NP396)-

specific CD8 T cells at day 7 postinfection. Numbers show the mean fluorescence intensity of expression on the IL-21R+/+ (upper values) and IL-21R2/2

(lower values) populations. Representative or composite data are shown from two independent experiments (n = 6 and 9 for IL-21R+/+ and IL-21R2/2

groups, respectively). (C) Representative histograms show expression of CX3CR1 gated on Db(NP396)-specific TCM (CD44highCD62Lhigh) and TEM

(CD44highCD62Llow) CD8 T cells at days 35–38 postinfection. Numbers show the mean fluorescence intensity of expression on the IL-21R+/+ (upper

values) and IL-21R2/2 (lower values) populations. Representative or composite data are shown from two independent experiments (n = 7 and 9 for IL-

21R+/+ and IL-21R2/2 groups, respectively). (D) Graphs show the numbers of Db(NP396)-specific CD8 T cells in the indicated compartments at days 35–38

postinfection, with error bars indicating SD. Composite data are shown from two individual experiments (n = 7 and 9 for IL-21R+/+ and IL-21R2/2 groups,

respectively). (E–G) Db(NP396)-specific CD8 T cells isolated from the SI IEL compartment were analyzed at 35–38 d postinfection. (E) Representative dot

plots show expression of CD103 and CD69. Numbers show the percentages (mean 6 SD) of cells in each quadrant. (F) The numbers of CD103+CD69+ Db

(NP396)-specific CD8 T cells in the small intestine IEL, and (G) the ex vivo mean fluorescence intensity of granzyme B expression by these cells.

Representative or composite data are shown from two independent experiments (n = 7 and 9 for IL-21R+/+ and IL-21R2/2 groups, respectively). Error

bars show SD.
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circumvent the necessity for IL-21 for the differentiation and
distribution of activated CD8 T cells. Moreover, virus-specific
memory populations generated by this infection process are not
programmed to become intrinsically IL-21 independent, as IL-21
signals are still required for their accumulation in tissues and the
maintenance of a CX3CR1+ phenotype under irradiation-induced
lymphopenic conditions.

Discussion
This study reveals context-dependent requirements for IL-21 in
shaping the configuration and tissue distribution of effector and
memory CD8 T cell pools. We demonstrate that IL-21 is more
stringently required under competitive conditions as CD8 T cells
reconstitute mixed bone marrow chimeras as well as following
lymphopenia-induced homeostatic proliferation in sublethally ir-
radiated recipients. Nevertheless, these requirements for IL-21 in
CD8 T cell differentiation and maintenance are largely circum-
vented during acute LCMV infection. In mixed bone marrow
chimeras and also in sublethally irradiated recipients, we show
several roles for IL-21 in influencing CD8 T cell responses. First,
IL-21 functions to increase the proportion of TE/TEM populations
by acting directly on CD8 T cells. This is shown by both the
greater proportion of IL-21R+/+ CD44highCD62LlowCD8 T cells
and also by the decreased fraction of IL-21R2/2 CD44highCD8
T cells, which adopt a KLRG1high and CD62LlowCD127low

effector-associated phenotype. Second, the expression of IL-21R

aids the accumulation of activated CD8 T cells and their distri-
bution into nonlymphoid tissues. Third, IL-21 signaling is asso-
ciated with increased levels of the chemokine receptor CX3CR1
and the integrin a4b7 on TE/TEM phenotype CD8 T cells. Fourth,
IL-21R expression appears to be necessary for the expression of
the cytotoxic effector molecule granzyme B on CD8 TRM cells
present in the small intestine of mixed bone marrow chimeras.
Nevertheless, acute LCMV infection circumvents these require-
ments for IL-21, implying an intriguing context-dependent role
of this cytokine in sustaining effector phenotype CD8 T cells
and influencing their migratory properties, accumulation, and
functions.
A property of CD8 TRM cells is the downregulation of CD122

and CD127 (25, 33, 35). IL-7 and IL-15 are key regulators of
T cell homeostasis, with IL-7 operating to promote survival and
IL-15, mainly supporting basal homeostatic proliferation (38, 48,
59, 60). We show that the numbers of IL-21R2/2 CD44high

CD122lowCD127lowCD8 T cells are dramatically decreased in the
spleen of mixed bone marrow chimeras. Furthermore, the accu-
mulation of IL-21R2/2 CD8 TRM cells in the small intestine is
compromised in both mixed bone marrow chimeras and irradiated
recipients. Notably, the exhaustion and deletion of antiviral CD8
T cells during chronic LCMV infections are markedly more severe
in the absence of IL-21 (10–12), and exhausted T cells also
downregulate the IL-7R and IL-15R (34, 36). Thus, we speculate
that IL-21 contributes to the maintenance of CD8 T cells when

FIGURE 10. Homoeostatic proliferation-induced TCM phenotype CD8 T cells mount IL-21–independent responses to acute LCMV challenge. (A)

Schematic depicting the experimental setup. Equal numbers of lymphopenia-induced P14 IL-21R+/+ and IL-21R2/2 TCM phenotype cells were adoptively

transferred into second sets of recipients that were subsequently infected with LCMV-Armstrong, and responses were analyzed 7 d later. (B) Dot plots show

expression of CD44 and CD62L on gated donor P14 CD8 T cells in the blood and spleens of the infected recipients. (C) Bar graphs show the numbers of

donor P14 CD8 T cells recovered from various sites at day 7 postinfection. Representative or composite data are shown from two independent experiments

analyzing a total of eight mice. Error bars show SD. **p , 0.01, ***p , 0.001.
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IL-7 and IL-15 signals are insufficient. This would most likely
help prolong responses under conditions of persistent antigenic
activation and also help the survival of sessile TRM populations.
CD8 TRM cells residing in the small intestine IEL compartment

constitutively express granzyme B (33, 35), which is an important
cytolytic granule constituent whose enzymatic activity causes
target cell death. In the mixed bone marrow chimeras, fewer IL-
21R2/2 CD8 T cells are present in the small intestine IEL and
other peripheral tissues. Nevertheless, the IL-21R2/2 CD8 TRM

cells that are present in the IEL compartment share many of the
canonical properties of their IL-21R+/+ counterparts; they are
CD69high, CD103high, CD122low, and CD127low. Strikingly, the
majority of the small population of putative IL-21R2/2 CD8 TRM

cells in the IEL of these hosts express markedly lower levels of
granzyme B. This implies that IL-21 promotes the cytotoxic po-
tential of CD8 T cells residing in certain tissues, which may occur
via the upregulation of the transcription factor T-bet, which reg-
ulates the expression of cytolytic effector molecules (61).
The ability of CD8 T cells to migrate to nonlymphoid organs is

governed by their expression of chemokine receptors, integrins, and

selectins (14). We found that CX3CR1, the receptor for the che-
mokine CX3CL1 (fractalkine), is expressed by TE/TEM pheno-
type CD8 T cells, which is consistent with previously published
results (52, 53). It has been reported that the interactions between
CX3CR1 and fractalkine mediate the adhesion and migration of
CD8 T cells and promote their migration in response to other
chemokines such as CCL4 in vitro (50, 51). Integrin a4b7, which
binds to mucosal addressin cell adhesion molecule-1, mediates the
migration of CD8 T cells to the small intestine (14, 56). The
upregulation of CX3CR1 and a4b7 on IL-21R+/+ but not on IL-
21R2/2 TE/TEM phenotype CD8 T cells in the mixed bone marrow
chimeras implicates a role for IL-21 in establishing the migratory
properties of activated CD8 T cells and dictating their capacity to
enter tissues. Furthermore, our in vitro studies demonstrate that
IL-21 can differentially promote the development of CD8 T cell
subsets that express CX3CR1 or a4b7. Because IL-21 favors the
expression of a4b7 by IL-2 TE but the expression of CX3CR1 by
IL-15 TM cells, this implies that these subsets mount distinct re-
sponses to IL-21 and that a4b7 and CX3CR1 are independently
regulated. We also discovered that IL-21 enhances the capacity of

FIGURE 11. IL-21 signaling is required for

the accumulation of virus-specific memory

CD8 T cells in tissues and the maintenance

of CX3CR1+ subsets in lymphopenic environ-

ments. (A) Schematic depicting the adoptive

transfer of equal numbers of IL-21R+/+ and IL-

21R2/2 CD44high memory CD8 T cells after

acute LCMV infection into sublethally irradi-

ated recipients. Donor gp33+ and gp332 CD8

T cells were analyzed 32–41 d later. (B and C)

Bar graphs show the percentages of IL-21R+/+

and IL-21R2/2 (B) CD44highgp332 and (C)

CD44highgp33+ donor CD8 T cells recovered

from indicated tissues. (D and E) Bar graphs

show the numbers of IL-21R+/+ and IL-21R2/2

(D) CD44highgp332 and (E) CD44highgp33+

donor CD8 T cells recovered from indicated

tissues. Composite data are shown from two

independent experiments analyzing seventeen

mice. (F and G) Representative dot plots show

the expression of CX3CR1 and CD62L gated

on splenic (F) CD44highgp332 or (G) CD44high

gp33+ CD8 T cells. Numbers show the per-

centages of cells in each quadrant. Represen-

tative or composite data are shown from two

independent experiments analyzing seven mice.

Error bars show SD. *p , 0.05, **p , 0.01,

***p , 0.001.
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DC subsets, especially CD1032 DCs, to induce a4b7 expression.
It has been previously shown that MLN CD103+ DCs promote
a4b7 expression on CD8 T cells via retinoic acid (57, 58), and the
current findings suggest that IL-21 may amplify or substitute for
these signals.
During several infections, including acute LCMV, vaccinia virus,

and adenovirus, the patterns of CD62L expression by antiviral CD8
T cells are similar with and without IL-21 signals (10, 11, 29–31).
Consistent with these reports, we confirmed that IL-21 signaling is
not required for the generation of virus-specific CD8 TE cells fol-
lowing acute LCMV infection. Moreover, under these conditions,
the upregulation of CX3CR1 and a4b7 by activated antiviral CD8
T cells as well as their accumulation in nonlymphoid tissues and the
expression of granzyme B by CD8 TRM cells did not require IL-21.
By contrast, we consistently observe a lower frequency of IL-21R2/2

CD44highCD62Llow TE/TEM cells, as well as severely impaired
accumulation of IL-21R2/2 CD8 T cells in nonlymphoid organs
both in mixed bone marrow chimeras and after lymphopenia-
induced homeostatic proliferation. Thus, the inflammatory and
antigenic signals during acute LCMV infection are sufficient to
compensate for any role of IL-21 in forming and sustaining TE/
TEM and TRM CD8 T cell subsets (10, 11, 29). Context-dependent
roles for IL-21 are further highlighted during the development of
experimental autoimmune encephalomyelitis. IL-21 is required
for the of development of spontaneous experimental autoimmune
encephalomyelitis, but is not necessary for the induction of active
disease, which involves immunization with CFA (62).
The priming conditions associated with acute LCMV infection

do not render the responding CD8 T cells fully independent of IL-
21, as gp33-specific memory cells still require IL-21 signals for
their optimal accumulation and sustained expression of CX3CR1
following exposure to irradiation-induced lymphopenic conditions.
Notably, the non-gp33–specific subset of memory CD8 T cells
appears to less stringently require IL-21 in lymphopenic hosts.
It has been estimated that LCMV-specific memory CD8 T cells
constitute ∼15% of the total CD8 T cell pool (63). Therefore, most
of the bulk CD44highCD8 T cells that were transferred are likely
not LCMV specific, but instead reactive to self, environmental, or
commensal Ags (47, 49, 64, 65). The disparities between the
gp33-specific and nonspecific subsets may reflect cell-intrinsic
differences between true virus-primed memory CD8 T cells and
memory phenotype CD8 T cells generated by homeostatic and
other mechanisms, supporting the concept that the state of dif-
ferentiation and environmental circumstances shapes the demands
for activation and maintenance signals, including IL-21.
In summary, our data demonstrate that IL-21 signaling can shape

the CD8 T cell pool by preferentially promoting TE/TEM and TRM

populations. Additionally, IL-21 can influence the expression of
CX3CR1 and a4b7 by CD8 T cells that may impact their ability to
accumulate in tissues. Notably, a substantially lower fraction of
IL-21R2/2 CD8 T cells is detected in nonlymphoid sites under
homeostatic and lymphopenic conditions. Nevertheless, the ne-
cessity for IL-21 can be displaced by acute LCMV infection.
Thus, although IL-21 can impact both systemic and local CD8
T cell responses, the precise requirements for this cytokine vary,
illustrating the importance of the cytokine milieu and levels of
antigenic activation in developing CD8 TEM and TRM responses,
which may provide rapid and localized immunological protection.
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