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Abstract  The clearance of viral infections is reliant on the coordination and balance 
of inflammatory factors necessary for viral destruction and immunoregulatory mecha-
nisms necessary to prevent host pathology. In the case of persistent viral infections, 
immunoregulatory pathways prevent the immune response from clearing the virus, 
resulting in a long-term equilibrium between host and pathogen. Consequently, nega-
tive immune regulators are being considered as a therapeutic target to treat persistent 
and chronic viral infections. In this review, we will highlight the current understanding 
of the important negative immune regulator interleukin-10 (IL-10) in persistent viral 
infection. Though its main role for the host is to limit immune-mediated pathology, 
IL-10 is a multifunctional cytokine that differentially regulates a number of different 
hematopoietic cell types. IL-10 has been shown to play a role in a number of infec-
tious diseases and many viral pathogens specifically exploit the IL-10 pathway to help 
evade host immunity. Recent advances have demonstrated that manipulation of IL-10 
signaling during persistent viral infection can alter T cell responses in vivo and that this 
manipulation can lead to the clearance of persistent viral infection. Furthermore, there 
have been crucial advances in the understanding of factors that induce IL-10. We sum-
marize lessons learned about IL-10 in model organisms and human persistent infec-
tions and conclude with the potential use of IL-10 to treat persistent viral infections.
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1 � Introduction

Persistent viral infections are infections in which the host immune response is una-
ble to clear the primary infection, resulting in a long-term equilibrium between the 
host and the virus. The equilibrium is the result of a number of factors that include 
host immune regulation, active suppression, immune evasion, and the level of 
viral replication. These factors are not static and can change over time depending 
on the actions of host immunity and the viral pathogen. As is apparent with HIV, 
the equilibrium can eventually be tipped in favor of the virus. Due to the disease 
severity of persistent infections, such as human immunodeficiency virus (HIV), 
hepatitis B virus (HBV), and hepatitis C virus (HCV), much research has been 
directed at elucidating the events that lead to persistent infection and how factors 
might be manipulated to tip the balance in favor of the host rather than the virus.

There are a variety of mechanisms to achieve persistence. Some viruses such as 
the herpes simplex viruses utilize latency in which the virus lies dormant within 
host cells to escape immunity resulting in low or no viral antigen except during 
periods of reactivation in which the virus reemerges. These reactivation periods 
are generally quickly controlled by the immune response. Other viral infections 
such as HIV, Hepatitis B virus (HBV), hepatitis C virus (HCV), and lympho-
cytic choriomeningitis virus (LCMV) rely on interfering with the function of the 
immune cells necessary for orchestrating anti-viral responses and clearing viral 
infection. These chronic infections are characterized by high levels of viral rep-
lication and high expression of negative immune regulators resulting in immune 
suppression of CD4 and CD8 T cell responses. Disruption in the generation of 
T cells results in delayed and/or failed clearance of virus and abrogation of T 
cell function contributes to the inability to control multiple persistent infections 
(Wherry 2011).

Murine infection with the enveloped RNA virus LCMV is a widely-used model 
to investigate T cell suppression during persistent/chronic viral infection. Developed 
in the 1980s, there are two well-characterized strains of LCMV used to compare 
and contrast immunologic factors unique to either acute or persistent viral infec-
tion, Armstrong 53b (ARM) and Clone 13 (Cl-13) (reviewed in (Dutko and Oldstone 
1983; Oldstone and Campbell 2011)). These two strains differ by only three amino 
acids, but can result in very different disease outcomes. ARM induces a robust T 
cell response that clears the infection by 10 days post infection (Ahmed et al. 1984). 
Comparatively, Cl-13 replicates to much higher titers, inducing multiple host-based 
suppressive pathways, thereby generating a systemic persistent viremic infection that 
is not cleared from most tissues until 2–3 months later.
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1.1 � T Cell Immunity During Viral Infection

At the onset of a viral infection, the presence of virus is detected via innate 
immune receptors such as toll-like receptors which trigger an inflammatory 
response leading to the activation of the adaptive immune response. Antigen pre-
senting cells such as dendritic cells (DCs) pick up the viral antigen and travel back 
to secondary lymphoid tissue (lymph nodes, spleen, peyer’s patches, etc.) where 
they present captured antigen on MHC I and MHCII to activate virus-specific CD8 
and CD4 T cells. Clearance or control of viral infection is facilitated by effective 
anti-viral CD4+ and CD8+ T cell responses (Berger et al. 2000; Matloubian et al. 
1994; Tishon et al. 1993, 1995). Naïve CD8 T cells mature into cytotoxic T cells 
[CTLs] that express inflammatory and antiviral cytokines and kill infected cells. 
Naïve CD4 T cells differentiate into one of several types of helper T cells that have 
a variety of functions that include expression of inflammatory cytokines, activa-
tion/expansion of CTLs, and regulating B cell class switching. The magnitude of 
the T cell response is controlled by the balance of factors that increase the activa-
tion and activity of immune cells (i.e., positive immune regulators) and factors that 
inhibit or decrease activity (i.e., negative immune regulators). In viral infections 
that become persistent, T cell responses are fairly normal at the initial stages of 
infection. In the acute phase of Cl-13 infection at 5 dpi, the numbers of LCMV-
specific T cells and their cytokine production resemble those of ARM. Anti-viral 
effector CD4 and CD8 T cells produce IFNγ, TNFα, and IL-2 in response to anti-
gen stimulation and CD8 T cells exhibit the ability to lyse infected cells. However, 
soon after, negative regulation triggers a hyporesponsive state in T cells termed 
“exhaustion” which was first described in the LCMV system (Zajac et al. 1998). 
The exhaustive state is characterized by an hierarchical diminishment of functional 
capacity that includes loss of proliferative ability and progresses to a decreased 
ability to produce key antiviral and immune stimulatory cytokines, and decreased 
cytolytic activity (Brooks et al. 2005; Wherry et al. 2003; Zajac et al. 1998). It is a 
state separate from anergy or tolerance with a distinct pattern of cellular and tran-
scriptional expression. By 9 dpi in persistent Cl-13 infected mice, there are signifi-
cantly fewer LCMV-specific T cells, illustrating physical deletion. Those anti-viral 
T cells that remain express fewer cytokines and have lost their cytolytic abilities, 
exhibiting severe hypofunctionality (Wherry 2011). The degeneration of anti-viral 
T cell function is compounded by the decreased ability of the immune system to 
mount de novo immune responses, thereby hampering the generation of new anti-
viral T cells as well as disabling the host’s ability to fight secondary infections in 
most cases (Ahmed et al. 1984; Oldstone et al. 1988).

The development of exhaustion directly contributes to impaired control of viral 
infection, consequently, motivating extensive examination of T cell exhaustion. 
Transcriptional profiling comparing functionally active CTLs versus “exhausted” 
CTLs has uncovered differences in expression of a variety of genes for inhibitory 
receptors, transcription factors, metabolic pathways, chemotaxins, and migration fac-
tors (Wherry et al. 2007). Although many factors were found to be associated with T 
cell exhaustion, only two factors have been shown to have therapeutic impact when 
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either genetically deleted or neutralized alone in vivo: programmed death-1 (PD-1) 
and interleukin-10 (IL-10). PD-1 is a member of the CD28 receptor family expressed 
on activated T cells and negatively regulates these cells by binding its cognate ligands 
PD-L1 and PD-L2 found on the surface of other cell types including DCs and non-
hematopoietic cells (Sharpe et al. 2007). High levels of PD-1 are found on the surface 
of exhausted CD4+ and CD8+ cells during HIV (Day et al. 2006; Trautmann et al. 
2006), HBV (Peng et al. 2008), HCV (Urbani et al. 2006), and persistent LCMV infec-
tion (Barber et al. 2006). Ex vivo blockade results in resurrection of T cell function 
(Nakamoto et al. 2009; Trautmann et al. 2006; Tzeng et al. 2012; Urbani et al. 2006) 
and in vivo blockade in persistent LCMV leads to early clearance (Barber et al. 2006).

IL-10 is also a potent regulator of T cell exhaustion which we will focus on 
for the remainder of this review. IL-10 was first described in 1989 as a factor 
secreted by Th2 cells to inhibit cytokine secretion by Th1 cells (Fiorentino et al. 
1989) highlighting IL-10’s main role as an inflammatory cytokine. Since this first 
description, study of this cytokine has illuminated a variety of functions (Moore 
et al. 2001) revealing pleiotropic effects on different cell populations and with 
diverse suppressive roles during persistent viral infection (Ouyang et al. 2011; 
Wilson and Brooks 2011).

2 � Establishing IL-10 as a Cause of Viral Persistence

2.1 � IL-10 in LCMV

The first description of IL-10 as a major contributing factor to viral persistence came 
in 2005 from studies of LCMV (Brooks et al. 2006; Ejrnaes et al. 2006). The work 
stemmed from observations of the differential patterns of IL-10 expression during 
acute versus persistent infection. Serum IL-10 levels peak at equivalent levels in both 
ARM and CL-13 infected mice (Brooks et al. 2008b) and then quickly decrease by 2 
and 3 days post-infection (Fig. 1). IL-10 levels in ARM continue to decrease over the 
next 12 days, while in Cl-13 infection these levels reverse to increase over the same 
period. The kinetics of IL-10 increase correlate with viremia (Brooks et al. 2008b; 
Wilson et al. 2012) and is concomitant with T cell exhaustion. Accordingly, block-
ade of this increase in IL-10 prevented T cell exhaustion, maintaining robust T cell 
responses, as measured by the number of anti-viral CD4 and CD8 T cells and their 
ability to produce IFN-γ, IL-2, and TNF-α. This augmented response resulted in 
early clearance of CL-13 infection (Brooks et al. 2006), establishing IL-10 as a major 
contributor to the decrease in virus-specific T cells and their function. Even after T 
cell exhaustion is established, blockade of IL-10 is able to rescue T cell activity and 
instigate early viral clearance Deletion of the il10 gene has a similar effect, with il10-
/- mice displaying greater numbers of anti-viral T cells as well as higher cytokine 
production compared to their wild-type counterparts (Brooks et al. 2006). These data 
established that IL-10 is necessary to both instill and maintain the immune suppres-
sive state during persistent viral infection.
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Establishment of the role of IL-10 in LCMV persistence brought about renewed 
interest in the interactions of IL-10 during HIV, HCV, and HBV infections. 
Because it is difficult to perform tightly controlled experiments in humans, it has 
only been possible, thus far, to establish correlations between IL-10 and human 
viral infections. However, IL-10 is elicited during these infections as IL-10 corre-
lates positively with viral load in HIV (Brockman et al. 2009; Orsilles et al. 2006), 
HBV (Peppa et al. 2010), and HCV (Akcam et al. 2012; Claassen et al. 2012; 
Reiser et al. 1997; Sofian et al. 2012).

2.2 � IL-10 in HIV

The role of IL-10 during HIV infection is complex and multi-faceted. Although it is dif-
ficult to quantify the contribution of IL-10 to T cell exhaustion during HIV infection, 
ex vivo studies suggest that IL-10 is a major contributing factor. IL-10 expression posi-
tively correlates with HIV viremia (Brockman et al. 2009; Orsilles et al. 2006) and ex 
vivo blockade of IL-10 enhances activity of both CD4 and CD8 T cells isolated from 
HIV patients as measured by proliferation and expression of IFN-γ, TNF-α, and IL-2 
(Bento et al. 2009; Brockman et al. 2009; Landay et al. 1996; Porichis et al. 2013; Yang 
et al. 2009). Notably, IL-10 blockade was effective for HIV patients with uncontrolled 
viremia, but not for those with highly controlled viremia (elite controllers or those on 
antiretroviral treatment) (Brockman et al. 2009), suggesting that HIV progression may be 
associated with IL-10-mediated immune suppression. However, this may be only during 
the pre-AIDS phase of infection, as IL-10 blockade was less successful at enhancing T 
cell responses in those with AIDS (<200 CD4 T cells/ul) (Landay et al. 1996).

In addition to modulating T cell function, IL-10 may negatively regulate the size 
of important immune cell populations. CD4 T cells from HIV-infected individuals 

Fig. 1   IL-10 and T cell responses during acute versus persistent infection. IL-10 is initially by 
infection with both acute and persistent strains of LCMV. However, levels of IL-10 continue 
to increase in persistent viral infection, concomitantly with viral load. IL-10 supresses T cell 
responses and is a major contributor to T cell exhaustion in which T cells lose the capacity to 
secrete multiple cytokines and CTLs lose the capacity to lyse infected cells
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are highly sensitive to apoptosis (Clerici et al. 1994; Estaquier et al. 1995) and this 
sensitivity can be decreased by blocking IL-10, suggesting that IL-10 contributes to 
the depletion of this cell population. Not only does IL-10 control cell death in the T 
cell compartment, but also in the DC compartment. DCs produce IL-10 during HIV 
infection and this production targets them for lysis by NK cells (Alter et al. 2010). 
Hence, not only does IL-10 debilitate the anti-viral T cell response, but also enables 
the virus to directly target cells necessary to generate new anti-viral T cells.

The role of IL-10 in HIV extends beyond the suppression of immune cells. 
IL-10 has been observed to both induce and block viral replication depending on 
the cell type examined (Finnegan et al. 1996; Leghmari et al. 2008; Takeshita et al. 
1995; Weissman et al. 1995). In infected macrophages/monocyte cell lines, expo-
sure to IL-10 in the presence of TNFα induces viral replication (Finnegan et al. 
1996; Weissman et al. 1995). Conversely, IL-10 was shown to block viral replica-
tion in ex vivo stimulated CD4 T cells (Bento et al. 2009). The variability of these 
observations may stem in part from the differential modulation of cellular recep-
tors such as HIV co-receptors CCR5 and CXCR4, which are affected by IL-10 
signaling (Kwon and Kaufmann 2010). Overall, it is clear that the role of IL-0 in 
HIV is not simple and is likely dependent on the cell-type.

2.3 � IL-10 in HBV and HCV

The involvement of IL-10 in chronic HBV and HCV infections is controversial 
and has been difficult to study due to the shortage of small animal models. In 
chronic HBV-infected individuals, high serum IL-10 levels correlate with higher 
viral loads (Peppa et al. 2010). In the liver, the main site of HBV infection, IL-10 
likely suppresses the activity of natural killer (NK) cells, which have a prominent 
population in this tissue (Maini and Peppa 2013). The suppression of NK activity, 
including their ability to produce IFN-γ, which is important to T cell activation 
(Maini and Peppa 2013), occurs in a manner that is inversely and temporally cor-
related with IL-10 levels (Dunn et al. 2009) and blockade of IL-10/IL-10R ex vivo 
can restore IFN-γ secretion by NK cells (Peppa et al. 2010). Thus, these data sug-
gest that IL-10 regulates the behavior of NK cells in the liver.

Though whether IL-10 is a factor in suppression of anti-HCV responses is still 
under investigation, it is likely that there is some degree of contribution. IL-10 
levels of HCV-infected patients are higher than those of uninfected individu-
als (Claassen et al. 2012; Reiser et al. 1997; Sofian et al. 2012). Ex vivo block-
ade of IL-10 is followed by improved function of exhausted HCV-specific T cells 
(Ludewig et al. 2012; Rigopoulou et al. 2005). Interestingly, long-term administra-
tion of IL-10 to individuals with HCV-related liver disease led to an increase in 
viral burden. The increase in viral titers was accompanied by the arrest of liver 
damage as demonstrated by a reduction in hepatic inflammation and fibrosis 
(Nelson et al. 2003), demonstrating that anti-HCV immunity is susceptible to con-
trol by HCV in the chronic phase. Further support for the role of IL-10 in chronic 
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HCV infection is derived from studies examining genetic polymorphisms that con-
trol the level of host IL-10 secretion. Although the data is highly variable, meta-
analyses have demonstrated a correlation between susceptibility to chronic HCV 
and specific single nucleotide polymorphisms in the il10 promoter, especially 
the IL-10–1082A/G polymorphism (Sun et al. 2013; Zhang et al. 2010). More 
research is necessary to establish the precise role of IL-10 in HBV and HCV infec-
tion and how this pathway can be manipulated to benefit the host.

3 � Cellular Sources of IL-10 and Its Target(s)

A number of different lymphocyte populations are capable of producing IL-10 
(Moore et al. 2001), however, the source(s) of IL-10 are likely dependent on the 
specific virus and the site, route, and cellular tropism of the particular infection 
as reflected by the differing profiles of IL-10 expression during different infec-
tion. For example, among acute viral infections, effector T cells in the lung secrete 
high levels of the cytokine during influenza infection (Sun et al. 2009), while 
splenic CD4 T cells are a major source of IL-10 during infection with west nile 
virus (Bai et al. 2009). During Cl-13 infection, one of the main producers of IL-10 
during Cl-13 infection are the CD8α- subset of DCs (Ng and Oldstone 2012; 
Wilson et al. 2012). Comparatively, only minimal expression of IL-10 by DCs 
has been observed in ARM-infected mice (Brooks et al. 2006; Wilson et al. 2012). 
DC-specific deletion of il10 results in a significant but not complete decrease in 
serum IL-10 levels (Ng and Oldstone 2012), suggesting that DCs are a major 
source of IL-10 but that other cell-types contribute as well (Ng and Oldstone 2012; 
Richter et al. 2013). A small percentage of B cells as well as CD4 T cells demon-
strate IL-10 expression, while expression is negligable in CD8 T cells. Differing 
results have been observed with macrophages. However, it is interesting to note 
that antigen-presenting cells that express IL-10 also express high levels of other 
suppressive factors, including PD-L1 and indoleamine 2,3 dioxygenase (IDO) (Ng 
and Oldstone 2012; Wilson et al. 2012). Thus, when T cells interact with these 
cells, there is the delivery of multiple suppressive signals.

In relation to human infections, IL-10 is up-regulated by multiple cell types. 
During HIV infection, IL-10-producing cells include CD4 T cells, DCs, B cells, 
and natural killer (NK) cells (Brockman et al. 2009; Leghmari et al. 2008). 
Although this expression is likely due to host-programmed upregulation, HIV also 
may actively induce expression of IL-10. In vitro studies have demonstrated that 
monocytic cell lines and primary patient cells incubated with HIV proteins Tat, 
gp120, and nef upregulate expression of IL-10 (Blazevic et al. 1996; Borghi et 
al. 1995; Brigino et al. 1997; Contreras et al. 2004; Gee et al. 2007; Gupta et al. 
2008; Masood et al. 1994; Schols and De Clercq 1996). In HBV infection, T cells 
and monocytes isolated from the blood of chronic HBV patients secrete IL-10 
upon stimulation with HBV antigen (Hyodo et al. 2004) and increased levels of 
IL-10 are also elicited from the peripheral leukocytes of HCV-infected individuals 
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when exposed to the HCV core antigen (Barrett et al. 2008). While research 
has identified some sources of IL-10, further research is necessary to determine 
whether/how the identity of the IL-10 producing cell has impact on determining 
the specific downstream effects of IL-10.

Much has been elucidated regarding the effects of IL-10 in T cell function, yet 
the exact mechanism by which IL-10 elicits T cell exhaustion is not known as 
IL-10 can signal on multiple cell-types. Many lymphocytes express the receptor 
for IL-10 (IL-10R), including CD4 and CD8 T cells (Moore et al. 2001). Hence, 
there are several possibilities for the targets of IL-10 signaling. The first is signal-
ing directly on T cells. In CL-13 infection, since DCs express IL-10, T cells that 
come into contact should be directly exposed to the cytokine. Surprisingly, spe-
cific deletion of IL-10R on T cells does not alleviate T cell exhaustion or lead to 
accelerated clearance of the virus (Ng and Oldstone, unpublished observation), 
suggesting that IL-10 signaling on T cells is not the route by which IL-10 elic-
its exhaustion. Comparatively, during acute infection with ARM, IL-10 signals 
directly on anti-viral CD4 T cells to limit the size of the effector and memory pop-
ulation (Brooks et al. 2010). Ex vivo blockade of IL-10R improves T cell function 
in cells from HIV- and HCV- infected patients (Brockman et al. 2009; Ludewig et 
al. 2012; Rigopoulou et al. 2005), however, these experiments have all been per-
formed on PBMC, and thus, do not provide evidence on the target cell.

A second possibility for the mechanism of IL-10-mediated exhaustion is that 
IL-10 may suppress T cell function indirectly via antigen-presenting cells such 
as DCs. IL-10 signaling is known to inhibit maturation and expression of MHC I, 
MHC II, and stimulatory molecules CD80 and CD86 on monocytes and DCs (Chan 
et al. 2006; Koppelman et al. 1997) which in turn would affect their ability to fully 
activate T cells. DCs of CL-13 infected mice display a reduction in these molecules 
as well as a reduced capacity to activate T cells (Sevilla et al. 2000, 2004). However, 
the concept of IL-10 suppression of stimulatory molecules on DCs is not supported 
by current data as deletion of IL-10R on DCs does not alter their expression of 
stimulatory molecules during Cl-13 infection (Ng and Oldstone 2012). Thirdly, it is 
possible that IL-10 signaling on multiple cell-types is responsible for the observed 
exhaustion and that only by blocking signaling on all of these cells can T cell func-
tion be rescued. Indeed, cell-specific deletion of IL-10 signaling does not affect T 
cell exhaustion (unpublished observation), while IL-10R knockout mice and mice 
treated with anti-IL-10R antibody do not undergo T cell exhaustion and clear Cl-13 
infection early (Brooks et al. 2006). Whether multiple cell types or an as yet-to-be 
determined single cell-type are the target(s) of IL-10 remains to be determined.

4 � Triggers of IL-10 and T Cell Exhaustion

The precise molecular events that induce IL-10 and cause T cell exhaustion are still 
being examined. Data, thus far, suggests at least two factors. The first factor is viral 
antigen. In multiple infections, IL-10 expression and magnitude of expression is 
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correlated with viral load (Fig.  1) both longitudinally within an infected organism 
and across patient groups. Furthermore, prolonged exposure to high viral antigen load 
leads to T cell exhaustion (Fahey and Brooks 2010; Mueller and Ahmed 2009; Richter 
et al. 2012; Wherry 2011). LCMV studies examining CD8 T cell exhaustion have 
observed that increasing the number of antigen-presenting cells results in decreased 
T cell function, suggesting that the amount of antigen that the T cell encounters regu-
lates functionality. The initiation of T cell exhaustion is not simply linked to the level 
of viremia, but to the amount and length of antigen presentation that is important in 
determining exhaustion. In combination with the amount of encountered antigen, the 
antigen-presenting cell may also play a role. Recognition of antigen on non-hemat-
opoietic cells promotes T cell exhaustion. This is consistent with the observation that 
non-hematopoietic stromal cells in lymphoid tissue upregulate PD-L1 during Cl-13 
infection, which prevents immunopathology (Mueller et al. 2007, 2010). Interestingly, 
these cells are implicated in regulation of peripheral tolerance and T cell activation.

The necessity of a high viral antigen load to trigger of T cell exhaustion empha-
sizes several points about virus-host interactions: (1) For a viral infection to 
become persistent, the virus must evade a functional T cell response long enough 
to replicate to levels that will trigger T cell exhaustion; (2) To prevent T cell 
exhaustion, the host must control viral replication to sufficiently low levels. The 
result of the virus-host interaction is likely determined very early on in infection 
and involves a family of cytokines until recently only perceived as anti-viral. Based 
on very recent work, the mechanism for how viral antigen triggers T cell exhaus-
tion may involve the induction of type I interferons (IFN), such as IFNα and IFNβ. 
Two studies have elucidated a role for type I IFN in instituting viral persistence 
during LCMV infection (Teijaro et al. 2013; Wilson et al. 2013). Infection with 
both ARM and CL-13 initiates the production of IFNα in the first 24  h (Teijaro 
et al. 2013; Wilson et al. 2013). However, CL-13 infection produces significantly 
more IFNα and IFNβ, whereas ARM produces less IFNα and no measureable 
IFNβ, suggesting an association between persistent viruses and IFN-I signal-
ing. Blockade of type I IFN significantly impacts a number of factors, including 
expression of negative immune regulators. At 1, 5, and 9 days post-infection, there 
is lower expression of IL-10 (Fig. 2) and PD-1 ligand despite significantly higher 
viral loads (Teijaro et al. 2013; Wilson et al. 2013). At 9 days post-infection when 
T cells are typically exhausted, type I IFN blockade results in significantly greater 
numbers of cytokine-producing anti-viral CD4 T cells despite significantly higher 
viral load and greater numbers of antigen presenting cells; CD8 T cells not only 
are initiated at a slower rate, but also exhibit a similar trend at later timepoints (Ng, 
Teijaro and Oldstone, unpublished observation). Surprisingly, these cells do not 
exhibit the characteristic signs of exhaustion despite prolonged exposure to high 
viral antigen loads. Ultimately, the contribution of these factors culminates in early 
clearance by around 40 versus 60 days post-infection. In essence, type I IFN is a 
master regulator, controlling expression of negative immune regulators and initia-
tion of T cell exhaustion. Type I IFN blockade decouples the link between antigen 
exposure and T cell exhaustion suggesting that it is the ability of high viral load to 
elicit type I IFN that ultimately results in T cell exhaustion.
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5 � Il-10 as a Therapeutic

Because IL-10 is a dominant suppressive pathway in the regulation of T cell 
exhaustion, it presents an interesting potential therapeutic target for persistent 
viral infections that are characterized by dampened T cell responses. Although 
the IL-10 pathway is an attractive target, manipulation of IL-10 must be balanced 
carefully to enhance anti-viral responses and with the need to minimize host tissue 
damage. T cell exhaustion severely hinders viral clearance; however, this strategy 
is likely a host-derived mechanism to prevent life-threatening immunopathology. 
Inhibition of the IL-10 pathway during LCMV not only enhances viral clearance, 
but also decreases survival. Importantly, the pleiotropic effect of IL-10 on differ-
ent cell-types must also be considered as the function of various immune cells 
may be up- or down-regulated simultaneously. However, in proof of principle this 
strategy is viable. As discussed earlier, neutralization of IL-10 after the onset of T 
cell exhaustion, rescues CD4 and CD8 T cell responses and viral control. Human 
in vivo studies have yet to be performed, however, in vitro blockade of IL-10 is 
followed by improved function of exhausted T cells in HIV (Landay et al. 1996; 
Yang et al. 2009), HBV, and HCV. This treatment could be further improved upon 
by utilizing therapeutic vaccination. The combination of IL-10 blockade to relieve 
the immune suppressive environment with an LCMV-specific DNA vaccine to 

Fig.  2   Type I interferon (IFN) is a determinant of IL-10 expression and viral persistence. 
High expression levels of type I IFN predict high expression of IL-10. Early blockade of type 
I IFN signaling by an anti-IFN α/β receptor antibody results in the induction of significantly 
lower levels of serum IL-10 in the early phase of infection (day 1 and 5) and once persistence is 
established (day 9) compared to isotype control mice. This suggests that IL-10 expression is con-
trolled by type I IFN. Concomitantly, treated mice exhibit greater numbers of anti-viral CD4 T 
cells. Treated mice clear Cl-13 infection at an accelerated rate in a CD4 T cell-dependent manner
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stimulate immunity enhances both anti-LCMV CD4 and CD8 T cell responses 
leading to significant viral control that exceeds IL-10 blockade alone (Brooks et 
al. 2008b). This strategy is not only of interest for amplifying anti-viral responses, 
but also applicable for enhancing vaccine responses against other pathogens. HIV- 
and HCV-infected individuals have suboptimal immunological responses to vac-
cines such as influenza vaccination or HBV vaccination (De Sousa dos Santos et 
al. 2004; Malaspina et al. 2005; Moorman et al. 2011). Using blocking IL-10 sign-
aling would likely improve the responses to vaccination resulting in better protec-
tion against secondary infection.

Another therapeutic consideration is the targeting of several inhibitory path-
ways to restore T cell function, since exhausted T cells express multiple inhibitory 
receptors. As discussed earlier, the PD-1 pathway is another dominant suppressive 
pathway that limits T cell function during persistent infections. PD-1 functions 
independently of the IL-10 pathway as evidenced by unchanged expression when 
the other pathway is manipulated. The simultaneous blockade of both pathways 
creates a synergistic effect that leads to faster clearance of persistent LCMV infec-
tion than the blockade of one pathway alone (Brooks et al. 2008a). Furthermore, 
blockade of either inhibitory receptor T-cell immunoglobulin domain and mucin 
domain 3 (Tim-3) or LAG-3, though ineffective alone (Blackburn et al. 2009; Jin 
et al. 2010; Leitner et al. 2013), have been shown to be effective at restoring T cell 
function when either are paired with PD-1 (Blackburn et al. 2009; Jin et al. 2010). 
Thus, it may be possible to utilize all four pathways to alleviate T cell exhaustion 
depending on the extent of hypofunctionality and potential immune pathology. 
Only further investigation of anti-IL-10 treatment will determine if it is a viable 
strategy to decrease T cell exhaustion in human chronic infections.

6 � Conclusion

Collectively, the data presented in this review show that IL-10, though elicited 
early during most inflammatory events, is a prominent factor in persistent viral 
infections. In spite of the major advances in our understanding of IL-10 as a key 
suppressive pathway in persistent infection, there is still much left to be eluci-
dated. First, it is important to understand how IL-10 is elicited from specific cel-
lular subsets, because this likely determines the downstream effects of IL-10. 
Second, resolving the specific cellular mechanism by which IL-10 signals T cell 
exhaustion is crucial for attaining a complete understanding of this pathway and 
how it can be manipulated for therapeutic benefit. Lastly, the clinical contribu-
tion of IL-10 must be better quantitated to better define the potential impact of any 
manipulations of the IL-10 pathway, although this may prove difficult due to the 
relative lack of animal models in HIV, HBV, and HCV. Hopefully, these questions 
will be answered quickly to define the potential of this cytokine in the treatment of 
persistent viral infections.
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