1X3]-){Jewiarems 1Xa1-)ewla1ems

1X31-)lew1a1ems

"% NIH Public Access
@@‘ Author Manuscript

2 HEpst

o WATIG,

Published in final edited form as:
Curr Top Microbiol Immunol. 2011 ; 350: 39-65. doi:10.1007/82_2010_96.

The role of IL-10 in regulating immunity to persistent viral
infections

Elizabeth B. Wilson and David G. Brooks

Department of Microbiology, Immunology and Molecular Genetics and the UCLA AIDS Institute,
David Geffen School of Medicine, University of California, Los Angeles, Los Angeles, California
90095

Abstract

The immune system has evolved multipronged responses that are critical to effectively defend the
body from invading pathogens and to clear infection. However, the same weapons employed to
eradicate infection can have caustic effects on normal bystander cells. Therefore, tight regulation
is vital and the host must balance engendering correct and sufficient immune responses to
pathogens while limiting errant and excessive immunopathology. To accomplish this task a
complex network of positive and negative immune signals are delivered that in most instances
successfully eliminate pathogen. However, in response to some viral infections, immune function
is rapidly suppressed leading to viral persistence. Immune suppression is a critical obstacle to the
control of many persistent virus infections such as HIV, hepatitis C and hepatitis B virus, which
together affect more than 500 million individuals worldwide. Thus, the ability to therapeutically
enhance immunity is a potentially powerful approach to resolve persistent infections. The host
derived cytokine IL-10 is a key player in the establishment and perpetuation of viral persistence.
This chapter discusses the role of IL-10 in viral persistence and explores the exciting prospect of
therapeutically blocking IL-10 to increase antiviral immunity and vaccine efficacy.

1. INTRODUCTION

Immune dynamics during acute and persistent virus infection: the failure of antiviral
immunity

Viral invasion is rapidly detected through the triggering of pattern recognition receptors like
toll like receptors (TLRs) and the retinoic acid-inducible gene 1-like helicases (RIG-I). The
presence of viral genome triggers TLRs and RIG-I to stimulate production of type |
interferon (i.e., IFNa and B) as well as other immunomodulatory proteins. (Koyama et al.,
2008; Schlee and Hartmann, 2010). Type I interferons control early viral replication by
directly fostering apoptosis and hindering proliferation of virally infected cells, as well as
strongly stimulating cytotoxic natural killer (NK) cells. (Biron et al., 1999; Gartel et al.,
1996; Tanaka et al., 1998) In addition to orchestrating the innate inflammatory environment,
interferons play important roles in directing adaptive immune responses to effectively
combat viral assault (Goodbourn et al., 2000).

Successful resolution of viral infection and the subsequent establishment of lasting
immunological memory hinge upon the effecter cells of the adaptive immune system. The
interplay of CD4 and CD8 T cell, and B cell responses ultimately dictates the outcome of
infection. Naive CD4 and CD8 T cell responses are primed by dendritic cells (DC). DC
direct the type of T cell responses generated based on the cytokine environment and general
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millieau in which antigen is encountered (Banchereau and Steinman, 1998). Effective
antiviral CD8* T cytolytic lymphocytes (CTL) responses are primed by DC via cognate
interactions of the T cell receptor (TCR) with peptide/major histocompatibility class | (MHC
I) complexes resulting in cellular activation and a clonal expansion of antigen specific cells.
CTL produce multiple inflammatory cytokines, such as IFNy and TNFa and have the
ability to lyse infected cells. Concurrently, CD4* T cells are activated by DC and
differentiate into distinct T helper (Th) subsets that shape ensuing CD8 T cell and B cell
responses (Fahey and Brooks, 2010). Classically speaking, CD4* Th1 responses are tailored
to combat intracellular infections via production of IFNy, TNFa, IL-2 and the perpetuation
of the inflammatory environment. Levels of co-stimulatory molecules (i.e. CD80/86 and
CD40) and the cytokine environment (notably IL12 and interferons) promote Thl
differentiation (Constant and Bottomly, 1997). At the same time, and dependent on CD4 T
cell help, B cells are activated and produce antibody to further neutralize virus. After the
peak of this acute response, virus-specific T cells undergo significant contraction and further
differentiation into stable memory populations (Kaech et al., 2002). Ultimately, it is the
summation of all these events that lead to successful viral clearance and memory
differentiation to prevent re-infection.

In most situations this concerted effort of innate and adaptive responses is effective in
eliminating the pathogen. However, in some cases the acute resolution of infection is
incomplete and viral persistence results. Herpes simplex virus, human cytomegalovirus
(HCMV) and Epstein-Barr virus (EBV), along with y2-herpes virus in mice, are hallmark
examples of infections that develop lifelong viral persistence by ‘hiding” from the immune
response. This presence of latent/reactivating infection is associated with functional T cell
responses that control viral replication upon re-emergence. In contrast, human
immunodeficiency virus (HIV), hepatitis C virus (HCV), and hepatitis B virus (HBV)
infections in humans, and lymphocytic choriomeningitis virus (LCMV) infection in rodents
establish persistent infections characterized by sustained high levels of viral replication and
immunosuppression (Klenerman and Hill, 2005). In response to these persistent infections,
virus-specific CD4 and CD8 T cells are physically deleted or persist in an attenuated
(termed exhausted) developmental program unable to proliferate to viral antigens or produce
important antiviral and immunostimulatory cytokines (e.g., IFNy, TNFa, IL-2) (Brooks et
al., 2006a; Gallimore et al., 1998; Wherry et al., 2003; Wherry et al., 2007; Zajac et al.,
1998). The physical deletion of high affinity CTL and the low amount of remaining virus-
specific CD8 T cells, in conjunction with the loss of cytokine production, the inability to
proliferate to viral antigen and attenuated CD4 Th cell and B cell responses all culminate in
the failure to purge infection. The exhausted state is characterized by a unique
transcriptional profile featuring up-regulation of the transcription factor Blimp1 and
inhibitory cell surface molecules, such as programmed death receptor 1 (PD1), along with
down modulation of cytokine and TCR signaling molecules (Agnellini et al., 2007; Shin et
al., 2009; Wherry et al., 2007). Thus, T cell exhaustion is a unique T cell developmental
program, still active and exerting some control over virus replication (Battegay et al., 1994;
Elsaesser et al., 2009; Frohlich et al., 2009; Matloubian et al., 1994; Yi et al., 2009), but
distinct from the productive T cell responses during acute infection or the anergic/tolerant
responses to self-proteins (Wherry et al., 2007).

Although potentially counter-intuitive, induction of this exhausted state is an important
mechanism by which excessive immunopathology and death are avoided in the face of
persistent antigen load. Our lab and others have demonstrated that host immunosuppressive
factors potentiate the exhausted phenotype, even at the expense of facilitating viral
persistence (Barber et al., 2006; Brooks et al., 2006b; Ejrnaes et al., 2006; Thimme et al.,
2001) The benefits of this immune strategy are apparent in persistent LCMV infection where
rapid mortality occurs when T cell responses are therapeutically augmented to prevent
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exhaustion during the initial response (Barber et al., 2006; Yi et al., 2009). Excitingly,
however there are conditions in which early augmentation to prevent T cell exhaustion can
be productive in clearing persistent infections without producing fatal immunopathology
(Brooks et al., 2006b; Ejrnaes et al., 2006; Tinoco et al., 2009).

The immunoregulatory cytokine 1L-10 has been shown to be a key host factor in inducing
and maintaining T cell exhaustion and facilitating viral persistence (Bachmann et al., 2007;
Brooks et al., 2006b; Ejrnaes et al., 2006; Humphreys et al., 2007; Moore et al., 2001). This
review focuses on the potential of therapeutically manipulating IL-10 to safely promote
clearance of viral infection without disturbing normal immune homeostasis and
inadvertently inducing immunopathology.

2. THE IMPACT OF HOST-BASED REGULATORY MECHANISMS IN T CELL
EXHAUSTION

2.1 Discovery that host-based suppressive factors inhibit clearance of persistent viral

infection

Both general and virus-specific immune suppression has been well established during
persistent viral infection, however, the mechanisms that govern this phenomenon have only
recently been brought to light. Many persisting viruses (e.g., HCMV, HIV, HCV) encode
proteins that actively suppress immunity either by direct inhibition of T cell responses and/
or by down-regulating antigen recognition molecules (Klenerman and Hill, 2005;
Slobedman et al., 2009). Other persistent viruses (e.g., LCMV) do not encode suppressive
factors yet their infection still rapidly leads to a suppressive state (Ahmed et al., 1984). This
suggests that the inability to rapidly control infection triggers a suppressive program within
the host.

The seminal discovery by Rafi Ahmed and colleagues that blockade of the host-encoded
protein programmed death (PD) ligand 1 (PD-L1) restored function to exhausted CD8 T
cells and enhanced control of persistent LCMV infection, led to the realization that the host
itself potentiates immune suppression during viral persistence (Barber et al., 2005). The
suppressive role of PD-1/PD-L1 interaction was promptly demonstrated to suppress CD8 T
cell responses to a variety of diverse persistent infections in vitro including the RNA viruses
HIV (a retrovirus) and HCV (a flavivirus) and the DNA virus, HBV (a hepadnavirus) as
well as in vivo against SIV (a non-human primate retrovirus) (Boni et al., 2007; Day et al.,
2006; Petrovas et al., 2006; Trautmann et al., 2006; Urbani et al., 2006b; Velu et al., 2008).
The diversity of these viruses with respect to replication strategies, target organs and
infected cell types highlights the conserved role of PD-1/PD-L1 mediated
immunosuppression and establish that the host is a powerful inhibitor of T cell immunity
during persistent infection.

2.2 Multiple regulatory factors suppress T cell responses during viral persistence

Shortly following the identification of PD-1 mediated immunosuppresion during viral
persistence, the dominant role of IL-10 in attenuating effector T cell responses to initiate
persistent infection was established (Brooks et al., 2006b; Ejrnaes et al., 2006). Infection of
mice with a persistent, but not an acutely cleared variant of LCMV leads to sustained
expression of 1L-10 by multiple immune cell subsets and functional exhaustion of CD4 and
CD8 T cells (Brooks et al., 2006b; Ejrnaes et al., 2006). However, when IL-10 activity was
neutralized, either using mice genetically deficient in 1L-10 expression or antibodies that
block the IL-10 receptor (IL-10R), immune function was sustained and the otherwise
persistent virus was rapidly cleared. Persistent LCMV replicated to high titers in wild-type
and IL-10 deficient mice 5 days post infection and prior to the onset of T cell responses. By
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day 9, T cells did not lose function in IL-10 deficient mice and they were able to clear
persistent LCMV whereas viral titers remained high in wild type mice (Brooks et al.,
2006b). CD8 T cells were required for this clearance since depletion of CD8 T cells in IL-10
deficient mice prior to infection led to LCMV persistence (E. Wilson and D. Brooks,
unpublished observation). This was the first identification that a single factor was
responsible for derailing the immune response to permit viral persistence and importantly,
that sustaining T cell immunity could facilitate the clearance of an otherwise persistent
infection.

Subsequently, multiple immunoregulatory factors were identified to limit T cell responses
during viral persistence, including TGFB, Tim3, CTLA4, CD27/CD70 (Jones et al., 2008;
Kaufmann et al., 2007; Matter et al., 2006; Tinoco et al., 2009). Exhausted CD8 T cells
simultaneously express multiple negative regulatory factors during persistent infection
(Blackburn et al., 2009) and these factors can simultaneously, but via different pathways,
limit T cell activity (Blackburn et al., 2009; Brooks et al., 2008a). Further, a single
suppressive factor can differentially affect distinct T cell populations. For example, blockade
of CTLA4 during persistent LCMYV infection did not impact CD8 T cell responses in vivo
(Barber et al., 2005), whereas it did enhance HIV-specific CD4 T cell responses in vitro
(Kaufmann et al., 2007). Similarly, IL-10 directly limits CD4 T cell responses, but not CD8
T cell responses, to an acute LCMYV infection (Brooks et al., 2010). In addition to T cells,
IL-10 and other suppressive factors modulate multiple immune subsets including B cells,
DC, macrophages and NK cells to contribute to enhanced virus control. The diversity in
suppressive mechanisms provides the potential opportunity to individually manipulate T cell
responses (particularly in combination with therapeutic vaccines) to produce the optimal
effector response required to control a specific viral infection (see discussion below).
Antibody therapies that block multiple suppressive pathways additively increase antiviral T
cell activity (Blackburn et al., 2009; Brooks et al., 2008a). Thus, while increased production
of suppressive factors by the immune system itself ultimately leads to the demise and failure
of antiviral immunity, excitingly these factors can be inhibited for therapeutic benefit.

2.3 Differential impact of reversing T cell exhaustion during viral persistence

Understanding the mechanisms and coordination of the multitude of suppressive factors
involved in immunoregulation is crucial to the design of effective antiviral therapies.
Therapeutic strategies that target host-based factors to restore immune function are less
susceptible to resistance via viral mutation as they do not target a specific viral protein.
Thus, blockade of host-based negative regulatory factors could be effective against diverse
persistent viruses that induce T cell exhaustion without engendering viral resistance.

Although extremely promising, the efficacy of blocking suppressive factors to enhance
antiviral immunity in humans remains unclear. However, recent evidence blocking PD-1 in
SIV infected rhesus macaques suggests that these blockade strategies may be effective (Velu
et al., 2008). Short-term PD-1 blockade (4 treatments over 10 days) provided long-term
restoration of T cell responses that correlated with enhanced SIV control. Interestingly,
memory B cell responses and SIV-specific antibody production were also increased
following PD-1 blockade. The reason for the increased B cell responses was not elucidated
and could be due to either direct or indirect mechanisms (e.g., enhanced CD4 T cell help to
B cells), but does indicate the exciting prospect that targeting a single molecule may
simultaneously enhance multiple arms of the immune response culminating in virus control.

In total these studies indicate the incredible effect of blocking regulatory factors to enhance
T cell function during viral persistence; however, this is not without potential negative
impact. These dominant regulatory factors and pathways are instilled to prevent errant or
unrestricted immune responses. Even in the absence of overt infection, deficiencies in these
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factors can lead to the massive expansion of effector-like T cells and a variety of
autoimmune disorders (Hedrich and Bream, 2010; Moore et al., 2001). In response to an
infection, the inability to attenuate T cell responses can lead to severe immunopathology and
death. For example, persistent LCMV infection is fatal in PD-L1 knockout mice (Barber et
al., 2005) and while IL-10 deficient mice survive and clear persistent LCMV infection
(Brooks et al., 2006b; Ejrnaes et al., 2006) they are more susceptible to death in response to
higher doses of persistent LCMV as compared to IL-10 sufficient hosts (D.G. Brooks,
unpublished observations). Further, treatment with the immunostimulatory cytokine 1L-21
during the early phase of persistent LCMYV infection dramatically elevated virus-specific
CD8 T cell responses and mortality (Yi et al., 2009). Thus, although detrimental to virus
clearance, it is likely that the increased expression of negative regulatory factors and T cell
exhaustion is a conserved and rapid mechanism to prevent lethal immunopathology when
the host ‘senses’ that virus replication has out-competed the immune response to it. In some
instances enhanced immunopathology is observed in the absence of IL-10 regulation without
an effect on viral replication, as is the case during a neurotropic model of mouse hepatitis
virus infection (Lin et al., 1998). On the other hand, once chronic infection has been
established and T cell numbers have contracted, reversing exhaustion appears to be well
handled in animal models of LCMV and SIV infection (Barber et al., 2005; Brooks et al.,
2008a; Brooks et al., 2008b; Velu et al., 2008). The relationship between T cell exhaustion
(i.e., attenuating T cell responses), excessive immunopathology and host survival must be
carefully considered when optimizing therapies targeting host suppressive factors,
particularly if instituted early during persistent virus infection.

Despite freeing virus-specific T cells to fight infection, blockade of regulatory factors may
simultaneously unleash the regulation of self-specific immune cells or ‘tolerant” immune
cells in multiple organs and in the case of IL-10 blockade, particularly in the gut (Kuhn et
al., 1993). Such a result could have the unintended consequence of triggering autoimmunity
or immune responses to ingested food or endogenous enteric bacterial microbiota. It should
be noted that overt autoimmunity was not observed in our studies when IL-10R blockade
was implemented during the chronic phase of LCMV infection (D.G. Brooks, unpublished
observation) nor following PD-1 blockade in SIV-infected macaques (Velu et al., 2008).
However, these studies utilized short-term treatment regimens and longer term therapy or
different individuals dependence on a particular pathway to maintain immune homeostasis
could affect negative responses. Thus, while therapies that block negative regulators of
immune function clearly hold tremendous antiviral potential the possible consequences
should be carefully evaluated.

3. THE IMPACT OF IL-10 TOWARD VIRAL PERSISTENCE

3.1 The diverse roles of IL-10 during viral infection

IL-10 was initially known as cytokine synthesis inhibitory factor (CSIF) and was first
identified as a CD4 produced Th2 cytokine with the ability to indirectly repress Thl
responses (Fiorentino et al., 1989; Moore et al., 2001). It is now evident that multiple cell
types including DC, B cells, macrophages, CD4 T cells, CD8 T cells, NK cells as well as
innate and adaptive regulatory T cells can produce IL-10 (Mege et al., 2006; Moore et al.,
2001).

The IL-10 receptor (IL-10R) is a class Il cytokine family member composed of two
subunits, IL-10R1 is the unique ligand binding subunit and IL-10R2 is the signaling subunit
that is shared with other family member cytokines (IL-22, IL-26, IL-28 and IL-29)
(Donnelly et al., 2004). Dimerization of the receptor by IL-10 results in signaling through
STAT3 and activation of gene expression (Kotenko et al., 1997; Liu et al., 1994; Moore et
al., 2001; Spencer et al., 1998). Specificity of IL-10 responsiveness is dictated both by the
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expression of IL-10R1 and availability of the cytokine (Brooks et al., 2006b; Brooks et al.,
2010). While the signaling subunit (IL-10R2) is constitutively expressed by most cells,
IL-10R1 is differentially regulated by activation in a cell type specific manner in
hematopoietic cells and is inducible on non-hematopoietic cells (Donnelly et al., 2004;
Moore et al., 2001). Figure 1 illustrates some of important targets of IL-10 signaling in
persistent viral infections.

IL-10 aborts T cell responses when present during priming and can inhibit ongoing T cell
activity to viral infections (Brooks et. al., 2006c¢; Ejrnaes et al., 2006; Groux et al., 1996;
Steinbrink et al., 1997). It acts directly on antigen presenting cells to decrease stimulatory
molecule expression (i.e., MHC class | and class I, B7-1, B7-2), alter cytokine production
and prevent maturation ultimately dampening T cell activation (Carbonneil et al., 2004;
Fiorentino et al., 1991; Moore et al., 2001; Steinbrink et al., 1997). In addition to these
indirect effects, 1L-10 can also act directly on T cells to limit proliferation, functional
differentiation and effector activity (Brooks et al., 2010; Maynard and Weaver, 2008).
Although controversial, emerging data also indicates that genetic polymorphisms in the
IL-10 promoter that result in lower I1L-10 production are associated with clearance of HCV
infection and enhanced virus control during chronic HCV, HBV, HIV and EBV infections
further supporting the important role of this cytokine in host immunosuppression (Cheong et
al., 2006; Helminen et al., 1999; Paladino et al., 2006; Shin et al., 2003; Shin et al., 2000).

Counter to its negative regulatory functions, 1L-10 can positively stimulate NK cells, in
some instances CD8 T cells and induce B cell proliferation and antibody production (Foulds
et al., 2006; Kang and Allen, 2005; Moore et al., 2001). Thus, although generally
immunosuppressive, IL-10 can function through a variety of mechanisms (likely
simultaneously) to fine-tune the pathogen-specific immune response. In total, these data
emphasize the diverse functions (many of which may be pathogen specific) that IL-10 plays
to regulate multiple immune parameters.

IL-10 plays a major role in limiting autoimmune disease under steady-state conditions by
controlling circulating, self- or gut microbiota-reactive T cells. Consistent with this role,
IL-10 knockout (KO) mice develop inflammatory bowel disease (IBD)/colitis approximately
8 weeks after birth (Davidson et al., 1996; Kuhn et al., 1993). Both CD4 T cells as well as
resident enteric bacteria were required for the emergence of colitis indicating that under
steady-state conditions IL-10 serves to suppress immune activation against the endogenous
gut microbiota (Kuhn et al., 1993; Sellon et al., 1998). Although autoimmunity was not
generally observed in other organs of IL-10 deficient mice it is likely that the cytokine also
negatively regulates immunity in other tissue compartments. Specific incidence of IBD and
colitis demonstrate the key importance of IL-10 in immune homeostasis to gut antigens.

3.2 Sources, mechanisms and targets of IL-10 during persistent virus infection

Sources—As discussed above, IL-10 can be produced by a variety of cell types to regulate
their own and other cells functions. During persistent virus infection multiple cell types have
been identified to produce IL-10, generally with immunosuppressive effects (Belkaid and
Tarbell, 2009; Rouse et al., 2006). The dominant IL-10 producing cell type varies with
different virus infections likely reflecting inherent differences in the pathogen-specific
response as well as tissue-specific immune regulation. Although individual IL-10 expressing
cells may exert some level of suppression, it is likely that during persistent virus infections
the suppressive state mediated by IL-10 is maintained by multiple cells types that
individually limit a variety of immune parameters, with the final effect being the inability to
clear infection.
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CD4 T cells were the first identified and are probably the most recognized IL-10 producing
cell type. Upon activation and in response to the antigenic environment CD4 T cells
differentiate into multiple Th subsets. These different subsets have both unique and
overlapping qualities with multiple Th subsets capable of producing IL-10 (Maynard and
Weaver, 2008). Initially identified as a Th2 cytokine (Fiorentino et al., 1989), IL-10 can also
be produced by Th1, Th17, T follicular helper and both natural (Foxp3+) and induced
(Foxp3-) T regulatory (Treg) cells (Maynard and Weaver, 2008). In general, 1L-10
production by CD4 T cells during viral persistence is associated with the inducible Tr1 Treg
population consisting of both virus-specific and non-specific cells (Rouse et al., 2006). The
mechanism of Trl cell emergence in persistent infection is not known. They may arise non-
specifically as a bystander effect of general T cell activation, they may be preferentially
induced in an effort to limit excessive immunopathology or they could have deliberately
evolved to arise in instances of prolonged immune activation. Finally, a variety of IL-10
expressing CD4 Th cells may be lumped into the Trl category with ‘regulation’ as only one
of their potentially diverse functions.

The actual impact of Treg produced IL-10 in limiting virus-specific responses during
persistent viral infection remains largely unclear. IL-10-mediated Treg activity during viral
persistence is observed following infection of mice with Friend virus (FV). IL-10 expressing
CD4 Treg cells are activated following FV infection and limit antiviral CD8 T cell responses
in vivo facilitating increased persistent virus replication (Dittmer et al., 2004). However
inhibition of Treg activity alone did not enhance control of virus replication, which required
the adoptive transfer of large amounts of FV-specific CD8 T cells that could now function in
the absence of IL-10 signals. Interestingly, FV-induced immunosuppression was I1L-10
dependent, however IL-10 was not the Treg effector mechanism required to suppress CD8 T
cells (Dittmer et al., 2004; Dittmer et al., 2002). IL-10 present during CD4 T cell priming
can induce anergy, but also programs the development of additional 1L-10 producing CD4 T
cells (Groux et al., 1996; Groux et al., 1997). In such a manner, Treg produced IL-10 could
promote the differentiation of more Treg cells as opposed to directly suppressing antiviral
function, the latter being performed by other Treg produced inhibitory mechanims. Thus,
IL-10 would be important for suppressing T cell responses, but would not itself be the direct
effector mechanism.

Early following persistent LCMV infection, virus-specific IL-10 producing CD4 T cells are
observed, but IL-10 protein expression rapidly decreases in conjunction with other Thl
cytokines (Brooks et al., 2005). IL-10 producing CD4 T cells are observed throughout
persistent LCMV infection; however, they are relegated to the non-virus-specific CD4 T cell
subset (Brooks et al., 2006b) and (D. Brooks, unpublished observation). Further, the amount
of non-LCMV-specific IL-10 producing CD4 T cells in the spleen is similar during acute
and persistent LCMV infection (E. Wilson, D. Brooks, unpublished observation). It will
ultimately be interesting and important to determine whether these non-LCMV-specific CD4
T cells regulate the virus-specific immune response and the outcome of deleting these cells
toward clearance of persistent LCMV infection.

In addition to CD4 T cells, IL-10 producing CD8 T cells, monocytes/macrophages, dendritic
cells, B cells and NK cells are observed during persistent viral infections (Couper et al.,
2008). During persistent LCMV infection IL-10 is produced by multiple cell types including
NK cells, DC and B cells (Brooks et al., 2006b) all of which likely contribute to immune
regulation. MCMV persistence in the salivary gland of infected mice is dependent on IL-10
producing CD4 T cells (Humphreys et al., 2007), whereas B cell produced IL-10 suppresses
CD8 T cells in the spleen during MCMYV infection (Madan et al., 2009). Thus, different cell
types utilize IL-10 in a compartmentalized fashion to suppress distinct facets of immunity in
the same host during persistent infection. A multi-cell mediated IL-10 response is also
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observed during HIV infection (Brockman et al., 2009; Yang et al., 2009), with monocyte/
macrophages often comprising the largest IL-10 producing subset in the peripheral blood
(Hagiwara et al., 1995; Kumar et al., 1998; Said et al., 2010). However, whether IL-10
producing cells differ in PBMC and tissue during HIV infection, and if so, what cells
produce IL-10 in various tissue compartments, remains to be determined.

It will ultimately be critical to establish whether persistent viral infections are the result of
IL-10 production by a single cell type with other 1L-10 producing cells playing an auxiliary
role or whether IL-10 production by multiple cell types is necessary. In the case of the
former it will be important to define what cell type produces the ‘relevant” IL-10 and how it
aborts immunity. In the latter case, how each cell type suppresses individual immune
components will need to be determined. Answers to these questions are critical from both a
biologic standpoint to define the pathogenesis of persistent infection as well as from a
therapeutic standpoint to modulate I1L-10 expression by cells inhibiting antiviral activity
while leaving other IL-10 producing cells intact to prevent autoimmunity and
immunopathology.

Perhaps most strongly corroborating the importance of IL-10 toward viral persistence,
several persistent viruses encode their own IL-10 homologs, including EBV, HCMV and
some poxviruses to modulate the immune response and facilitate replication, spread and/or
persistence (Slobedman et al., 2009). The first viral IL-10 (vIL-10) homolog to be identified
was encoded by EBV with ebvIL-10 exhibiting ~70% amino acid sequence identity with
human IL-10 (hIL-10) (Moore et al., 1990). EBV infects B cells leading to latent infection
and in some cases B cell transformation. Both h1L-10 and ebvIL-10 have similar
immunosuppressive activity and stimulated B cell proliferation, differentiation and antibody
production (Slobedman et al., 2009). However, ebvIL-10 had ~1000-fold lower affinity for
the cellular IL-10R and failed to promote MHC class 11 upregulation by B cells or to inhibit
IL-2 production by CD4 T cells (Liu et al., 1997; Slobedman et al., 2009). Thus, in addition
to its suppressive role permitting immune escape, an important function of ebvIL-10 may be
to target B cell proliferation and differentiation thereby increasing the amount,
permissiveness and/or transformation of infected cells without affecting the immune-
stimulatory capacity. Similarly, HCMV encodes an IL-10 homolg with 27% identity to
hIL-10 (Kotenko et al., 2000; Lockridge et al., 2000). hlL-10 and cmvIL-10 exhibit similar
immunosuppressive and stimulatory characteristics: inhibiting LPS-induced DC maturation,
cytokine production and upregulation of multiple T cell co-stimulatory molecules (Chang et
al., 2004; Raftery et al., 2004). cmvIL-10 also inhibited type I interferon production by pDC,
a major source of type-I interferon during viral infection (Chang et al., 2009). As discussed,
type | interferons stimulate the virus-specific immune response and trigger a general
antiviral state, but they also potently block HCMV infection. As a result, cmvIL-10 may
enhance the spread of HCMV while simultaneously suppressing the early immune response.
Interestingly, in vivo infection of mouse DC by murine CMV (MCMV) induced many of
these same immunosuppressive effects despite not encoding an 1L-10 homolog (Andrews et
al., 2001). Thus, in addition to the direct affect of HCMV encoded IL-10, HCMV replication
in DC in vivo may itself trigger an immunosuppressive program. During viral latency
HCMYV produces a shorter differentially spliced IL-10 variant sharing some of the
immunosuppressive qualities of the cmvIL-10 produced during productive infection (e.g.,
down-regulation of MHC class Il on monocytes) however, this homolog did not suppress
DC maturation, co-stimulatory molecule induction or induce proliferation of a B cell line
(Jenkins et al., 2004; Jenkins et al., 2008; Spencer et al., 2008). The decreased expression of
MHC Il inhibited CD4 T cell identification of latently infected cells allowing HCMV to
evade immune recognition without affecting other immune functions that may compromise
infection (Cheung et al., 2009). Thus, in its lifecycle, HCMV utilizes different IL-10
mediated suppressive mechanisms at different stages to persist.

Curr Top Microbiol Immunol. Author manuscript; available in PMC 2012 November 07.
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Induction—One constant among persistent viruses is elevated expression of IL-10 and its
direct correlation with virus replication (Brockman et al., 2009; Brooks et al., 2010;
Cacciarelli et al., 1996; Yang et al., 2009). In addition to stimulatory factors, virus
replication inherently triggers counter-regulatory measures to ultimately contain the immune
response. Many signals inherent to immune activation induce IL-10 expression, but the
precise ‘sensors’ of prolonged/heightened virus replication during persistent infection have
yet to be determined. Pathogen specific IL-10 induction is likely achieved through the
integration of multiple virus- and host-derived mechanisms and therefore will likely be
dictated in a conserved and in a pathogen specific. It is possible that the same mechanisms
responsible for the initial recognition of viral infection and induction of IL-10 continue to
function throughout persistent infection. On the other hand (but certainly excluding the
latter), prolonged/elevated viral levels may trigger subsequent factors that serve to
continually stimulate I1L-10 production.

As discussed in the introduction, the innate immune system initially senses viral infection
via pattern recognition receptors (including multiple TLRs) leading to type-I interferon
production and activation of the immune response (Koyama et al., 2008; Schlee and
Hartmann, 2010) However, TLR signaling also induces counter-regulatory molecules,
including 1L-10 (Saraiva and O’Garra, 2010). Components of HCV, CMV, EBV and LCMV
all bind to TLR2 and TLR2 in turn can induce IL-10 expression via recruitment of the
signaling adaptor MyD88 and activation of ERK pathways. (Ariza et al., 2009; Compton et
al., 2003; Dolganiuc et al., 2006; Zhou et al., 2008). In humans, HIV glycoprotein binding to
a mannose C-type lectin receptor (likely DC-SIGN) on the surface of monocyte derived-DC
led to IL-10 expression (Shan et al., 2007). In addition to stimulating I1L-10, HIV and LCMV
infections also lead to dysregulated type-I interferon production promoting a suppressive
environment and further dampening the antiviral response (Taylor et al., 1999; Zuniga et al.,
2008). This is also true for HCV, where interaction of the core protein with TLR2 results not
only in up-regulation of IL-10 expression but also decreased expression of type-I interferon
by Kupffer cells and pDC (Dolganiuc et al., 2006; Tu et al., 2010). While a second HCV
protein, NS3, concurrently up-regulated 1L-10 and down-regulated IL-12 expression by
macrophages and DC leading to diminished T cell stimulatory capacity in vitro (Dolganiuc
et al., 2003; Eisen-Vandervelde et al., 2004). Therefore increased/prolonged levels of
antigen may continue to trigger these same innate receptors throughout infection leading to
sustained 1L-10 expression while simultaneously down-modulating stimulatory factors and
potentiating the immunosuppressive environment.

Continued viral infection also stimulates the de novo expression of factors that potentially
modulate IL-10 expression. PD-1/PD-L1 interaction suppresses antiviral T cell activity
during persistent virus infection, and has also been shown to increase IL-10 expression
(Dong et al., 1999). A recent study (Said et al., 2010) demonstrated that peripheral blood
monocytes from HIV viremic individuals express high levels of PD-1. Stimulation of PD-1
with antibody or PD-L1 transfected cells induced IL-10 expression capable of limiting CD4
T cell proliferation in vitro. These data demonstrate that PD-1 stimulation can activate IL-10
expression and suppression of antiviral immunity. Interestingly, during persistent LCMV
infection we observed similar levels of IL-10 RNA expression in wild-type and PD-L1 KO
mice (Brooks et al., 2008a), indicating that PD-L1 and IL-10 largely interact via different
pathways. Functioning through different suppressive pathways was also consistent with the
ability of dual 1L-10 and PD-L1 blockade to additively increase exhausted T cell function
compared to either IL-10R or PD-L1 blockade alone (Brooks et al., 2008a). The difference
between these studies may relate to the fact that although most of the monocytes express
PD-1, very few produced IL-10 upon PD-1 triggering. As a result, in PD-L1 KO mice the
amount of IL-10 triggered by PD-1 on monocytes may not substantially impact the overall
level of IL-10 expression. On the other hand, although only a small fraction of monocytes
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were stimulated to produce IL-10 by PD-1stimulation, these cells may be functionally
distinct from other monocyte subsets and therefore, may have an enhanced ability to affect T
cell immunity while not contributing significantly to global IL-10 production. Thus, it
remains to be determined whether the population of 1L-10 producing monocytes in vivo
impact CD4 T cell responses similarly to that observed in vitro.

We and others also recently identified the important and progressive role of IL-21 in
sustaining CD8 T cell responses during prolonged periods of virus replication (Elsaesser et
al., 2009; Frohlich et al., 2009; Yi et al., 2009). For us, these experiments were initiated in
our effort to define the mechanism(s) that induce IL-10 during LCMYV persistence and based
on the known role of IL-21 in stimulating 1L-10 expression (Spolski et al., 2009). However,
no change in IL-10 expression was observed in mice lacking IL-21R expression [(Frohlich
et al., 2009) and D.G. Brooks, unpublished observation]. Further, we have not observed
changes in IL-10 RNA or serum protein expression during persistent LCMYV infection in
mice deficient in factors that stimulate IL-10 in other models of disease (E. Wilson and D.
Brooks, unpublished observations), including IL-27 and Galectin-1 (llarregui et al., 2009),
TLR2 (Sing et al., 2002) and MyD88 (Boonstra et al., 2006) In total the discrepancy
between IL-10 inducing factors in other disease models compared to persistent virus
infection again indicates that multiple regulatory mechanisms can be instituted to suppress
immunity in a pathogen/disease specific manner.

Another mechanism of 1L-10 induction may not result specifically from alterations in factors
produced, but instead changes in antigen presenting cell subsets. One of the defining
characteristics of persistent LCMV variants is their ability to bind with high affinity to their
cellular receptor a-dystroglycan enabling efficient infection of dendritic cells (Cao et al.,
1998; Smelt et al., 2001). Due to infection, DC become targets for CTL lysis and the loss of
DC was associated with the ensuing immunosuppression (Borrow et al., 1995; Sevilla et al.,
2004). In particular, the CD8a+ DC subset is depleted during persistent LCMV infection
and the remaining CD8a.— DC were shown to increase I1L-10 production by virus-specific
CDA T cells, which might in turn suppress antiviral CD8 T cell responses (Ejrnaes et al.,
2006). The preferential killing of mature DC during HIV infection by NK cells in an IL-10
dependent fashion would similarly increase the frequency of immature DC and potentially
augment T cell responses (Alter et al., 2010). Further, MCMV disruption of APC function
leads to insufficient T cell activation, but the decreased levels of MHC may also prevent DC
interaction with T cells, thereby effectively shifting the APC subsets that prime/sustain T
cells. In reality, it is likely a culmination of all these events (and more yet to be discovered)
that account for IL-10 mediated immune suppression to persistent virus infection. The
elucidation of how IL-10 suppresses the immune response to facilitate persistence is actively
being investigated in our laboratory and we anticipate the results of these studies will lead to
important insight into how the host ‘senses’ the level of virus replication then progressively
translates those signals into immune suppression.

Targets—Since I1L-10 has been shown to attenuate numerous important biological
functions in persistent virus infections it is likely that many relevant cellular targets of 1L-10
exist. The sum of all the IL-10 induced events (in conjunction with those induced by other
suppressive factors) act in concert to orchestrate immune suppression and facilitate viral
persistence. Therapeutically, the targeting of multiple cell types by IL-10 means that
alleviating IL-10 mediated immunosuppression would enhance several immune parameters
compromised by persistent infection.

In HIV infected individuals, IL-10 produced by PBMC inhibits CD4 and CD8 T cell
proliferation and cytokine production and blockade of I1L-10 efficiently restores these
functions in vitro (Brockman et al., 2009; Clerici et al., 1994; Landay et al., 1996; Said et
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al., 2010). Interaction of HIV with DC stimulates IL-10 production resulting in multiple
functional defects (Alter et al., 2010; Shan et al., 2007). Interestingly, immature and mature
DC respond differently to HIV-induced IL-10 upregulation. Immature DC exhibit an
aberrant resistance to NK cell mediated cytolysis, whereas mature DC are targeted and
destroyed by DC (Alter et al., 2010). This APC switch results in an over represented
presence of ‘toleregenic’ DC during HIV infection that may fail to sustain T cell responses
and/or ineffectively prime de novo T cell responses against evolving HIV mutants. There is
also evidence that I1L-10 augments B cell responses during HIV infection, inducing B cell
exhaustion that may hinder antibody production (Moir et al., 2008). In some circumstances
IL-10 is a positive regulator of CD8 T cells (Foulds et al., 2006; Groux et al., 1998; Kang
and Allen, 2005; Santin et al., 2000). In these situations IL-2 is required for the stimulatory
effect of IL-10 on CD8 T cells (Groux et al., 1998; Santin et al., 2000). However, IL-2
production by CD4 and CD8 T cells is rapidly lost during persistent infections (Brooks et
al., 2005; Clerici et al., 1996; Klenerman and Hill, 2005; Petrovas et al., 2006; Semmo et al.,
2005; Wherry et al., 2003; Younes et al., 2003). Thus, the presence of IL-10 without IL-2
may lead to suppressive instead of stimulatory CD8 T cell programming and highlights the
important interplay between stimulatory and suppressive factors that fine tune the immune
response to affect the outcome of infection.

We and others have clearly established the dominant role of IL-10 in facilitating LCMV
persistence and based on its translatability to human persistent viral infections; it is likely
that LCMV will be an important system to address 1L-10 induced immunosuppression.
IL-10 is produced by multiple APC subsets during persistent LCMV infection (Brooks et al.,
2006b). Although priming of virus-specific CD4 and CD8 T cells is initially effective during
persistent infection (Brooks et al., 2006a), the subsequent interactions with APC (i.e.,
occurring after the initial priming events) may attenuate ongoing T cell responses. CD4 T
cell help is critical during persistent LCMV infection to sustain antiviral immune responses
(Battegay et al., 1994; Matloubian et al., 1994). IL-10 directly targets CD4 T cells during an
acute LCMV infection (Brooks et al., 2010) and similar diminution/alteration of the CD4
response by IL-10 during viral persistence may attenuate help, further exasperating the
debilitated immune response. 1L-10 may also be acting directly on virus-specific CD8 T
cells, B cells and/or NK cells to attenuate their function and facilitate viral persistence.
Identification of the relevant targets of IL-10 in vivo are currently underway and should
yield important insight into the mechanisms that abort immune responses to facilitate viral
persistence.

4. TARGETING IMMUNOSUPPRESSION: POTENTIAL THERAPEUTIC
APPLICATIONS FOR BLOCKING IL-10

The initial finding that IL-10R blockade prevented T cell exhaustion and facilitated
immune-mediated eradication of an otherwise persistent LCMV infection (Brooks et al.,
2006b; Ejrnaes et al., 2006) was the first example that single factor could alone suppress
antiviral immunity to prevent virus clearance. In addition to early blockade of IL-10 to
prevent T cell exhaustion and LCMV persistence, late blockade of IL-10 activity also
enhanced T cell responses leading to control of an established persistent infection (Brooks et
al., 2008a; Brooks et al., 2008b). These findings indicate that IL-10 suppresses and can be
targeted to restore antiviral immunity at multiple stages throughout persistent infection
(Figure 2). Similarly, IL-10R blockade prevents MCMV persistence, although in the latter
case the enhanced antiviral effects were accompanied by increased immunopathology
(Brooks et al., 2006b; Campbell et al., 2008; Ejrnaes et al., 2006; Humphreys et al., 2007,
Oakley et al., 2008).
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Elevated serum levels of IL-10 are observed during many persistent virus infections in
humans and similar to LCMV infection, correlates with diminished T cell activity and
increased virus replication (Brady et al., 2003; Cacciarelli et al., 1996; Clerici et al., 1996;
Dolganiuc et al., 2003; Marin-Serrano et al., 2006; Orsilles et al., 2006; Rico et al., 2001).
Blockade of IL-10 in vitro restores function to HIV-specific and HCV-specific T cells
(Cacciarelli et al., 1996; Clerici et al., 1994; Landay et al., 1996; Rigopoulou et al., 2005).
Consistent with the correlation between HIV replication and IL-10 expression, antibody
blockade of I1L-10 only increased T cell function when cells were isolated from productively
infected individuals and had minimal impact when cells originating from patients with
effectively suppressed levels of HIV replication were analyzed (Brockman et al., 2009).
However, in a separate study IL-10 blockade was shown to efficiently boost T cell responses
even during effective anti-HIV therapy (in which HIV replication and 1L-10 expression were
low) (YYang et al., 2009). In total, these multiple studies demonstrate that blocking IL-10
during HIV infection can enhance antiviral T cell responses, but importantly, they indicate
that IL-10 differentially affects different individuals and does so at distinct phases of
infection.

The tight relationship between I1L-10 and virus titers suggests that IL-10 may serve as a
rheostat to constantly modulate immunity in relation to changing levels of virus replication.
In agreement with this function, the experiments in which IL-10 was blocked to enhance
HIV and HCV specific responses were performed after cell isolation techniques that
eliminated in vivo produced 1L-10 (Brockman et al., 2009; Rigopoulou et al., 2005). These
findings indicate that de novo IL-10 production continually suppress T cell responses- T
cells that are teetering on a fine line between exhaustion and productive immunity. Once
function is diminished, blockade of no single factor restores T cell activity to that observed
during an acute infection. However, therapies that alleviate some level of suppression appear
to propel T cells across that fine line to better fight infection.

Recent research has clearly established that multiple negative immune-regulatory
mechanisms are invoked to suppress T cell responses during viral persistence (Blackburn et
al., 2009). We recently demonstrated that at least two of these factors (i.e., IL-10 and PD-
L1) operate through distinct pathways to suppress immunity (Brooks et al., 2008a). As a
result, dual antibody blockade of IL-10 and PD-L1 during LCMV persistence significantly
enhanced antiviral T cell responses compared to blockade of either factor alone and rapidly
controlled systemic viral replication. Similarly, simultaneous blockade of PD-L1 and
another inhibitory receptor Lag-3, further enhanced T cell responses despite Lag-3 blockade
alone having only minimal effect (Blackburn et al., 2009; Richter et al., 2010). This is
particularly important because it indicates that there are layers of immunosuppression and
that some negative regulatory pathways are dominant over others during persistent infection.
However, once the dominant suppression is relieved other factors that appear to have limited
function may become relevant and serve as targets to additionally enhance antiviral
immunity.

Due to the varied lifecycles of persistent viruses, it will ultimately be important to determine
how IL-10 blockade (as well as blockade of other negative regulatory factors) impacts
control of different viral infections. HIV rapidly establishes a long-lived latent reservoir that
is able to rekindle infection after prolonged periods of virus control (Chun et al., 1997; Finzi
etal., 1997; Wong et al., 1997). During latent infection HIV remains hidden from immune
recognition and as a result would not be targeted by therapies that amplify immune function
(Brooks et al., 2003). However in cases like HCV infection where a latent viral reservoir is
not established and therapeutic elimination of infection can be achieved, overcoming
exhaustion and boosting immunity by blocking 1L-10 activity could further control HCV
replication. Thus, blockade of 1L-10 (or other regulatory factors) may facilitate control
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(perhaps even long-term control) over HIV infection, but may not be able to completely
eradicate infection because of immune-resistant latent reservoirs. On the other hand, a
similar blockade of IL-10 during HCV infection may ultimately facilitate long term
clearance of infection due to the absence of a long-lived latent reservoir.

IL-10 also regulates immunity to acute viral infections, limiting the magnitude of the
ensuing response, the production of effector cytokines and consequently immunopathology,
but generally without substantially impacting viral titers or clearance kinetics. Infection of
mice with Influenza often leads to severe immunopathology, morbidity and mortality and
IL-10 limits these negative effects (Sun et al., 2009). Following influenza infection of mice,
a large population of lung infiltrating CD4 and particularly CD8 T cells produce IL-10 (Sun
et al., 2009). Blockade of IL-10 enhanced IFN+y production leading to increased
immunopathology and mortality without impacting virus clearance. These data suggest that
in response to unknown cues, virus-specific CD8 T cells are capable of producing I1L-10 to
curb their own responses. IL-10 expression also restricted CD4 T cell responses during
influenza resulting in decreased antibody titers; whereas, lack of IL-10 expression led to
increased influenza specific antibody production and enhanced survival (Sun and Metzger,
2008; Sun et al., 2010). Interestingly, IL-10 mediated immunosuppression was linked to
heightened susceptibility to secondary bacterial infection following influenza infection (van
der Sluijs et al., 2004) although many factors likely contribute (Sun and Metzger, 2008).
IL-10 is rapidly upregulated following acute LCMV-Armstrong infection and although not
to the extent observed following persistent LCMYV infection, it negatively regulated what is
generally considered the “optimal’ antiviral immune response (Brooks et al., 2010).
Interestingly, blockade of IL-10 activity directly enhanced both the quality and the quantity
of virus-specific CD4 T cell responses without affecting virus-specific CD8 T cells,
illustrating the differential regulation of T cell subsets following infection. Minor decreases
in virus titers were observed in acute LCMYV infected, IL-10 deficient mice, although both
wild-type and IL-10 deficient mice cleared virus with a comparable kinetic. Excitingly, this
promiscuity of IL-10 further substantiates the ability to restore many diverse effector
mechanisms by blocking a single molecule. The increased expression and inhibitory activity
of 1L-10 following acute viral infection suggest that IL-10 blockade may be an effective
adjuvant to prophylactic (i.e., preventative) vaccines to further enhance immunity (Brooks et
al., 2010; Darrah et al., 2010). This would be particularly true for vaccines in which
heightened CD4 T cell responses would be beneficial, such as HCV wherein the strength of
the CD4 T cell response is an important determinant of clearance (Gerlach et al., 1999;
Grakoui et al., 2003; Thimme et al., 2001; Urbani et al., 2006a).

Unlike prophylactic vaccines that aim to engender immune memory de novo, therapeutic
vaccines (i.e., vaccines delivered during an established viral infection) must rebuild a
debilitated immune response to now overcome the infection that it could not initially
control. Along this line, vaccine agents that are immunogenic when administered to antigen
naive individuals often fail to efficiently stimulate immunity when provided prophylactically
(Autran et al., 2004). Additionally, many prophylactic vaccines rely on stimulating antibody
production, whereas therapeutic vaccines will likely have to restore/stimulate antiviral T cell
responses as well as other immune parameters that are often refractory to further stimulation
(Brooks et al., 2008b; Ha et al., 2008; Wherry et al., 2005; Zuniga et al., 2008). The finding
that IL-10 actively inhibited T cell responses during persistent infection led us to
hypothesize that one reason therapeutic vaccination strategies have thus far failed to
resurrect/sustain T cell responses and control persistent infection is because they do not
alleviate the immunosuppressive environment. Consequently, even if T cell responses could
be restored they would rapidly again succumb to the same constraints that had previously
limited their responsiveness. Consistent with this mechanism we demonstrated that antibody
blockade of I1L-10 during an established persistent viral infection permitted an otherwise
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ineffective DNA vaccine now highly efficient at stimulating CD4 and CD8 T cell responses
leading to accelerated clearance of the persistent infection (Figure 2) (Brooks et al., 2008b).
In conjunction, Rafi Ahmed’s group demonstrated that during persistent LCMYV infection
PD-L1 blockade similarly enhanced therapeutic vaccination with a live-replicating vaccine
vector (Ha et al., 2008). Together, our findings established the immunosuppressive
environment as an important factor inhibiting vaccination attempts to restore antiviral T cell
function during persistent viral infection and suggested that blockade of negative immune
regulatory molecules may ultimately prove a powerful strategy to aid therapeutic
vaccination and purge an established persistent viral infection.

5. Past, Present and Future

The initial discovery of IL-10 as an inhibitor of Th1 differentiation has rapidly diversified
such that now IL-10 is widely considered a ‘master-regulator’ of host immunity. The
conserved nature of 1L-10 mediated suppression among evolutionarily distinct species and
the ability to boost immune function by blocking a single factor, despite the presence of
other very powerful negative immune regulators, is quite astounding and speaks clearly to
the significance of this pathway. However, many important discoveries remain to be made
concerning IL-10 mediated suppression and how best to manipulate it for therapeutic
benefit. The promiscuity of IL-10 production and function suggests that its blockade could
amplify multiple antiviral mechanisms to control persistent virus replication. By
understanding how IL-10 regulates distinct components of the immune response it may be
possible to block IL-10 production by or function on certain cells and unleash antiviral T
cells while maintaining regulation of those cells prevent immunopathology. Ultimately,
blockade of immune-regulatory factors holds great promise as an approach to restore
immunity and purge established persistent viral infections. The ability of IL-10 and other
inhibitory factors to operate at distinct levels of immune function and on different cell
subsets indicates the possibility of combinatorial blockade cocktails to specifically enhance
desired immune cell subsets and evoke different immune responses; thus, paving the way
into an age of rationale vaccine design.
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Figure 1. Effectsof IL-10 on distinct cellular targets during persistent viral infections

IL-10 mediated immunosuppression in response to viral infection occurs via both direct and
indirect modulation of APC function, T and B cell activity. This figure denotes some of the
important functional consequences of IL-10 targeting of distinct immune subsets. Note that
IL-10 likely acts on multiple other immune and non-immune cells during viral persistence
and the overall influence of IL-10 is likely a summation of all these effects. Additional
mechanisms of IL-10 mediated immune modulation have been described in bacterial and
autoimmune models and investigating these pathways in viral persistence will be

informative.
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Figure 2. Blocking IL-10 to enhance antiviral immunity and vaccine efficacy

Overcoming IL-10-mediated immunosuppression represents an exciting strategy to enhance
antiviral T cell responses both alone and in combination with other immunotherapies.
Antibody blockade of IL-10 activity alone boosts T cell function and enhances control of an
established persistent LCMV infection. Further, by alleviating IL-10 mediated suppression,
virus-specific T cells become reactive to otherwise ineffective therapeutic vaccines
facilitating markedly enhanced T cell responses and control of persistent infection. The
upregulation of IL-10 during HIV and HCV infections suggests that similar strategies may
also effectively enhance antiviral immunity and control infection.
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