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Interleukin-21 is a T-helper cytokine that regulates humoral immunity
and cell-mediated anti-tumour responses
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SUMMARY

Cytokines and their receptors represent key targets for therapeutic intervention. Ligands are
being used to supplement cell numbers that become depleted as a result of disease (organ failure,
infection) or subsequent disease treatments (i.e. chemotherapy). Conversely, the inhibition of
target cell binding by cytokines is an established strategy for abrogating pathologic cellular
activities common to many immunological diseases. Considerable effort in biomedical research
is being focused on the cytokine families that play a dominant role in regulating immunity and
then prioritizing each member for its therapeutic potential. Currently, the interleukin-2 (IL-2)
family of cytokines is widely recognized for its central involvement in controlling lymphocyte
function and is the most explored for medical utility. Collectively, these proteins (or their
antagonists) are either marketed drugs or have received advanced testing for an impressive
array of indications including cancer, infectious disease, transplantation, inflammation and
allergic asthma. Here we review the current understanding of IL-21, the most recent member of
this cytokine family to be discovered. As will be discussed, IL-21 shares many of the same
attributes as its relatives in that it has broad immunoregulatory activity and can modulate both
humoral and cell-mediated responses. Its ability to stimulate durable anti-tumour responses in

mice defines one therapeutic indication that merits clinical development.
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INTRODUCTION

The cellular interactions that constitute a functional
immune system require a communication network that
includes cytokines and cytokine receptors. These proteins
are produced in response to a large spectrum of stimuli that
help protect the host from noxious substances and patho-
genic organisms. Considerable attention over the years has
been devoted to the interleukin-2 (IL-2) family of cytokines
because of the central role it plays in the initiation and ces-
sation of an immune response in mammals.'* Collectively,
these cytokines (IL-2, IL-4, IL-7, I1L-9, IL-13, IL-15 and
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IL-21) regulate leucocyte development and control a broad
spectrum of processes that quantitatively and qualitatively
shape acquired immune responses. Moreover, perturbations
in the expression of these cytokines, or in the signals that
they initiate, are associated with various pathologies
including immunodeficiency, autoimmunity and atopic
disease.™* IL-21, discovered using a strategy of ligand-
receptor pairing,>® is probably the last member of the IL-2
family to be identified and possibly the least characterized.
In general terms, IL-21 is a product of CD4 " T-helper cells
that selectively modifies both humoral and cell-mediated
immune responses through an interaction with various cell
types including T cells, B cells, natural killer (NK) cells, and
dendritic cells. More specifically, IL-21 is required for nor-
mal antibody responses in mice and it has a potent anti-
tumour activity in a variety of mouse models. This review
will focus on the activities of IL-21 as a T-helper cytokine
and its regulation of an adaptive immune response (Fig. 1).
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Figure 1. IL-21 is a CD4™ T-helper cytokine. The expression of IL-21 following antigen-specific T-cell activation stimulates a
number of predominant changes in an adaptive immune response. IL-21 has minimal effects on CD4 " T-cell proliferation and
its regulation of Thl versus Th2 differentiation needs further clarification. Its role in stimulating cell-mediated anti-tumour
responses via enhancement of CD8" T-cell and NK-cell differentiation is firmly established, as is its regulation of B-cell-
mediated humoral immunity. Expression of IL-21R is low but detectable on monocytes and the affects of IL-21 on these cells
remains to be established. IL-21R is also expressed on monocyte-derived dendritic cells where the inhibitory activity of 1L-21
has been confirmed with immature dendritic cells but not activated dendritic cells.

INTERLEUKIN-21: A NEW MEMBER OF
THE IL-2 CYTOKINE FAMILY

Analysis of the genetic and biochemical properties of 1L-21
and the IL-21 receptor (IL-21R) clearly defines IL-21 as a
member of the IL-2 family of cytokines that utilize the
common y-chain receptor subunit for signal transduction.
The human IL-21 gene encodes a polypeptide precursor of
162 amino acids and a fully processed mature protein of 133
amino acids (~15000 MW). The primary sequence of
IL-21 predicts a four-helix bundle conformation, typical for
type 1 cytokines, and its closest homologues are IL-2
(13-7% identity) and IL-15 (20% identity). IL-21 shares two
pairs of spatially conserved cysteine residues with IL-15, the
more distal of each pair is also present in IL-2, IL-4 and
granulocyte-macrophage colony-stimulating factor. The
IL-21 gene is located on human chromosome 4q26-27,
approximately 180 kilobases (kb) from the IL-2 gene. The
human IL-15 gene lies distal to IL-2 and IL-21 and is
located on chromosome 4q31. The similarities that these
three cytokines share in gene structure, organization and
location argue that they evolved via gene duplication
events.

A similar argument can also be made for the evolution
of the IL-21R gene, which in humans spans approximately
20 kb, is located on chromosome 16pll and lies within
65 kb of IL-4RA.°> Human IL-21R encodes a 538 amino
acid protein that shares a domain organization similar to
IL-4Ro. and a primary amino acid sequence related to
IL-2RB (28% identity). The extracellular portion contains
a single cytokine-binding domain with its conserved
WSXWS motif and two paired cysteine residues. This
region is followed by a transmembrane sequence and
a relatively long intracellular domain, containing the

conserved Box 1 and Box 2 elements that are important for
signal transduction.>”® The fact that the IL-21 receptor
complex is a heterodimer, containing IL-21R and the
ye-receptor subunit, is firmly established.”!® These and
other studies have shown that IL-21 binding stimulates
activation of Janus kinase (JAK)1/JAK3 and the subse-
quent phosphorylation of signal transducer and activator of
transcription-1 (STAT1), often considered a negative
regulator of cell growth and survival, as well as STAT3 and
STATS, which suggests a role in promoting cell survival,
cell-cycle progression and differentiation.” '? In addition,
IL-21 enhances STAT4 binding to the interferon-y (IFN-y)
promoter.'? These results indicate that IL-21 shares more
similarities in STAT phosphorylation with IL-2 and IL-15
than with IL-4, which predominantly utilizes STAT6-
mediated signalling.

IL-21 IS A CD4" T-HELPER CYTOKINE

Central to the theme that IL-21 helps shape adaptive
immunity is its location of expression within the immune
system and the cell types to which it binds. IL-21 gene
expression appears to be restricted to activated CD4"
T cells, although very little is known about the physiolo-
gical conditions that induce IL-21 transcription. Naive
T cells have the flexibility to express different cytokines
depending on the costimulatory signals they receive during
activation and many retain this flexibility through extended
cell division. The pathways that induce IL-21 gene expres-
sion and how the kinetics of this expression compares to the
other T-helper cytokines, such as IL-2, IL-4 and IFN-y,
remains to be elucidated. Interestingly, IL-21 appears to be
rarely expressed gene as its cDNA is practically undetect-
able in current mouse and human expressed sequence tag
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(EST) databases. In addition, IL-21 mRNA was found to be
100 times less prevalent than IL-2 mRNA in naive T cells
treated with phorbol 12-myristate 13-acetate + ionomycin
for 14 hr (unpublished results). These results are only an
indirect measure of IL-21 protein, but they suggest that IL-21
expression may be quite transient and stage-specific during
T-cell differentiation. This is consistent with the report that
IL-21 is induced, not during the activation of naive T-cells,
but only following secondary stimulation of differentiated T-
helper type 2 (Th2) effector cells.'® This finding, if confirmed,
has important implications with respect to defining IL-21
function. However, we find that Thl and Th2 cells derived
from both mouse and human cell cultures can readily express
IL-21 (unpublished results). Whether IL-21 is expressed
during additional stages of CD4" T-cell differentiation (i.e.
T-reg), in different types of T cells (i.e. NKT cells, yo T cells)
or by non-lymphocyte cells awaits further characterization.
We have detected very slight expression of IL-21 in activated
CD8™ cells using reverse transcription polymerase chain
reaction but it remains to be determined whether this is
analogous to the autocrine production of IL-2 that sustains
CD8" T-cell proliferation.'*

IL-21 REGULATES T-CELL PROLIFERATION
AND DIFFERENTIATION

The IL-2 family of cytokines exerts many overlapping and
distinct functions that control T-cell biology.!*!>1® Col-
lectively, these cytokines maintain naive T-cell homeostasis
and regulate the magnitude of clonal expansion following
antigen activation by influencing rates of cell proliferation,
activation-induced cell death and cell survival. In addition,
these cytokines regulate T-cell differentiation, the balance
between humoral and cell-mediated immunity and help
ensure robust secondary immune responses through the
establishment of memory. As expected for a member of this
cytokine family, the data being generated from both in vitro
and in vivo experimentation indicate that IL-21 is a potent
T-cell stimulatory protein.

Like IL-2, IL-21 can enhance the clonal expansion of
antigen-activated naive T cells. This conclusion is based on
studies that measured the costimulatory activity of IL-21 on
both anti-CD3 stimulated human CD3" CD45RA™ cells
and mouse thymocytes,’ alloantigen-stimulated mouse
splenocytes'” and phosphoantigen-stimulated Vy9,/V§2
T cells.'® Current data also indicate that IL-21 costimulates
the proliferation of both primed naive CD4" and CD8™
T cells, although there may be differences in their relative
responsiveness. For instance, IL-21 stimulated less than a
two-fold increase in DNA synthesis in normal mouse
splenic CD4% T cells and ovalbumin-peptide-specific
mouse transgenic DO11.10 CD4" T cells (unpublished
results). However, IL-21 has a much greater impact on the
proliferation of CD8 " T cells. This was initially observed
by the accelerated outgrowth of CD8" CD4 cells in cul-
tures of mouse thymocytes.®> Subsequent experiments have
shown that IL-21 can stimulate cytomegalovirus-specific
CD8" CD45RA™ T cells to initiate numerous rounds
of cell division'” and can enhance four- to six-fold the
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antigen-specific proliferation of T-cell receptor transgenic
CD8" OT-IT cells that recognize chick ovalbumin peptide
SIINFEKL in the context of H-2K® (unpublished results).

The costimulation of CD8' T-cell proliferation by
IL-21 has also been examined in vivo. Moroz et al.*®
monitored the fate of adoptively transferred naive OT-I
cells in mice following the peritoneal injection of EG.7
thymoma cells that express the surrogate tumour antigen,
ovalbumin. Injection of IL-21 protein clearly enhanced
antigen responsiveness and clonal expansion of OT-I cells
as measured by markers for T-cell activation, DNA
synthesis/cell division and accumulation of cell numbers in
peripheral lymphoid tissue. This animal model was also
used to compare the relative effects of IL-21 with both IL-2
and IL-15 treatment.”® It was determined that IL-2 was
more effective than IL-21 in stimulating OT-I cell numbers
during the first 10 days after tumour exposure, while IL-15
had little effect relative to phosphate-buffered saline treat-
ment in driving clonal expansion. After day 10, however,
the numbers of OT-I cells dropped dramatically in IL-2-
treated mice as a result of activation-induced cell death.
This contraction in population size was not observed in the
IL-21 treatment group, instead the numbers of transferred
T cells remained elevated for up to 60 days as a result
of increased cell survival, an effect that was also seen with
IL-15. It was concluded that IL-21 shares features of both
IL-2 and IL-15 with respect to its enhancement of cell
proliferation and cell survival.

In addition to these effects, IL-21 has been shown to
elicit several differentiative responses from T cells. For
instance, IL-21 rapidly induced the genes encoding IL-12R,
IL-18R, IFN-y, IL-2Ra and the Thl-associated transcrip-
tion factor T-bet in cultures of activated primary
T-cells.'>?' IL-21 also synergized with IL-15 and IL-18 in
stimulating IFN-y gene expression in these same cultures.
Waurster et al.'? reported that exposing naive CD4 T cells to
IL-21 under conditions that skew differentiation towards
the Thl phenotype actually inhibited IFN-y production,
although it had little effect on other Thl cytokines such as
tumour necrosis factor-o or IL-2. In these experiments,
IL-21 reduced IL-12-induced phosphorylation of STAT4
and failed to modulate T-bet expression. This inhibitory
effect on IFN-y expression was lost if T cells had differen-
tiated to the Thl state prior to IL-21 exposure.'* It is well
established that numerous lymphokines polarize CD4™"
T-cell differentiation along a Th1/Th2 axis that then initi-
ates humoral and cell-mediated immune responses, and
cross-regulates the opposing subset’s development and
function. While more work is required to understand how
IL-21 influences Th1 vs. Th2 development, the current data
set clearly indicate that IL-21 can regulate both arms of an
adaptive immune response.

IL-21 IS REQUIRED FOR NORMAL HUMORAL
IMMUNITY

CD4" T-helper cells regulate acquired antibody responses
by stimulating B-cell activation, clonal expansion and
maturation. Key effector molecules delivered by T cells
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that synergize in driving B-cell proliferation and antibody
production include CD40 ligand**?* and a variety of
cytokines including IL-4 and IL-2.>* IL-21 is also critical
for normal humoral immunity. IL-21R is initially expressed
on B-lineage cells coincident with the appearance of
B220" immunoglobulin M (IgM)* cells within the bone
marrow and is readily detectable on peripheral B cells. IL-
21 is not mitogenic by itself, but synergizes with anti-CD40
antibody treatment to dramatically enhance primary B-cell
proliferation in vitro.> 1L-21 also stimulated IgGl and
IgG2a production in cultured mouse splenocytes treated
with lipopolysaccharide (LPS).?® Conversely, IgGl pro-
duction was reduced in cultured B cells isolated from
IL-21R™ mice and the synthesis of antigen-specific IgG1,
IgG2b and IgG3 antibodies was significantly impaired fol-
lowing immunization of IL-21R™" animals.?® Moreover,
mice doubly deficient for both IL-21R and IL-4 have a
severely compromised IgG response.?® These results high-
light the co-operation of IL-21 with IL-4 in regulating
antibody production.

In contrast to this co-operation, IL-21 can also antag-
onize IL-4 function. For instance, IL-21 prevents the
proliferation of human B cells cultured with anti-IgM
antibodies plus IL-4° and overrides the anti-apopotic effect
of IL-4 on primary mouse B cells.?” In addition, IL-21 can
inhibit IL-4 regulation of antibody isotype switching, par-
ticulary with respect to IgE production,?® while immunizing
IL-2IR™" animals stimulated a 20-50-fold increase in
antigen-specific IgE titres relative to normal mice.”
Evidence linking this phenotype to a defect in B-cell func-
tion, rather than to a failure in T-cell help, includes the
observations that T-helper cytokine responses appeared
normal in TL-21R™" mice, that IL-2IR™”~ CD4" T cells
were normal with respect to Thl and Th2 differentiation,
and that IgG1 and IgE production was normal in IL-21R™
= B cells cultured with IL-4 but not with IL-21.® Addi-
tionally, Suto ef al.® established that IL-21 abrogates
LPS + IL-4 induction of IgE synthesis in cultured B cells
and that the inhibition of isotype switching by IL-21
occurred at the level of Ce transcription. Interestingly,
IL-21 administration in a mouse asthma model effectively
reduced titres of antigen-specific IgE and IgG1 antibodies,
as well as symptoms of airway hypersensitivity including
eosinophil recruitment. This has suggested to some that
IL-21 therapy may benefit IgE-dependent atopic disease.

IL-21 REGULATES CELL-MEDIATED IMMUNITY
AND THE CLEARANCE OF TUMOURS

In the course of a cell-mediated immune response CD4 ™"
T-helper cells stimulate the differentiation of effector
CD8™" T cells and NK cells, both of which readily respond
to IL-21 in vitro. For instance, the stimulation of CD8"
T-cell proliferation by IL-21 (see above) is accompanied
by the induction of various cytokines such as IFN-y and
tumour necrosis factor-o, synthesis of perforin and gran-
zyme B, and acquisition of cytolytic activity (ref. 17 and
unpublished results). In addition, combination of IL-21
with IL-2 or IL-15 significantly enhanced cytokine

production and cytotoxic T-lymphocyte activity in allo-
antigen-stimulated mouse lymph node cells and ovalbu-
min-primed transgenic OT-I1 cells. Thus, IL-21 can
co-operate with additional cytokines in generating potent
killer T cells. IL-21 also induces a central memory phe-
notype in antigen-treated human 76 T cells.'® Further
studies are needed to address the type of memory CD8™"
T cells stimulated by IL-21 and how these cells compare to
those generated with IL-15.

IL-21 was initially identified for its ability to stimulate
the maturation of human CD56" CD16" NK cells from
bone marrow-derived progenitor cells.’> Subsequent
experiments have established that IL-21 is a potent regu-
lator of NK-cell terminal differentiation. Freshly isolated
human NK cells express IL-21R> and rapidly respond to
IL-21 as measured by STAT phosphorylation, IFN-y pro-
duction and increased cytolytic activity (ref. 5 and unpub-
lished result). While IL-21 has no apparent effect on freshly
isolated mouse NK cells, it enhances differentiation signi-
ficantly following costimulation with polyl:C or cytokines
like IL-2, IL-15, or IL-18.'%!7?8 Included in this response is
a dramatic change in cell morphology and surface marker
expression, increased cytokine expression, and enhanced
cytolytic activity.!>!7-28:2°

Induction by IL-21 of CD8" T-cell and NK-cell dif-
ferentiation argues that it could be used to augment cell-
mediated immune responses in mice. This concept was
tested and confirmed in several mouse tumour models
that used various methods to deliver IL-21. Transfection
of tumour cells with IL-21 expression plasmids estab-
lished that IL-21 prevents the growth of Colon 26 colon
carcinoma and AsPC-1 pancreatic carcinoma,’®3' B16F1
melanoma and MathA fibrosarcoma,*> Rlmalel lym-
phoma** and TS/A adenocarcinoma.>® In addition,
hydrodynamics-based gene delivery to mouse liver
established the anti-tumour activity of IL-21 against
MCA205 fibrosarcoma and B16 melanoma® as well as
against renal carcinoma and DA3 mammary carcinoma.?®
The effector cell types mediating this anti-tumour activity
included CD8"% T cells and NK cells, although their
relative contribution varied between experiments. The
mechanism by which these cells cleared tumour included
a requirement for perforin and increased cytolytic activ-
ity?®3? and in one case, expression of IFNy-dependent
CXC chemokines.>* 1In another experiment, Moroz
et al® compared the relative anti-tumour activity of
IL-2, IL-15 and IL-21 in mice implanted with syngeneic
E.G7 thymoma tumour cells. Durable cures were
achieved in ~30% of mice injected with IL-21 protein,
whereas no mice survived following treatment with IL-2
or IL-15. The anti-tumour activity of IL-21 correlated
with the accumulation of tumour-specific CD8* T cells
that possessed increased cytolytic activity and that per-
sisted in lymphoid tissues for several weeks. Elimination
of these cells abrogated mouse survival and abolished the
induction of memory by IL-21 as measured by the ability
to reject subsequent tumour challenge. Collectively, these
experiments show that IL-21 can be used to alter cell-
mediated anti-tumour responses.

© 2004 Blackwell Publishing Ltd, Immunology, 112, 177-182
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INHIBITORY ACTIVITIES OF IL-21

While IL-21 is immunostimulatory in many respects, it also
has inhibitory activities, suggesting that it may down-
regulate elements of an immune response. For instance,
IL-21 antagonizes IL-4 function in vitro and in vivo,>2>26
inhibits delayed-type hypersensitivity in mice,'® prevents
IFN-y expression,'® and stimulates robust expression of
IL-10 in CD4™" T cells, CD8 " T cells and NK cells (ref. 28
and unpublished data). IL-21 can also inhibit proliferation
and survival of B cells stimulated with LPS or anti-IgM
antibodies,”’ prevent IL-15 induced proliferation of
memory CD8" T cells!” and significantly decrease the
proliferation and survival of NK cells cultured with IL-2 or
IL-15."72% Another intriguing finding demonstrated that
IL-21 could down-regulate major histocompatibilty com-
plex class II expression on monocyte-derived dendritic cells,
reduce their priming of CD4 and CD8 T-cell proliferation,
and stimulate antigen uptake (ref. 36 and unpublished
result). Transfer of these cells failed to induce antigen-
specific contact hypersensitivity. In addition, IL-21 blocked
the LPS-induced maturation of dendritic cells in vitro.”’
These results suggest that IL-21 may keep dendritic cells in
an immature state as measured by increased antigen uptake
and diminished antigen presentation.

The immunoregulatory activities of T cells and the cy-
tokines they produce, such as IL-2, IL-4, IL-10, IFN-y and
transforming growth factor-f, co-ordinate the initiation
and cessation of an immune response. Their activities
guarantee host protection from the environment by
achieving the appropriate balance between humoral and
cell-mediated effector pathways, but they also provide
negative feedback control to maintain self-tolerance. The
ability of IL-21 to both enhance and inhibit cellular func-
tion is consistent with the regulatory activities of the other
members of the IL-2 family. Further investigation is needed
to fully elucidate the significance of its immunoregulatory
activity. However, despite its effects there is no indication
that IL-21 is strictly required for the establishment and
maintenance of self-tolerance since IL-217" and IL-2IR™~
animals appear healthy and fail to acquire spontaneous
inflammatory diseases similar to IL-2~~ or IL-10"" mice
(ref. 17, 26 and unpublished results).

CONCLUSIONS

IL-21 is a newly described cytokine that has potent
immunoregulatory activity. Genetic and biochemical
analyses establish its membership to the IL-2 family of
cytokines, its utilization of a receptor complex containing
the yc-receptor subunit, and its activation of the JAK/-
STAT signalling cascade. As a CD4" T-helper cytokine,
IL-21 modulates the proliferation and differentiation of
T cells, B cells, NK cells, and dendritic cells. It regulates
normal humoral immunity by stimulating IgG antibody
responses and antagonizing IgE production. IL-21 is also a
potent regulator of cell-mediated immunity and directs
cytotoxic T lymphocytes and NK cell effector activity in
the clearance of tumours from mice. Collectively, 1L-21

© 2004 Blackwell Publishing Ltd, Immunology, 112, 177-182

controls the strength and duration of an adaptive immune
response and its use in a clinical setting may prove effica-
cious for the treatment of cancer and infectious disease.
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