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Abstract
Interleukin (IL)-21 is one of a group of cytokines including IL-2, IL-4, IL-7, IL-9 and IL-15
whose receptor complexes share the common γ chain (γc). Secretion of IL-21 is restricted mainly
to T follicular helper (TFH) CD4 T cell subset with contributions from Th17, Natural Killer (NK)
T cells, but the effects of IL-21 are pleiotropic, owing to the broad cellular distribution of the
IL-21 receptor. The role of IL-21 in sustaining and regulating T cell, B cell and NK cell responses
during chronic viral infections has recently come into focus. This chapter reviews current
knowledge about the biology of IL-21 in the context of HIV infection.
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Introduction
Cytokines are immune mediators that are important in initiating, maintaining and regulating
immune responses and inflammation. The cytokine interleukin (IL)-21 belongs to the family
of cytokines that includes IL-2, IL-4, IL-7, IL-9 and IL-15, all of whom utilize the common
γ chain (γc) CD132 in their receptor complexes for delivering intracellular signals in their
target cells. The unfolding spectrum of the effects of these cytokines has stimulated interest
in the search for ways to harness them in strategies to prevent HIV infection as vaccine
adjuvants and as therapeutic tools in facets of the acute and chronic phases of the disease in
infected hosts. New insights into the biology of IL-21 and its influence on the immune
system in different clinical settings indicate that it is a unique cytokine that targets a wide
range of immune cells, thus offering an interesting perspective of its potential clinical utility.

A broad range of cells express the receptor for IL-21 (IL-21R) resulting in pleiotropic
activity of IL-21, and the cytokine has been investigated as a therapeutic modality in a
number of malignant disorders and viral infections [reviewed in (1–5)]. Following successes
in animal tumor models, IL-21 entered human clinical trials in patients with metastatic renal
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cell carcinoma, metastatic melanoma and relapsed/refractory indolent non-Hodgkin's
lymphoma, with demonstrable antitumor activity [reviewed by Hashmi and Van Veldhuizen
(6)]. In phase I studies in patients with metastatic melanoma, IL-21 was well tolerated and
resulted in increases in mRNA for IFN-γ, perforin, and granzyme B in CD8 T cells and
natural killer (NK) cells (7–10). Emerging data implies that IL-21 could play a pivotal role
in both acute (11, 12) and chronic (13–15) viral infections in mice and also most recently in
chronic hepatitis B and C virus infections (16–19) in humans, thus making this cytokine
relevant for investigation in the context of HIV infection.

HIV infection is characterized by the progressive qualitative and quantitative deficiency of
CD4 T cells (20) and broad immunological defects that include immunosuppression in
concert with increased inflammation and immune activation (21). CD4 T cell depletion is
evident in circulation as well as in lymphoid tissue. Since CD4 T cells are the main source
of IL-21, there is considerable interest in determining whether and how HIV infection alters
IL-21 production. Recent studies have ascribed an important role to this cytokine in
preservation of virus control in HIV infected patients with different disease states (22–26).
Findings from these studies and emerging results from in vivo IL-21 administration in
rhesus macaques support the idea that IL-21 could prove to be beneficial in particular
clinical settings, and underscore the need to investigate how this cytokine regulates the
overall immunological outcome during HIV infection. In this review we summarize the
biology of IL-21, its role on modulating adaptive immune responses, its alterations during
the course of HIV infection and its potential therapeutic utility.

1. Interleukin-21 and its receptor
The IL21 gene is encoded on chromosome 4 in humans, and the mature human IL-21
polypeptide is 131 amino acids in length with 57% amino acid homology to its murine
counterpart (27, 28). IL-21 is produced by CD4 T cells, in particular T follicular helper
(TFH) cells, T helper 17 (Th17) cells, and also by NKT cells (27, 29–31). There are
indications that it can also be expressed by CD8 T cells under certain conditions (14, 28,
29). As with other γc-sharing cytokines, the binding of IL-21 to its receptor leads to the
activation of the Janus-kinase-family proteins (JAK) 1 and 3. Downstream of JAK
recruitment, IL-21 mainly activates signal transducer and activator of transcription (STAT)
3, and to a weaker and more transient degree, STAT1, STAT4 and STAT5 (32, 33). IL-21
also activates extracellular signal-regulated protein kinases (ERK) 1/2 that are mitogen-
activated protein kinases (MAPK) in neoplastic cells, epithelial cells, and monocytes (34).
These signal transduction pathways eventually modulate the transcription program within
the activated cell, thus regulating its phenotype, function and fate. STAT3, B-cell lymphoma
6 (Bcl6), transcription factor 7 (Tcf7), and lymphoid enhancer binding factor 1 (Lef1) are
the main transcription factors involved in the IL-21 signaling of CD4 and CD8 T
lymphocytes, and are mainly expressed in cells that are less terminally differentiated and
maintain their proliferative capacity (35, 36).

The human IL21R gene is located adjacent to IL4RA gene on chromosome 16, and its
amino acid sequence is most closely related to IL-2Rβ and it encodes a 538 amino acid
protein. Human IL-21R shares 62% amino acid sequence similarity with its murine
counterpart, encoded on chromosome 7 (27, 33). The distinct IL-21R chain couples with the
γc and together form the cytokine receptor complex (27). It is possible that IL-21 could bind
to IL-21R in the absence of the γc, but the intracellular signaling events proceed only when
the γc is present (27). IL-21R is constitutively expressed on T, B, and NK cells and level of
expression is highest on B cells (33, 37). T cells express low levels of IL-21R that increase
upon T cell receptor (TCR) stimulation (33, 37). IL-21R is expressed in tissues,
predominantly in cells of lymphoid tissues including spleen, thymus and lymph nodes (27,
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33, 37), and less often in cells from lung and small intestine. IL-21R is also constitutively
expressed on additional cell types including dendritic cells (DC), macrophages, fibroblasts,
and epithelial cells (38–41). This broad range of expression of IL-21R explains the
pleiotropic effect of IL-21 in the regulation of immune response.

2. CD4 T cells and IL-21
IL-21 influences lineage commitment and differentiation of several CD4 subsets in an
autocrine as well as a paracrine manner. Upon engagement of their TCR, CD4 T helper cells
differentiate into several possible fates and secrete cytokines and chemokines that
orchestrate an immune response by promoting antibody production, CD8 T cell-mediated
cytotoxicity and anti-pathogen activities. IL-21 plays an important role in differentiation of
two major IL-21-producing CD4 T cell subsets, the TFH (42–45) and the Th17 cells (30).
Differentiation of CD4 T lymphocytes into TFH cells is promoted by two key transcription
factors, Bcl6 and c-Maf (46). In both mice and humans, c-Maf is up-regulated by inducible
T-cell co-stimulator (ICOS) signal, and promotes IL-21 expression (46–48). IL-21 can also
induce c-Maf, thus providing a positive self-regulatory loop that maintains IL-21 expression
in TFH cells (49). IL-21 can induce Bcl6 (31, 50) which is important for the induction of
migration genes that control homing to the lymph nodes, namely CXC-chemokine receptor
(CXCR)4, CXCR5, CC-chemokine receptor (CCR)7, and genes that are involved in T-B
interactions including CD40L, inducible co-stimulator (ICOS), CXC-chemokine ligand
(CXCL)13 (46), and the critical proteins SLAM-associated protein (SAP) and programmed
death (PD)-1. However, Bcl6 does not alter the expression of IL-21 in primary human CD4
T cells (46).

TFH-derived IL-21 orchestrates many aspects of B cell differentiation and function, such as
proliferation, somatic hypermutation, germinal centre (GC) development and maintenance,
extrafollicular B cell responses, and development of memory B cells and plasma cells (51–
55). Although the importance of TFH cells for B cell differentiation and function was
initially described for TFH cells residing within germinal centers (GC), it was recently
demonstrated that peripheral CXCR5+ memory CD4 T cells share functional properties with
the GC TFH cells, such as the ability to induce naïve and memory B cells to produce
immunoglobulins via IL-21 secretion (56). Notably, these peripheral CXCR5+ CD4 T cells
are absent in circulation of patients with ICOS deficiency (57) who also lack germinal
centers, thereby attesting to their relevance of peripheral TFH in supporting B cell function.

IL-21 is also important for the differentiation of Th17 cells, a CD4 T cell subset that is
involved in clearance of extracellular pathogens particularly in the gut, and in the
pathogenesis of several autoimmune processes (58). IL-21 induces IL-23R expression,
which is critical for Th17 lineage commitment, and IL-17 production (59–61). Moreover,
studies in mouse models have shown that IL-21 promotes its own expression through
STAT3 activation in an autocrine feedback loop in Th17 cells (61, 62). IL-21 mRNA and
protein are very highly expressed in Th17 cells, at levels approximately fivefold higher than
in Th1- and Th2-polarized cells (62, 63). Production of IL-21 by Th17 cells is positively
regulated by IL-6 (61) which is another cytokine capable of activating STAT3. A CD4 T
cell subset that is negatively influenced by IL-21 consists of the Forkhead box P3 (Foxp3)+
regulatory CD4 T cells (Treg). Indeed, IL-21 inhibits the transforming growth factor beta
(TGFβ)-mediated differentiation of naive CD4 T cells into Tregs (63) and also inhibits T
cell production of IL-2, which is a fundamental cytokine for Treg growth and survival,
thereby impairing Treg homeostasis and allowing conventional CD4 Th cells to become
resistant to the inhibitory activity of Tregs (64–66). Thus overall IL-21 appears to promote
Th17 and TFH cell subsets while inhibiting Treg cell homeostasis and function.
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2.1 IL-21 and CD4 T cells in HIV infection
Despite their relevance in B cell function and IL-21 production, little is known about TFH
cells in HIV infection. A recent study has demonstrated that spatial and phenotypical
alterations occur in the GC TFH of SIV-infected rhesus macaques (RM). These anomalies in
the TFH compartment appear to be associated with increased B cell turnover and the
potential establishment of a viral reservoir within the GC during SIV infection (67). The role
of TFH in HIV infection in the context of B cell function and HIV antibody responses as
well as Ab responses to vaccines is increasingly being investigated. HIV-specific IL-21–
producing CD4 T cells detected in blood during untreated acute and chronic HIV infection
have been reported to express CXCR5 and to have an effector memory phenotype (26). A
study by our group indicates an important role for peripheral TFH cells in influenza vaccine-
induced antibody responses of HIV infected patients (Pahwa S, manuscript submitted).

Recent studies have addressed the effects of HIV infection upon IL-21 production by CD4 T
cells and upon plasma IL-21 levels (23–26). In cross-sectional and longitudinal studies in
different groups of HIV infected patients, Iannello et al. reported on the dynamics of IL-21
production during HIV infections and its consequence on CD4 T cell survival and
frequencies of HIV-specific CD8 T cells (23, 24). Plasma levels of IL-21 were lower in
HIV-infected individuals by comparison with non-infected control subjects. The levels of
IL-21 correlated with CD4 T cell counts, suggesting that CD4 T cells were the predominant
source of IL-21 (24). Consequently, immune reconstitution with increase in CD4 T cell
counts following ART initiation was associated with a concordant increase in IL-21 levels
(23). In this latter study, plasma IL-21 levels were inversely correlated with plasma HIV
load and circulating levels of IL-21 were higher in elite controllers who are HIV-infected
patients able to contain viral replication without any treatment, as compared to progressors,
pointing to a role of IL-21 in virologic control. Compared to uninfected CD4 T cells, IL-21
production was reduced in CD4 T cells infected in vitro with HIV (23). This was in part
attributable to HIV induced negative modulation of c-Maf, the transcription factor required
for IL-21 expression. These observations suggest that IL-21 is progressively lost during HIV
infection, and that its production is associated with control of virus replication in vivo.
Another study however reported that HIV infected individuals have greater circulating IL-21
producing CD4 T cells in blood compared to uninfected individuals (26). In agreement with
others, the authors also found that elevated frequencies of HIV-specific IL-21 producing
CD4 T cells correlated with relative viral control, probably by promoting CD8 T cell
maintenance and function (26).

Th17 cells are believed to be critical for gut mucosal integrity during HIV infection (68, 69).
In chronic HIV and SIV infections, it is now well established that preferential loss of Th17
cells at mucosal sites and generalized immune activation are interrelated and contribute to
the pathogenesis of these infections (70–74). Imbalances in the ratio of Th17:Tregs and
Th17:Th1 cells have also been reported, with a decline in the Th17 population correlating
with more pronounced immune activation and disease progression (71, 73, 75). Long term
non progressors (LTNP), who are HIV-infected individuals with low level of virus
replication in the absence of therapy and do not experience CD4 T cell depletion, have intact
CD4 T cell populations, including Th17, in the gut mucosa and a preserved T cell population
expressing gut homing molecules in the peripheral blood (73). This is associated with
reduced markers of microbial translocation, suggesting that, similarly to nonpathogenic SIV
infection, LTNP preserve the balance of CD4 T cell populations in blood and gut mucosa,
which may contribute to the lack of disease progression and overall enhanced immune
response (73). Since Th17 cells are a major source of IL-21, preferential depletion of this
subset post-infection could greatly impact IL-21 levels, thus affecting the overall outcome of
humoral and cellular immunity. The contribution of IL-21 in controlling the equilibrium of
different CD4 T cell subsets during HIV and SIV infections might be of significance in the
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regulation of immune responses during HIV infection. Given the roles of IL-21 in both
promoting Th17 development and in suppressing Treg levels (59–61, 63–66), it is possible
that alterations in the availability of IL-21 in the intestinal mucosa and other tissue sites, in
addition to the systemic levels, could be of relevance in HIV disease pathogenesis. Further
investigations are warranted to define the true relationship of IL-21 upon immune regulation
in the context of HIV infection.

3. CD8 T cells and IL-21
The main function of CD8 T cells, also called cytotoxic T lymphocytes (CTL), is to kill
virally infected and transformed tumor cells through the release of perforin, a membrane-
disrupting protein, and granzymes, a family of serine proteases (76, 77). Optimal CD8 T cell
differentiation and acquisition of effector cytotoxic function is modulated by the strength
and duration of the TCR signal (78, 79), costimulation (80), and the presence of pro-
inflammatory mediators such IL-12 and type I interferons (81, 82). Moreover, the cytokine
milieu at the time of antigen presentation may further influence the outcome of CD8 T cell
activation. In particular, IL-21 can induce acquisition of cytotoxic molecules and
differentiation into memory cells, ultimately promoting CD8 T cell antiviral and antitumor
activities.

Studies in mice have shown that IL-21, in combination with IL-15 and IL-7, promotes CD8
T cell expansion and cytotoxic function in vitro (83). Similarly, human CD8 T cells
activated in vitro in the presence of this cytokine accumulate cytotoxic molecules perforin,
granzyme B (84) and granulysin (85), and increase their in vitro cytotoxic activity (84). The
acquisition of this highly cytotoxic function is associated with a memory phenotype,
characterized by the expression of the memory-associated markers CCR7, CD27, CD28 in
human (84, 86–88), CD44 and CD62L in mice (35, 89). The establishment of a stable
memory pool is presumably mediated by the activation of STAT3 (90, 91), which is the
main transcription factor activated by IL-21. The murine model has provided compelling
evidence for a critical role of IL-21 in controlling both acute (11, 92) and chronic (13–15)
viral infections. This cytokine is necessary for the generation of virus-specific memory CD8
T cells after the resolution of an acute infection (92), for acquisition of polyfunctional CD8
T cells during both acute (11) and chronic (14) viral infections, and to contain exhaustion of
CD8 T cells (15) while promoting their effector function (13) during chronic Lymphocytic
Choriomeningitis Virus (LCMV) infection. Taken together, these findings are relevant for
their translational merit, since they provide a rationale for investigating IL-21 in HIV
infections of humans for its influence on cell-mediated immune responses.

3.1 IL-21 and CD8 T cells in HIV
While correlates of immune protection in HIV infection are not well understood, cytotoxic T
cells (93–95) and more recently NK cells have been shown to play important roles in control
of HIV replication (96, 97). Elevated expression of perforin in HIV-specific CD8 T cells and
increased ability to kill HIV-infected CD4 T cells are features associated with LTNP status
(95, 98, 99). Initial suggestion that IL-21 could enhance cytotoxic potential of CTL in HIV
infection first came from experiments that we performed with peripheral blood lymphocytes
of HIV infected patients and healthy donors. We observed that IL-21 could enhance the
expression of the cytotoxic molecules perforin and granzyme B in CD8 T cells of HIV
infected individuals in vitro (100). The IL-21-induced selective increase in perforin
expression did not drive the proliferation or the spontaneous degranulation of the CD8 T cell
population, as were promoted by IL-15 (100). Results from this study indicated that CD8 T
cells of patients with HIV could be modulated by IL-21 to enhance cytotoxic molecules
without undergoing overt cellular activation, and led to the concept that IL-21 as an
immunotherapeutic agent was potentially capable of improving overall viral containment
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without promoting virus replication. The initial observations have been confirmed and
expanded by several other studies, showing the importance of IL-21 in inducing the
maintenance, survival and cytotoxicity during HIV infection (22, 25, 26, 101). Granulysin, a
molecule with anti-microbial activity expressed by CD8 T cells and NK cells in humans
[reviewed in (102)], can be induced in CD8 T cells from HIV– individuals via IL-21 and
IL-15-mediated STAT3 and STAT5 activation (85). Infection of peripheral blood
mononuclear cells (PBMC) with HIV significantly reduces IL-21-induced granulysin
production by CD8 T cells (85). Collectively, these studies reveal important roles for IL-21
in shaping the functional properties of CD8 T cell responses that may be impaired during
HIV-1 infection.

There is strong rationale for the ability of IL-21 to influence the phenotypic and anti-viral
functional properties of CD8 T cells in HIV infection. Notably, functional HIV-specific
CD8 T cell responses, as detected by the ability to produce IL-2 and IFNγ, tend to be
greater in HIV infected individuals with higher serum levels of IL-21 (101). HIV-specific
CD8 T cells from chronically infected individuals have also been shown to express higher
levels of the IL-21R than their cytomegalovirus (CMV)-specific counterparts, indicating
sensitivity to IL-21, and culturing these cells in the presence of IL-21 promotes their
survival and expansion (26, 101). IL-21 also impacts other functional attributes of CD8 T
cells that affect their ability to contain infections. Chevalier et al reported that IL-21
production by CD4 T cells of HIV controllers enhances perforin levels in HIV-1-specific
CD8 T cells from chronic progressors even in late stages of HIV disease (22). Moreover, ex
vivo treatment with IL-21 enhances the ability of HIV-specific CD8 T cells to inhibit viral
replication in vitro, indicating the immunomodulatory property of IL-21 on CD8 T cell
antiviral activity (22). In a study involving elite controllers, Williams et al. analyzed the
ability of CD4 and CD8 T cells to produce several cytokines in addition to IL-21 following
ex vivo stimulation with overlapping HIV-1 peptides (25). This study found that both CD4
and CD8 T cells are able to produce IL-21 in response to HIV-1 infection, with the latter cell
type being more closely associated with viral control (25). Overall, these data suggest that
HIV-1-specific IL-21 CD4 T cell responses might contribute to the control of viral
replication by enhancing CD8 T cell activity in humans, and thus may be of importance for
vaccine design.

4. B cells and IL-21
B cells contribute to immunity to infections by serving as antigen-presenting cells and, most
significantly, by giving rise to pathogen-specific antibodies, and most of the functional
aspects of B cells are regulated by IL-21. In B cells, this cytokine can induce proliferation,
differentiation, class switching or death, depending upon the type of antigenic stimulation
and accessory signals (37, 103), making the IL-21-elicited signaling the most important
among all the γc cytokines for long-lived humoral immunity (104). Naïve human B cells are
efficiently induced to secrete immunoglobulin via IL-21 following cognate T-B interaction
(53, 56). Recently, expression of the IL-21R on B cells was shown to be critical for
development of memory B cells (105). IL-21-elicited STAT3 activation induces B cell
maturation with expression of plasma cell (PC) associated genes, phenotypic PC formation
and antibody secretion (53, 106–110). In germinal centers, IL-21 is important in developing
and maintaining the GC reaction by regulating Bcl6 expression (50, 111, 112).

4.1 IL-21 and B cells in HIV
Extensive characterization of B cells in patients with established HIV infection points to a
state of excessive B cell activation with impaired survival resulting in abnormal distribution
of B cell maturation subsets (reviewed in 113). The lower survival of memory B cells is
attributed to disrupted cytokine signaling resulting in increased transcriptional activity of
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Foxo3a with increased expression of its proapoptotic target TRAIL (114). Accumulation of
immature transitional B cells, activated mature cells, tissue-like exhausted and short lived
plasmablasts occurs in association with reduced naïve and resting memory B cells.
Following institution of antiretroviral therapy (ART), the distribution of B cell subsets does
not completely revert to normal, and the CD27+ resting memory B cells remain significantly
decreased in comparison to healthy uninfected donors, despite virologic control and CD4 T
cell recovery (115, 116) and display the Foxo3a/TRAIL signaling characteristics described
above (114). Improvement in the survival and function of immune cells including B cells by
immunotherapeutic approaches are desirable objectives in control of HIV. In a study of
rMamu-IL-21 administration to chronically SIV-infected RM, we found a small but definite
increase in the frequencies of CD27+ memory B cells with upregulation of IL-21R on both
CD27+ memory and CD27 negative naïve B cells, together with an increase in anti-SIV
antibodies in the serum of the IL-21-treated animals (117), providing further proof of a
biologic activity of IL-21 on B cell populations.

Direct evidence for the role of IL-21 in supporting B cells of HIV infected individuals
comes from a study of influenza vaccine-induced antibody response in a cohort of HIV+
subjects (118). This study demonstrated that the induction of IL-21 and IL-21R on B cells
was associated with influenza Ab response in HIV-infected and healthy controls following
H1N1/09 vaccination and that the upregulation of IL-21/IL-21R in the vaccine responder
subjects corresponded with in vivo development of plasmablasts, that spontaneously
secreted Ab, and memory B cells, that could be induced to secrete Ab following ex vivo
stimulation with H1N1 antigen (118). Patients who did not respond to the H1N1/09 vaccine
failed to develop these vaccine-induced characteristic B cells changes. These observations
are consistent with a recent report in which IL-21-mediated signaling was found to be
critical for long-lived humoral immunity and to restore antibody responses in IL2RγC/
JAK3-deficient patients with severe combined immunodeficiency after hematopoietic cell
transplantation (104). In addition to the IL-21/IL-21R pathway, innate immune factors
which influence the B cell development and differentiation were also defective in the
H1N1/09 vaccine non-responder patient group (119). Based on these data and prior evidence
for the role of IL-21 in promoting T-dependent B cell proliferation, isotype switching,
differentiation of B cells into plasma cells and development of memory B cells (53, 106,
120–122), IL-21 merits continued attention in the future for non-HIV and HIV vaccine
responses. The fact that IL-21 production is mainly stimulated by activation of TFH as
discussed above, it is important to determine if the B cell defects in HIV infected people are
secondary to a deficiency in the CD4 TFH cell compartment and can be reversed by IL-21.
The failure of recovery of memory B cells following ART however suggest long lasting
intrinsic B cell defects in HIV infected people due to direct or indirect consequences of HIV
infection.

5. NK cells and IL-21
Innate immunity is an important aspect of initial defense against infectious agents, including
HIV, and the capacity to mount very early strong innate immune response might favorably
impact the subsequent course of infection including viral control. NK cells are prominent
components of the innate arm of the immune response. NK cells, that have been shown to
play important roles in HIV infection (96, 97), express IL-21R, and can be influenced by in
vitro exposure to IL-21 (123). IL-21R is equally expressed on all NK cell subsets, as defined
by the expression of CD16 and CD56, and IL-21 activates STAT3, MAPK and Akt to
enhance NK cell functions (101, 123). IL-21 can also increase the expression of
antiapoptotic proteins Bcl-2 and Bcl-XL, enhancing NK viability without affecting their
proliferation (101).
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5.1 IL-21 and NK cells in HIV
The CD56dim subset of NK cells, which is preferentially dependent upon IL-21, is reduced
during HIV infection (123). Ex vivo treatment with IL-21 enhances the responses of NK
cells from HIV-infected subjects by stimulating perforin production in a STAT3-dependent
manner. IL-21 can also enhance HIV-specific antibody-dependent cell-mediated cytotoxicity
(ADCC), secretory, and cytotoxic functions, as well as viability of NK cells from HIV-
infected persons and the IL-21-activated NK cells inhibit viral replication when co-cultured
with HIV-infected autologous CD4 T cells in a perforin-dependent manner (101). In a pilot
study of rMamuIL-21 administration to SIV-infected macaques, we noted an increase in
perforin-expressing NK cells (117). Together, these studies highlight the importance of
IL-21 in augmenting NK effector functions in chronically HIV-infected individuals and
SIV-infected animals, and point to its potential for immunotherapy or as a vaccine adjuvant.

6. IL-21 as an immunotherapeutic agent in SIV/HIV infection
Several studies in recent years have investigated immunotherapeutic properties of cytokines
for their role as adjunctive therapy for HIV infection. Common γc-sharing cytokines IL-7
(124–126), IL-2 (127, 128), and IL-15 (128–130) have been tested in chronically SIV-
infected animals. Administration of rIL-7 to uninfected or SIV-infected macaques
demonstrated alterations in T cell homeostasis (124–126) with no effect on SIV replication
(126). Administration of rIL-15 to healthy macaques was found to increase the frequency of
long-lived effector memory CD4 and CD8 T cells (128). In SIV-infected RM,
administration of rIL-15 was reported to augment effector memory CD8 T cells without
reduction in viral replication in chronic infection (129, 130), whereas in acute SIV infection,
rIL-15 administration resulted in increased peak viremia, which was attributed to increased
CD4 T cell activation and proliferation (131). In addition, IL-12 also has been tested for its
potential immunomodulatory benefits during chronic SIV infection (132, 133).

To evaluate safety, biological activity and immunomodulatory effects of IL-21, we
conducted a pilot study of recombinant mamuIL-21 (rMamuIL-21) administration to
chronically SIV-infected rhesus macaques (117). We observed that the cytokine was well
tolerated up to the highest dose tested of 100 µg/kg body weight, and rapidly enhanced the
expression of cytotoxic molecules perforin and granzyme B in T cells and NK cells within
48 hours of each dose. After each dose of IL-21, increases were noted in frequency and
mean fluorescence intensity of granzyme B and perforin expression in memory and effector
subsets of CD8 T cells in peripheral blood, in peripheral and mesenteric lymph node cells,
and in peripheral blood memory and effector CD4 T cells. Consistent with our in vitro
analysis in HIV infected individuals (100), no changes were observed in markers of T cell
activation, T cell proliferation or plasma virus load and demonstrated favorable effects on T,
B and NK cells. Thus, this first in vivo IL-21 study in chronically SIV-infected animals
provided evidence that IL-21 could augment the cytotoxic potential of T cells without
enhancing discernible cellular activation, which is not the case with IL-7 or IL-15 (124,
131). The effects of different cytokines that have been investigated in the chronic SIV
infection RM model are summarized in Table 1.

In a more recent study, IL-21 was administered during acute SIV infection (Pallikkuth S,
manuscript submitted). IL-21 was found to increases cytotoxic molecules perforin and
granzyme B on total and SIV gagspecific CD8 T cells and also homeostasis of total CD4 T
and Th17 cells. In comparison to the control arm, IL-21 treated animals had reduced levels
of T cell activation and microbial translocation without undesirable effects on viral load or T
cell exhaustion. Further studies are needed to see if IL-21 given prior to infection can
modulate the course of acute SIV infection and if it can be used as a suitable adjuvant to
bolster cellular and humoral immunity.
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7. Conclusions
IL-21 plays important roles in regulating both innate and adaptive cellular immune
responses. Data from studies of LCMV infection in mice point to the relevance of IL-21 in
promoting and sustaining immunity in chronic LCMV infection. Data from studies in SIV
infected rhesus macaques using rMamuIL-21 showed promising effects on cellular and
humoral immunity without inducing immune activation. Since IL-21 plays an important role
in the immune modulation of chronic virus infections in both mice (13–15) and humans (16–
19), its contribution to the control of latent infections and latent reservoirs of infectious
agents needs to be defined. IL-21 administration in chronic SIV-infected RM provides hope
that even at the late stages of infection, IL-21 has the potential to enhance the existing
immunity (117). Recent studies have ascribed an important role to this cytokine in
preservation of virus control in HIV infected patients with different disease states (22–26),
and are outlined in Table 2.

The potential role of IL-21 as a therapeutic agent in the prevention or treatment of HIV
infection however has not been conclusively established. Despite promising data in viral
infections in mice and interesting findings in cells of HIV infected patients, definitive
studies have not yet been performed. It is not known if IL-21 given prior to virus challenge
in a rhesus macaque SIV model or if IL-21 given as a vaccine adjuvant can induce cellular
or humoral immune responses that can prevent infection following virus challenge or delay
time to infection. In chronic SIV infected animals, IL-21 did not induce cells to undergo
proliferation or immune activation (124, 131), and demonstrated favorable effects on T, B
and NK cells (summarized in Table 1). The lack of an effect of IL-21 on immune activation
after in vivo administration in chronic SIV infection indicate that IL-21 has promise in
immunotherapeutic approaches in SIV/HIV infection as it does not appear to affect factors
that favor disease progression. These findings support continued exploration of the
properties of IL-21 in experimental models of HIV/SIV infection in early and chronic stages
in conjunction with ART and also in SIV/HIV vaccine or immunotherapeutic strategies.
This information, along with knowledge gained from the studies on the effect of IL-21 in
autoimmunity and immunity to tumors, may help in the development of IL-21-based
adjuvants or therapies that could potentially be used in the fight against HIV.
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Table 1

Immunomodulatory effects of cytokine administration to chronically SIV-infected Rhesus macaques.

IL-21 [117] IL-7 [124, 125] IL-15 [129, 130] IL-12 [132, 133]

Perforin and granzyme B levels in CD4, CD8 and NK cells ↑ N.A. N.A. N.A.

SIV-specific CD8 T cell polyfunctionality ↑ N.A. = ↑ IFN-γ response

Viral set point = = ↑ not significant =

CD4 T cell count = ↑ naїve ↑ effector memory ↓ transient

CD8 T cell count = ↑ transient ↑ effector memory ↓ transient

CD8 T cell activation = ↑ ↑ N.A.

Frequency of memory B cells ↑ N.A. N.A. N.A.

Anti-SIV antibody titers ↑ N.A. N.A. N.A.

↑: increased; ↓: decreased; =: no change; N.A.: not analyzed. References for each cytokine are given in parenthesis.
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Table 2

IL-21-associated changes during the course of infection.

HIV+ versus HIV− References

Plasma levels of IL-21 ↓ or ↑ 23, 24, 26

IL-21 production by CD4 T cells upon in vitro stimulation ↓ 23

IL-21 production by CD8 T cells upon in vitro stimulation ↑ 25

CD8 T cell in vitro responsiveness to IL-21 (induction of perforin, granzyme B) ↑ 100, 22

IL-21-induced granulysin production by CD8 T cells ↓ 85

NK cell in vitro responsiveness to IL-21 ↑ 101, 123

Upregulation of IL-21R in B cells after seasonal influenza vaccination ↓ 118

Upregulation of IL-21 plasma levels after seasonal influenza vaccination ↓ 118

↑: increased; ↓: decreased.
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