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IL-21 Is Required to Control Chronic

Viral Infection

Heidi Elsaesser,® Karsten Sauer,? David G. Brooks*

CD4" and CD8* T cell functions are rapidly aborted during chronic infection, preventing viral clearance.
CD4* T cell help is required throughout chronic infection so as to sustain CD8* T cell responses;
however, the necessary factor(s) provided by CD4™ T cells are currently unknown. Using a mouse model
of chronic viral infection, we demonstrated that interleukin-21 (IL-21) is an essential component of
CD4™ T cell help. In the absence of IL-21 signaling, despite elevated CD4™ T cell responses, CD8™ T cell
responses are severely impaired. CD8* T cells directly require IL-21 to avoid deletion, maintain
immunity, and resolve persistent infection. Thus, IL-21 specifically sustains CD8* T cell effector activity
and provides a mechanism of CD4™ T cell help during chronic viral infection.

uring chronic viral infections, antiviral
DCD4+ and CD8" T cells become non-

responsive to viral antigens and are either
physically deleted or persist in a nonfunctional
“exhausted” state, unable to produce important
antiviral and immunostimulatory cytokines such
as interleukin-2 (IL-2), tumor necrosis factor—o
(TNF-0), and interferon-y (IFN-y); lyse virally
infected cells; or proliferate (/—4). To date, the
majority of work analyzing T cell exhaustion
during chronic viral infection has focused on
CD8" T cells; however, CD4 ™ T cells also exhibit
reduced function, thus further exacerbating viral
persistence. CD4 " T cells are required throughout
chronic viral infection in order to sustain CD8" T
cell function and control infection, prevent dele-
tion of high-affinity antiviral CD8" T cells, and
eventually resolve the infection (5—7). The loss
of CD4" and CD8" T cell function is associated
with viruses that establish chronic viral infections
in their hosts: HIV and hepatitis B and hepatitis C
virus (HCV) in humans and lymphocytic chorio-
meningitis virus (LCMYV) in rodents (8—/2). Chron-
ic LCMYV infection is eventually controlled in the
periphery 60 to 80 days after infection in a CD4" T
cell-dependent manner, suggesting that exhausted
CD4" T cells retain helper activity. Expression of
the key CD4" T cell helper cytokine IL-2, how-
ever, is rapidly extinguished during viral persist-
ence (4, 13), indicating that an alternative helper
mechanism is being implemented.

To determine how CD4" T cells help CD8" T
cells to clear a viral infection, we infected mice
with the Armstrong strain of LCMV (Arm) that
induces a robust T cell response, resulting in viral
clearance within 8 to 10 days or with the Clone
13 strain of LCMV (Cl 13) that generates a
chronic infection due to the up-regulation of im-
munosuppressive factors that induce a dramatic
depletion and inactivation of virus-specific T cells
(14-18). LCMV-Arm and —Cl 13 share identical
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CD4" and CD8" T cell epitopes, enabling direct
comparison of virus-specific T cell responses dur-
ing acute and persistent infection (75, /7). In initial
experiments, we observed high amounts of IL-21
mRNA expression in the spleen during LCMV-CI
13 infection (Fig. 1A). On the basis of the known
immunomodulatory effects of IL-21 on T cells
(19), we further investigated the function of IL-21
during viral persistence.

IL-21 is primarily produced by activated CD4"
T cells (20-22); however, the cells that produce
IL-21 during chronic viral infection are unknown.
Natural killer T cells, B cells, macrophages, and
dendritic cells expressed low amounts of 1L-21
mRNA during both acute and chronic LCMV
infection (Fig. 1B and fig. S1). In contrast, IL-21
was highly expressed by total CD4" T cells after
either acute or chronic LCMV infection (Fig. 1B).
To determine whether IL-21 production by virus-
specific CD4" T cells was elevated during chronic
infection, we transferred LCMV-specific CD4" T
cell receptor (TCR) transgenic T cells (SMARTA),
which recognize LCM V-derived peptide GPg;_go
in the context of I-A®, into C57BL/6 mice and then
infected the mice with LCMV-Am or LCMV-CI1
13. Virus-specific CD4" T cells from LCMV-CIl
13—infected mice exhibited a greater than 11-fold
increase in IL-21 mRNA expression as com-
pared with that in CD4" T cells from LCMV-
Arm-infected mice, and the increase was sustained
through chronic infection (Fig. 1B). Depletion
of CD4" T cells reduced IL-21 mRNA expres-
sion to that observed in uninfected mice (Fig.
1A), indicating that CD4" T cells are probably
the main source of IL-21 during chronic LCMV
infection. The modest increase in IL-21 mRNA
by total CD4" T cells during chronic infection
as compared with the substantial increase in
IL-21 by virus-specific CD4" T cells is prob-
ably due to the decreased frequency of virus-
specific CD4" T cells during chronic infection
(4). Whereas the ability of virus-specific CD4" T
cells to produce IL-2 was rapidly extinguished
after LCMV~-CI 13 infection, many virus-specific
CD4" T cells produced IL-21 throughout per-
sistent infection, resulting in an inversion from
a predominantly IL-2—producing to an IL-21—
producing cell population (Fig. 1C and fig. S2).
Thus, although the expression of many cytokines
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by virus-specific CD4" T cells is decreased during
chronic infection, IL-21 is maintained.

To determine the effect of IL-21 on antiviral
CDS8" T cell immunity, we infected wild-type
(WT) C57BL/6 mice and IL-21 receptor knock-
out (//21r”") mice (23) with LCMV-Arm or —Cl
13. In both WT and //2/r”" mice, LCMV-Arm
infection stimulated robust virus-specific CD8"
T cell expansion and production of IFN-y and
TNF-o (fig. S3). Early after LCMV-CI 13 infec-
tion (day 9), the extent of CD8" T cell exhaustion
was similar in WT and /217" mice (fig. S3).
The lack of IL-21 signaling during the chronic
phase of Cl 13 infection (day 30), however, re-
sulted in a dramatic decrease of IFN-y and IFN-
v/TNF-0, dual-producing CD8 T cells (fig. S3).
To determine whether the reduction in cytokine-
producing CD8" T cells during chronic infection
was due to enhanced functional exhaustion or
physical deletion, we used LCMV-GP33_4; major
histocompatability complex (MHC) class I tetramers
to directly enumerate virus-specific T cells. Both the
frequency and number of /1217 tetramer” CD8"
T cells were increased relative to WT mice early
(day 9) after LCMV-CI 13 infection; however,
they were significantly diminished in /277" mice
as compared with WT mice as chronic infection
progressed (day 30) (Fig. 2, A and B). These re-
sults suggested that IL-21 is required to sustain
virus-specific CD8" T cells as chronic infection
progressed.

Using two approaches, we next assessed wheth-
er IL-21-mediated help was directly acting on virus-
specific CD8" T cells. We performed the first
approach by transferring WT or /1217~ LCMV-
specific CD8" TCR transgenic P14 cells, which
recognize LCMV-peptide GP33_4; in the context
of H-2K®, into separate /217" mice. We ob-
served comparable functional and numerical re-
sponses after LCMV-Arm infection and in the
early phase (day 8) of LCMV—CI 13 infection
(Fig. 2C and fig. S4) similar to that in /217"
mice. In contrast, 71217~ P14 T cells exhibited
enhanced functional exhaustion and deletion as
compared with WT P14 T cells as chronic infection
progressed (day 30) (Fig. 2C and fig. S4). In the
second approach, irradiated WT mice were re-
constituted with a mixture of WT (Ly5.1") and
" (Ly5.2") bone marrow, allowing for both
WTand I121r" virus-specific CD8" T cells to be
exposed to identical inflammatory signals and cell
interactions. We observed a similar frequency of
LCMV-GPs;3 4, —specific tetramer” CD8" T cells on
day 8 after LCMV—CI 13 infection; however, al-
though the frequency of WT bone marrow—derived
tetramer’ cells was maintained as the infection
progressed, /121" bone marrow—derived virus-
specific CD8" T cells were deleted (Fig. 2D). We
did not observe deletion of /21/” bone marrow—
derived tetramer” CD8" T cells after LCMV-Arm
infection (fig. S5). After LCMV-Arm or LCMV—
Cl 13 infection of the bone-marrow chimeric mice,
the ratio of WT to 71215~ CD8" T cells rapidly
decreased from 60:40 before infection to 80:20
by day 8§ after infection that was then stably main-
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tained (fig. S5), suggesting a growth advantage
for IL-21R—expressing total CD8" T cells during
viral infection. Any growth advantage of total IL-
21R-expressing CD8" T cells did not affect the
frequency of tetramer' CD8" T cells in response
to LCMV-Arm infection (fig. S5) and occurred
before the loss of /217~ bone marrow—derived
tetramer " cells during LCMV—CI 13 infection
(Fig. 2D and fig. S4). Thus, IL-21 directly sus-
tains virus-specific CD8" T cells during chronic
infection.

Although IL-21 is produced by CD4" T cells,
how it regulates CD4" T cell function in the con-
text of an in vivo viral infection is unclear. We
observed increased amounts of IFN-y—producing

and LCMV-GPg; _go—specific MHC class 1I tet-
ramer’ CD4" T cells in /217~ as compared with
WT mice at days 9 and 30 after LCMV-Arm or
—Cl 13 infection (Fig. 3, A to C). Furthermore,
we observed rapid suppression of IL-2 and TNF-o
after LCMV—CI 13 infection in WT mice (Fig. 3,
A and B, and fig. S5). TNF-a expression was also
rapidly diminished in /217" mice after LCMV—
Cl 13 infection (fig. S6); however, unlike WT
mice, virus-specific CD4" T cells continued to
produce IL-2 in LCMV-CI 13-infected /1217
mice in quantities similar to those observed at
day 9 after LCMV-Arm infection (Fig. 3, A and
B). These findings indicate that IL-21 signaling
results in decreased IL-2 production by virus-

specific CD4" T cells. The elevated frequencies
of virus-specific CD4" T cells producing IL-2
observed early during LCMV-CI 13 infection in
11217~ mice declined as the infection progressed
and by 30 days after infection was similar to
frequencies observed in WT mice (Fig. 3, A and
B). The total number of IL-2—expressing virus-
specific CD4" T cells, however, remained signifi-
cantly increased in /21" mice after LCMV-Arm
and particularly LCMV—CI 13 infection, as com-
pared with that in WT mice (Fig. 3B). Thus, IL-21
suppresses distinct facets of CD4" T cell function
during viral persistence, such as early IL-2 expres-
sion, whereas other facets, such as TNF-o, expres-
sion, are not affected.
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Fig. 1. IL-21 mRNA expression during viral infection. IL-21 mRNA expression
was quantified by real-time reverse transcription polymerase chain reaction
after LCMV-Arm or LCMV—CL 13 infection in (A) uninfected (gray bar), LCMV—
Cl 13 infected (black bar), or LCMV—CL 13 infected and CD4* T cell-depleted
(striped bar) splenocytes or in (B) the indicated sorted cell population. Red

Fig. 2. IL-21 sustains virus-specific A
CD8* T cells during viral persistence.
(A) LCMV-GP53.4; MHC class | tet-
ramer staining on days 9 or 30 after
LCMV-Arm or LCMV—CL 13 infection.
Numbers indicate the frequency of
tetramer™ CD8* T cells in WT and
1217 (KO) mice. (B) Number of
tetramer™ CD8* T cells on days 9
and 30 after LCMV-Arm or LCMV—
Cl 13 infection of WT and /217"~
mice. (C) Number of WT or /2177~
P14 T cells after infection of 217"+
mice. (D) Frequency of WT and
112177 LCMV-GP3;3 4, tetramer* CD8*

day 9
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Bars indicate cells sorted from LCMV-Arm—infected animals; black bars indi-
cate cells sorted from LCMV—Cl 13—infected animals. (C) Frequency of IFN-y*
SMARTA T cells that simultaneously produced IL-2 or IL-21 on day 9 and day
30 after infection. Error bars represent the average + SD of 3 to 5 mice per
group and 2 to 4 independent experiments. *P < 0.05, **P = 0.4.
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CD8 T cells are required to resolve LCMV—
ClI 13 infection (5), thus the reduced numbers of
virus-specific CD8" T cells in /217"~ mice sug-
gested that they may be insufficient to resolve the
infection. The initial generation of productive T
cell responses led to acute clearance of LCMV-

Arm infection in WT and 7121 mice (Fig. 4A).
In contrast, the rapid T cell exhaustion after LCMV—
Cl1 13 infection led to chronic infection in WT and
11217 mice (Fig. 4A). Consistent with the similar
generation of virus-specific CD8" T cell responses
after infection, LCMV—CI 13 titers were initially

REPORTS

equal in WT and 7121 7 mice; however, whereas
infection in WT mice resolved after two months,
11217~ mice did not resolve the infection (Fig.
4A). In the presence of chronic infection, virus-
specific /2177~ CD8" T cell responses continued
to decline as compared with that in WT mice,
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whereas no further decrease was observed in WT
mice over this same time period (Figs. 2D and
4B). Conversely, the number of IFN-y" (virus-
specific) CD4" T cells remained elevated 100
days after LCMV-Am (fig. S7) and —CI 13 in-
fection in 7/21/” mice (Fig. 4C). Thus, despite
the increased presence of virus-specific CD4" T
cells in 71217 mice, CD8” T cell responses are
not sustained and the infection is not resolved.

IL-21 signaling also affects antibody produc-
tion by B cells and antigen-presenting cell re-
sponses (19), which in addition to CD8" T cell
deletion could contribute to the failure to resolve
infection. Compared with that in WT mice, antigen-
presenting cell maturation was not differentially
affected in 7121/~ mice after LCMV-Arm or —Cl
13 infection and by some measurements was in-
creased in the absence of IL-21 signaling (fig. S8).
Furthermore, the total number of B cells was
similar in WT and /217" mice during chronic
infection (fig. S9). We observed a 1.9-fold decrease
in LCMV-specific immunoglobulin G antibody
titers in /27~ mice, although substantial antibody
titers were observed in both WT and /27" mice
(fig. S9). LCM V-neutralizing antibody titers were
undetectable in both WT and 721+ mice at day
30 after LCMV-CI 13 infection. Together, these
data suggest that antigen-presenting cells impair-
ment or impaired humoral immunity are unlikely
to underlie the reduced control of chronic infection
in /217" mice.

The requirement for CD4" T cell help to con-
trol chronic viral infection has long been estab-
lished (5, 6); however, because CD4" T cells

rapidly lose the ability to produce traditional helper
cytokines such as IL-2, the specific mechanisms
and factors that comprise CD4" T cell help have
remained elusive. Our results suggest that CD4"
T cells do not necessarily “‘exhaust” or “lose” func-
tion during chronic viral infection. Instead, we pro-
pose that CD4" T cell function is diverted toward
the production of factors such as IL-21 that sus-
tain effector activity to control infection. Multiple
effector mechanisms probably contribute to the
long-term development of CD8" T cell responses.
In combination with (or in the absence of) other
yet unidentified helper factors, [L-21 maintains the
CDS8" T cell effector activity required to control in-
fection and thus provides a mechanism for CD4"
T cell help in response to chronic viral infection.
Failure of CD4" T cell help is associated with the
inability to acutely clear HCV infection and with
the progression to AIDS after HIV infection (8-12).
Thus, loss of IL-21 as CD4™ T cell responses de-
cline may hinder control of these human chronic
viral infections. Further identification of helper
factors and how they regulate precise immune
outcomes will provide valuable insight into the
generation and maintenance of antiviral immunity
to prevent and treat chronic viral infections.
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A Vital Role for Interleukin-21
in the Control of a Chronic

Viral Infection

John S. Yi, Ming Du, Allan ]. Zajac*

Understanding the factors that regulate the induction, quality, and longevity of antiviral

T cell responses is essential for devising rational strategies to prevent or combat infections.
In this study, we show that interleukin-21 (IL-21), likely produced by CD4* T cells, directly
influences the generation of polyfunctional CD8* T cells and that the number of CD4* T
cells that produce IL-21 differs markedly between acute and chronic infections. IL-21
regulates the development of CD8" T cell exhaustion and the ability to contain chronic
lymphocytic choriomeningitis virus infection. Thus, IL-21 serves as a critical helper factor
that shapes the functional quality of antiviral CD8” T cells and is required for viral

control.

hallmark of robust antiviral immunity
Ais the induction of CD4" and CD8" T cell
responses, which act cooperatively and in
conjunction with other immune system compo-
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nents, to control infection. The consequences of an
ineffective immune response can be catastrophic,
favoring viral persistence or the erosion of long-
lived immunological memory. During the initial
phases of many chronic infections, including hep-
atitis C virus (HCV) and human immunodeficien-
cy virus (HIV) infections, CD8" T cell responses
are induced but can fail to attain or lose the
ability to elaborate key effector functions (/-9).

Although the cellular and molecular cues that
dictate the development of robust CD8" T cells
are not fully elucidated, in the absence of CD4"
T cell help, CD8" T cell responses are compro-
mised (2, 5, 6, 10-18). CD4" T cells are the
primary producers of interleukin-21 (IL-21), a
member of the common-y chain family of cyto-
kines (/9-21). Functions of IL-21 are wide-ranging
and include promoting B cell and antibody re-
sponses and inducing the development of Th17
and follicular helper CD4" (Tth) lineages (19-24).
Given that CD4" T cells are necessary for optimal
antiviral CD8" T cell responses, we investigated
the role of IL-21 in CD8" T cell responses to viral
infections.

A comparative analysis of lymphocytic chorio-
meningitis virus (LCMV)-specific CD4" T cells
revealed marked differences in the induction of
IL-21" CD4" T cells after acute LCMV-Armstrong
(Arm) and chronic LCMV-clone 13 (Cl 13) in-
fections of C57BL/6 (B6) mice (Fig. 1) (25). By 8
days, both infections elicited polyclonal virus-
specific IL-21" CD4" T cells; however, this response
was 7.8 times lower in the LCMV-CI 13—infected
cohort (Fig. 1B; P < 0.001). Because CD4" T cells
are obligatory for the control of LCMV-CI 13,
these results suggest that the CD4" T cell response
to this infection, albeit weak, is capable of provid-
ing some help (2, 3, 6, 10).
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