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A B S T R A C T

The expansion and activation of tumor antigen reactive CD8+ T cells are primary goals of immunotherapies for
cancer. IL-10 is an anti-inflammatory cytokine with an essential role in the development and proliferation of
regulatory T cells, restricting myeloid and chronic inflammatory T cell responses. However, IL-10 is also es-
sential for the expansion of antigen activated, tumor specific CD8+ T cells, leading to spontaneous tumor de-
velopment in IL-10 deficient patients and mice. IL-10 induces IFNγ and cytotoxic mediators in antigen activated
T cells. In clinical trials, monotherapy with recombinant, pegylated IL-10 (Pegilodecakin) induced objective
responses in cancer patients. Patients receiving pegilodecakin had a systemic increase of IFNγ and granzymes,
proliferation and expansion of immune checkpoint positive CD8+ T cells. Combination of pegilodecakin with
anti-PD-1 appeared to improve on the efficacy of the single agents.

1. Introduction

Early successes in stimulating the immune system to recognize and
eliminate tumor cells have been achieved with clinical use of cytokine
therapies such as Interferon-α and interleukin-2 (IL-2). While asso-
ciated with immune mediated toxicity, recombinant IL-2 has been being
among the most clinically successful agents for the immune treatment
inducing long lasting complete response, albeit only in a subset of pa-
tients with melanoma and renal cell cancer [1]. With the more recent
success of immune checkpoint inhibitors, antibody therapies against
cytotoxic T-lymphocyte antigen 4 (CTLA-4) and programmed death-1
(PD-1) on T cells, immunotherapy as therapeutic avenue in cancer
treatment has finally emerged into mainstream oncology. While an-
ti–CTLA-4 antibodies were the first to be approved by the U.S. Food and
Drug Administration for the treatment of melanoma, antibodies in-
hibiting the PD-1 receptor or its ligand transformed the treatment
paradigms of many solid malignancies.

In the last twenty years, many studies demonstrated that infiltration
of T cells is the single most important prognostic factor for the majority
of human tumor types [2]. The inhibition of CTLA-4 and PD-1 alone or
in combination, enhance CD8+ T cell recognition of tumor antigens and
achieve durable clinical responses in patients with melanoma [3–5]. T
cells specific to tumor-associated antigens (TAA) are rare in the blood
and tumors of patients with cancer. Anti–CTLA-4 but not anti–PD-1
treatment amplifies TAA-specific CD8+ T-cells in responding patients

with melanoma [6,7].The combination of T-cell checkpoint inhibitors,
anti–PD-1 and anti–CTLA-4, revealed a stunning improvement over
each therapy alone, with 53% of patients with melanoma receiving the
combined regimen experiencing an objective responses [8]. Anti-PD-1
therapies are most efficacious in indications and tumors with a high
number of somatic mutations or tumor mutational burden (TMB). High
TMB increases the antigenic difference between the tumour and the
immunological self (immunogenic tumors). This antigenic difference
enables T cell recognition and may lead to a higher number of tumor
infiltrating T cells (TIL) [9–11]. In the opposite scenario, immune
therapies and immune checkpoint inhibition, tend to have poor re-
sponse rates in indications or patients with lower mutational burden.
Hence additional therapeutic approaches to increase the rare tumor
antigen specific T cells in tumors with low TMB are needed.

IL-10 is the founding member of the IL-10 family of cytokines. It is a
noncovalent homodimeric alpha helical cytokine with structural simi-
larities to IFN-γ. The IL-10 receptor (IL10R) consists of two molecules of
an IL-10–specific alpha chain IL10Ra and two molecules of IL10Rb that
is shared with other cytokines. IL10R is expressed on the surface of
most hematopoietic cells, including T cells, B cells, and macrophages.
IL-10 was identified as a factor produced by Th2-polarized CD4+ T
cells, which suppresses the proliferation of CD4+ T cells. In this setting
IL-10 inhibits the secretion of cytokines in Th1 helper cells, in particular
IL-12 and IFN-γ [12]. In vitro, IL-10 also reduces the antigen specific
stimulation of CD4+ T cell proliferation by monocytes through
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downregulation of class II major histocompatibility complex (MHC-II)
[13]. In contrast, IL-10 induced thymocyte proliferation by elevating
the expression of CD3 and CD8 and IL-10 was shown to induce the
cytotoxicity of CD8+ T cells [14]. In mouse tumor models, IL-10 in-
creased the expression of IFNγ in CD8+ T cells, paradoxically leading to
increased expression of MHC I and MHC II [15]. Deficiency in IL-10 or
IL10R have - in human genetics and mouse models - clarified the
nonredundant immunologic properties of the IL-10 pathway for both
functions. In support of the anti-inflammatory and tumor-inhibitory
function, IL-10–deficient mice and humans develop inflammatory
bowel disease (IBD) and cancer [16–18].

In preclinical tumor models, IL-10 induces the rejection of tumors
predominantly relying on the CD8+ T cell activating property. The anti-
inflammatory role of IL-10 has been well described mostly in en-
gineered mouse models of IL-10 deficiency, whereas the well-docu-
mented IL-10–dependent stimulation of CD8+ T-cell cytotoxicity in the
immune response to cancer has received considerably less attention.
This review will focus mostly on the use of the recombinant pegylated
cytokine, its ability to stimulate antigen-specific CD8+ T cell responses
and its application in cancer immune therapy in mouse models of
cancer and clinical trials in cancer patients.

2. IL-10 reduces TLR induced inflammatory responses

Understanding of the anti-inflammatory mechanism of IL-10 was
early on revealed in a mouse model of endotoxemia. Single or repeated
injections of bacterial lipopolysaccharides (LPS) induce an acute cyto-
kine release syndrome (CRS), leading to a vascular shock and death.
LPS activates Toll-like receptor 4 (TLR4), a pattern recognition receptor
(PRR) expressed on many myeloid cells. PRRs alert the innate immune
system of foreign molecules such as bacterial cell wall constituents or
DNA, and of damaged host cells. The stimulation of PRRs is not antigen
specific and leads to an inflammatory reaction, largely driven by the
innate immune system. However, LPS also induces inflammatory

cytokines IL-12/IL-23, which stimulate inflammatory T cells. IL-10 is
induced by LPS as a negative feedback and inhibits the expression of the
shared p40 subunit of IL-12/IL-23. This is achieved through a tran-
scriptional cascade involving STAT3 and the transcriptional repressor
nuclear factor, interleukin 3 regulated (NFIL3), which inhibits the
transcription of p40 [19–21]. NFIL3 deficiency causes a microbiota
dependent colitis [22]. Due to the absence of this feedback, IL-10−/−

mice are sensitive to the LPS-induced shock, while IL-10 protects the
mice from CRS [23,24]. IL-10–activated STAT3 also induces the sup-
pressor of cytokine signaling 3 (SOCS3), which binds and inhibits the
proinflammatory IL-6 and IL-12/IL-23 receptors [25]. IL-10 thereby
intercepts the inflammatory responses at various levels.

At high local concentrations, the inflammatory response to PRR li-
gands injected into a tumor can result in sufficient local activation of
the innate immune cells to reject a tumor. TLR7 agonist (imiquimod) is
approved for the treatment of localized basal carcinoma of the skin
[26]. Tumor rejection is driven by local activation of inflammatory T
cells and macrophages. The local inflammatory reaction to imiquimod
indeed serves as a prognostic indicator of treatment success [27]. In the
absence of IL-10, the local inflammation is greatly exacerbated. In-
tratumoral injection of TLR ligands into experimental tumors have
enhanced activity when applied in a IL-10-/- mouse or in combination
with an IL-10 neutralizing antibody [28]. Systemic applications of TLR
agonists, however lead to a life-threatening CRS. Consequently, and due
to limiting toxicities, this approach has seen so far little or no success in
systemic tumor therapy. Intratumoral injection of the PRR agonist in
combination with IL-10 inhibition are pursued. Antibody mediated IL-
10 abrogation (MK-1966) in combination with local TLR9 activation
(SD-101) entered clinical trials in 2015 (NCT02521870) with an ex-
pected study completion in 2019.

3. Tumor associated inflammation

The regulation of proinflammatory and anti-inflammatory signals

Fig. 1. IL-10 at the crossroad from inflammation to the stimulation of CD8+ T cells. A). Toll like Receptors (TLR) or pattern recognition (PRR) mediated in-
flammatory responses induce the expression of IL-12 and IL-23 . IL-10 activates STAT3 which inhibits expression of the shared p40 subunit of IL-12 and IL-23. IL-10
also inhibits inflammatory Th17 Cells directly and indirectly through the stimulation of Tregs. Suppression of IL-17, IL-1 and TNFa inhibit neutrophil and macro-
phage activation in tumor associated inflammation and inflammatory diseases. B). Upon antigen stimulation, CD8+ T cells upregulate the IL-10 receptor and IL-10.
Autocrine and therapeutic IL-10 increases anti-apoptotic signals and IFNγ in those antigen experienced CD8+ T cells. IFNγ is released once the CD8+ T cell is
recognizing the antigen (MHC+TAA) on tumor cells or dendritic cells (DC) in the tumor. This localized IFNγ release, leads to MHC I and MHC II upregulation in the
tumor and enables tumor centric priming of CD4+ and CD8+ T cells. C). Pegilodecakin induces directly IFNγ, Granzyme and FasL expression in antigen activated
CD8+ T cells, facilitating the upregulation of MHC I on the tumor cell and induction of tumor cell killing.
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and T cell populations is crucial for the maintenance of normal phy-
siology as well as the suppression of tumor development. Locally in-
duced inflammation can lead to the elimination of the injected tumor
and sometimes abscopal lesions, but systemic inflammation appears to
promote tumor incidence and progression. Chronic inflammation cor-
relates with tumor incidence in experimental cancer models and in
cancer epidemiology [29,30]. The development and progression of tu-
mors in chronically inflamed tissue is thought to be the consequence of
increased compensatory cell proliferation, a tumor-promoting micro-
environment with increased angiogenesis and proteolytic activity, an
increased mutation rate due to the release of oxygen radicals, and the
conspicuous absence of tumor immunosurveillance by cytotoxic T cells.

IL-10 is an essential cytokine for the homeostasis of anti-in-
flammatory regulatory T cells (Tregs) and the suppression of proin-
flammatory IL-17–expressing T cells (Th17) (Fig. 1a). This anti-in-
flammatory role of IL-10 was earliest demonstrated in IL-10 knockout
mice who spontaneously develop inflammatory bowel disease (IBD)
[31]. Removal of commensal intestinal bacteria by antibiotic treatment
protected IL-10 -/- mice from colitis [32], and the prevalence and se-
verity of IBD in IL-10-/- mice is attenuated in SPF facilities. The re-
levance of this finding has been confirmed in patients carrying a so-
matic mutation in the IL-10 or the IL10R gene, who spontaneously
develop severe, very early onset IBD [16]. Importantly, in the presence
of this increased systemic inflammation, IL-10 knockout mice (IL-10-/-)
spontaneously develop colon cancer [18], while patients deficient in IL-
10 signaling develop lymphomas within the first decade of life [17]. It
is not clear why mice do not develop lymphomas, or if IL-10R deficient
patients would develop colon cancer with increased age. This difference
in tumor type could arise from the difference in the duration of in-
flammation until tumor incidence, the anti-inflammatory medication in
IL-10 deficient patients which may prevent the development of colon
carcinomas in human, or a difference in the microbiota that modifies
the organ specific cancer risk. In general, inflammation arising due to
IL-10 deficiency may provide a fertile ground for tumor development
and support the concept of tumor-promoting inflammation.

In autoinflammatory mouse models, IL-10 ablation leads to in-
creased immune pathology mediated by proinflammatory Th17 cells
expansion [33]. In this scenario, regulatory T cells function both as a
rate limiting producer of IL-10 and an essential recipient of the cyto-
kine, and deficiency of IL-10 or the IL10R in Treg causes colitis [34]. IL-
10 induces STAT3 phosphorylation in Tregs, and STAT3 deficient Tregs
fail to expand in the inflamed gut. In contrast, STAT3 is not required for
Treg mediated suppression of CD4 T-cell proliferation in vitro [35]. This
suggests that IL-10 regulates the inhibition of inflammation through the
homeostasis of Tregs.

Mice with a mutation in the adenomatous polyposis coli gene
(APCΔ468) develop intestinal tumors, driven by focal inflammation to
their microbial gut flora. Ablation of IL-10 in T cells increases the in-
flammation and increases the tumor burden in the colon [36]. In the
small intestine of the same mice, overshooting severe inflammation
prevented development of tumors at an early age, however progressive
loss of IFNγ+ T cells and cellular cytotoxicity led to cancer development
[37]. Adoptive transfer of CD25hi T cells into APCΔ468 mice with colonic
tumors lead to an IL-10–dependent reduction of tumor burden [38].
Collectively, these data support a role of CD4+ T cell derived IL-10 in
the suppression of inflammation induced cancers.

Th17 cells are functionally dependent on the myeloid-derived cy-
tokine IL-23. Genetic or therapeutic ablation of IL-23 in mice renders
them resistant to experimentally induced autoinflammatory diseases
[39]. IL-23 deficiency also severely restricts the development of ex-
perimentally induced tumors accompanied by a deficiency of in-
flammatory mediators such as IL-17, tumor-promoting inflammatory
metalloproteases and inflammation driven angiogenesis [40,41]. Si-
multaneously, tumor-infiltrating CD8+ T cells and their cytotoxic
mediators and IFN-γ are highly prevalent [41]. The pro-inflammatory
IL-23 also suppressed NK cell mediated tumor rejection [40]. The

mutual exclusivity of “inflammatory” and “cytotoxic immunity” med-
iating cells is explained by the signature effector cytokines, IL-17 or
IFN-γ. IL-17 attracts and activates granulocytes and myeloid cells pro-
moting angiogenesis and wound repair. IFN-γ induces antigen pre-
sentation and the development of CD8+ T cell immunity.

At the transcriptional level, this dichotomy is achieved by tran-
scription factors such as RORγt, which defines the proinflammatory
Th17 cells and proinflammatory Tregs [42,43]. T-cell–specific deletion
of RORγt inhibits both inflammatory T-cell populations, suppresses
tumor development in APCΔ468 mice, and increases the expression of IL-
10 [42]. In the absence of RORγt and inflammatory Th17 cells, cyto-
toxic granzymes and perforin-positive cells are increased in the gut,
indicating the reciprocal regulation of the immune response. NFIL3, the
transcriptional repressor mediating the IL-10–STAT3 induced inhibition
of IL-12/23p40 expression [20], also mediates the repression of RORγt
[44]. Intriguingly, STAT3 mediates both, inflammatory signals through
IL-6 and IL-23 and anti-inflammatory signals by IL-10. STAT3 knockout
mice were resistant to experimental uveitis due to deficient Th17 in-
duction, and an increase of IL-10+ CD8+ T cells. However, upon her-
pesvirus infection, the STAT3 deficient CD8+ T cells had less virus-
specific IFN-γ+ and KLRG-1+ CD8+ T cells demonstrating dependence
on the IL-10 STAT3 stimulation of CD8+ Teff cell survival (see also 4.1)
[45].

The balance of the decision between cytotoxic and inflammatory
cell fate of CD8+T cells is also controlled by the T-box transcription
factors, Eomesodermin and T-bet which are essential for NK cells and
CD8+T cell memory [46]. Intriguingly, in compound knockout mice
lacking both, T-bet and Eomesodermin, CD8+T cells are unable to
mount a cytotoxic response after virus infection but instead develop a
neutrophil mediated wasting syndrome, driven by IL-17 expressing
CD8+T cells (Tc17) [47]. These proinflammatory Tc17 are also de-
void of IL-10 and IFNγ expression.

These data demonstrate the intricate antagonism of proin-
flammatory signaling and cellular cytotoxicity and the importance of
IL-10 in the control of Th17 cells which are critically involved in the
development of tumor-promoting inflammation. Intriguingly, increased
CD8+ T cell activity is observed when inflammatory responses are in-
hibited. While the rational for inflammation control or immune effector
modification is supported by both preclinical mechanistic data and
clinical correlations, it has not been explored clinically as aggressively
as immune stimulatory therapies. The use of tocilizumab (anti-IL-6) to
control immune mediated adverse events of immune checkpoint in-
hibitors, appears to be clinically safe and not inhibit anti-tumor im-
mune function [48]. This supports the concept that inflammatory ef-
fector cytokines such as IL-6 are not essential in antigen specific tumor
immunity. More specific combinations of activation of antigen specific
T cells and anti-inflammatory therapies may provide means to a more
tolerated and potentially more efficacious immune therapy regimen.

4. Regulation of CD8+ T cells by IL-10

4.1. In vitro modulation of CD8+ T cell activity by IL-10

IL-10 modifies the immune response to antigens and pattern re-
cognition motives toward an antigen specific and CD8+ T cell specific
response. A stimulating function of IL-10 on CD8+ T cells was first
described as the B-cell–derived T-cell growth factor (B-TCGF), IL-10
induces the expression of CD3 and CD8 molecules on thymocytes and
enhances the cytotoxic activity of CD8+ T cells [14,49]. However IL-10
also inhibits CD8+T cells in an allogenic reaction [50], potentially due
to the nature and strength of the TCR signal in this setting. IL-10 en-
hanced the proliferation of CD8+ T cells after direct stimulation of the
T-cell receptor (TCR) signaling using anti-CD3 monoclonal antibodies
(mAb). In addition, IL-10 induced the proliferation of CD8+ T cells
stimulated with anti-CD3 mAbs in the absence of exogenous IL-2 [50].
It is however feasible, that IL-10 in this setting merely enhanced the
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responsiveness to endogenous, anti-CD3 induced IL-2 (see below).
CD8+ T cell activation by TCR stimulation leads to an upregulation

of the IL-10Ra and IL-10Rb [51,52]. This increases the sensitivity of
TCR stimulated CD8+ T cells to STAT3 induction by IL-10 and may
selectively deliver anti-apoptotic signals to TCR stimulated CD8+ T
cells [52]. Simultaneously, activation of CD8+ T cell leads to a tem-
porary induction of immune checkpoint receptors such as PD-1 and Lag-
3, and this activation signature is stabilized by the treatment with IL-10
[52]. IL-10 also directly induces GranzymeB expression in activated
CD8+ T cells, leading to a higher antigen specific cytotoxicity of those
cells on target cells [15,52].

A more careful analysis of the autocrine and paracrine function of
IL-10 on macrophages, dendritic cells and CD8+ T cell priming showed
that the TLR7/8 stimulation induced IL-10 in dendritic cells, but in-
hibited IL-10 production in monocytes. Moreover, autocrine IL-10,
produced by dendritic cells did not inhibit DC maturation and priming
to high affinity antigens, but lowered priming to low affinity antigens,
potentially through reducing MHC I and CD86 expression. Reducing
antigen stimulation by 50% may restrict the T cell response to a more
mature immune response [53,54]. In addition, IL-10 enhanced the IL-15
induced TCR-independent proliferation of memory cytotoxic T cells. By
selectively increasing the sensitivity of high-affinity CD8+ T cells to IL-
15, IL-10 may increase the prevalence of antigen activated CTL. Con-
versely, IL-10 inhibition may broaden the immune response by redu-
cing antigen restriction. This could lead to a widened CD8+ T cell re-
pertoire, at the expense of TCR high affinity selection.

Antigen specific CD8+ T cells, isolated from B cell lymphomas
(DLBCL), had increased levels of PD-1 and IFNγ. Exogenous IL-10 im-
proved the survival and activity of specific, IFNγ+ but not of IFNγ −

CD8+ T cells. IL-10 reduced CD8+ T cell apoptosis while inducing
phosphorylation of STAT3 and the expression of the anti-apoptotic bcl2
[55].

In summary, IL-10 stabilizes the activity of antigen stimulated CD8+

T cells and stimulates the expression of cytotoxic effector molecules
(Fig. 1c).

4.2. IL-10 in the establishment of CD8+ T cell responses and memory in
vivo

4.2.1 Endogenous IL-10 in tumor and virus models A protective
role of IL-10 against endogenous tumors was first observed when IL-
10-/- mice spontaneously developed colon carcinoma [18]. Also, in
mice with transgenic over-expression of IL-10 in antigen presenting
cells (IL-10TG), syngeneic tumors establish normally, but are rejected
within weeks without further treatment and dependent on CD8+ T cell
[56]. When IL-10-/- and IL-10TG mice were treated with chemical
carcinogens to induce squamous skin tumors, IL-10-/- mice developed
papillomas and carcinomas earlier and in larger numbers than control
mice, while IL-10TG mice were protected from tumor development
[15]. Skin carcinomas in IL-10-/- mice progressed and metastasized
prematurely with all IL-10-/- mice succumbing prematurely to metas-
tasis, while the immune system of cancer bearing control mice was at
large capable to prevent metastasis, with most mice reaching normal
age [15]. In early precancerous lesions, intratumoral CD8+ T cells,
IFNγ, MHC molecules, and granzymes were suppressed in IL-10-/- mice,
but increased in IL-10TG mice.

During viral infection, murine hepatitis B virus specific CD8+ T cells
produce IL-10 upon antigen exposure and the autocrine IL-10 prevents
antigen mediated apoptosis and increased IL-2 responsiveness [57].
During acute lymphocytic choriomeningitis virus (LCMV) infection,
endogenous IL-10 suppresses CD4+ T cells, but not CD8+ T cells [58].
The in vivo maintenance of antiviral memory CD8+ T cells requires
STAT3 and IL-10 [59]. In viral liver infection and inflammation, TLR9
induces IL-10 producing CD8+ T cell. These IL-10+ CD8+ T cells, did
not resemble a regulatory T cell population, but produced IFNγ and
contributed to liver inflammation [60]. During coronavirus infection,

cytolyticly active CD8+ T cells produce IL-10, which reduced CD8+ T
cells bystander cell activation, resulting in decreased tissue damage
[61]. This is reminiscent to in vitro result, were IL-10 suppressed low
affinity TCR activation [54] (4.1.1).

IL-10 expressing CD8+ memory T cell are induced in syngeneic
tumor models by treatment with recombinant IL-27. These self-re-
newing memory CD8+ T cells were Bcl-6+, SOCS3+, Sca-1+, and had
increased phosphorylation of STAT3 in response to IL-10 [62]. IL-10 is
also essential for CD8+ T cell expansion in Trypanosoma infection,
where IL-10 deficiency affects specifically the CD8+ T cells, not CD4+ T
cell responses [63].

In summary, endogenous IL-10 is essential for the formation of a
potent CD8+ T cell memory to tumor and virus challenges, enabling
high affinity TCR responses, while suppressing bystander T cell pro-
liferation. The antiapoptotic function of STAT3 may protect CD8+ T
cells after antigen challenge. IL-10 increases expression of IFNγ, facil-
itating MHC expression and antigen recognition but potentially also
mediating the suppression of T cell clones with weak TCR recognition
[64].

4.2.1. Treatment with IL-10 agonist
When tumor cells engineered to express IL-10 were injected in im-

munocompetent hosts, tumors were rejected [65] and IL-10TG mice
reject transplanted tumors [56]. Syngeneic mouse tumors treated with
recombinant human IL-10 induced CD8+ T-cell–dependent tumor re-
jection [66]. In a tumor vaccination, tumor challenge and treatment
experiment, IL-10 application during the tumor vaccination did not
enhance tumor rejection, while treatment with human IL-10 during the
immune effector phase enhanced tumor rejection [67].

The single injection of systemic IL-10 or of a long-lived, pegylated
version of IL-10 (PEG-IL-10) into tumor-bearing mice induced expres-
sion of IFN-γ and granzymes in tumor infiltrating CD8+ T cells.
Sustained treatment with PEG-IL-10 led to the CD8+ T-cell–dependent
tumor rejection in a variety of rather immune resistant mouse tumor
models and eliminated lung metastasis in aggressive transplanted
tumor models. Most strikingly PEG-IL-10 induces rejection of large
endogenous breast cancers in Her2 transgenic mice. This is of particular
interest, as tumors induced by a transgenic oncogenic driver mutations
typically harbor a reduced frequency of somatic mutations and have
therefore an increased resistance to immune therapies. Tumor rejection
induced by PEG-IL-10 treatment led to a durable immune memory
against the rejected tumors, with mice remaining resistant to tumor
challenge, tested up to 8 months after the initial tumor rejection. IL-10
receptor ablation studies indicated that tumor immunity is mediated
directly through activation of intratumoral CD8+ T cells by IL-10, while
IL-10R expression on other cells was dispensable for tumor control
[51].

In intratumoral CD8+ T cells, sustained IL-10 exposure induced
phosphorylated STAT3 and STAT1 as well as IFN-γ. In contrast, CD4+ T
cells or CD8+ T cells from lymphoid organs had only moderate STAT3
phosphorylation and failed to express IFN-γ in IL-10 treated mice [51].
STAT1 is particularly important in the induction of IFN-γ, because it
induces T-bet, a transcription factor defining the Th1 and Tc1 lineages
of IFN-γ–producing T cells [68]. T-bet and the TCR-activated tran-
scription factor NFAT cooperatively induce IFN-γ and granzymes in
cytotoxic T cells [69].

This may suggest that the observed tumor restricted induction of
IFN-γ, granzymes, and perforin in CD8+ T cells in PEG-IL-10 treatment
only occurred in the presence of Tumor antigen mediated TCR stimu-
lation. Also in the presence of intratumoral IFN-γ produced by CD8+ T
cells, both MHC class I and II molecules were induced, potentially al-
lowing increased antigen presentation and recognition within the
tumor [70] (Fig. 1b). Supporting this concept, analysis of antigen re-
cognition and the expansion of tumor specific CD8+ T cells in syngeneic
mouse tumor models revealed that PEG-IL-10 increased the number of
T cells which recognized the tumor cells from the tumors they were
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isolated from, but not MHC matched control cells. Interestingly, this
increase of tumor specific CD8+ T cells was observed equally in T cells,
isolated from the tumor and in the blood of PEG-IL-10 treated animals,
suggesting that the IL-10 induced tumor reactive T cells circulate
through the lymphatic and the blood [15]. Proliferation of tumor-di-
rected T cells generally is thought to occur in the tumor-draining lymph
node, with the post proliferative T cells returning to the tumor through
the blood stream. However inhibition of lymphatic migration with an
S1P inhibitor during the treatment with IL-10 did not reduce tumor
efficacy or the increase of intratumoral CD8+ T cells, suggesting that
intratumoral T cell activation and expansion was sufficient to induce
tumor rejection in response to IL-10 treatment [51]. IL-10 dependence
of intratumoral T cell expansion was further tested by adoptive transfer
of IL10R+ and IL10R− T cells into tumor bearing T cell deficient
(Rag-/-) mice. During IL-10 treatment, IL10R-expressing tumor-resident
CD8+ T cells rapidly expanded within the tumor tissue, at the expense
of T cells not carrying the IL-10 receptor [51].

In summary, IL-10 induces the survival of antigen stimulated CD8+

effector and effector memory T cells, increasing cytotoxic enzymes and
IFNγ. CD8+ T cell derived IFN-γ mediated upregulation of antigen
presentation within the tumor (Fig. 1b). Due to the upregulation of IL-
10R in response to antigen recognition, PEG-IL-10 treatment selectively
expands tumor-resident, tumor-specific CD8+ T cells (Fig. 2).

5. Clinical experience with IL-10 agents

5.1. Reduction of inflammation and induction of immune activation in
patients treated with recombinant IL-10

IL-10 deficient animals develop inflammatory bowel disease [31]
and inflammatory, Th17 mediated disease models are inhibited by IL-
10 treatment [71]. Genome-wide association studies also confirmed the
association of IL-10 with various inflammatory diseases such as Crohn’s
disease, ulcerative colitis, and Behçet disease [72] and humans with
genetic deficiency in the IL-10 pathway develop very early onset in-
flammatory bowel disease [16]. Accordingly, clinical trials with re-
combinant IL-10 were initiated in the nineties with the intend to sup-
press inflammation in chronic inflammatory diseases. More than five
thousand individuals, normal healthy volunteers and patients with in-
flammatory disease were treated predominantly by subcutaneous in-
jections of recombinant IL-10 [73]. These clinical trials were conducted
before a detailed understanding of the molecular and cellular me-
chanism of IL-10′s anti-inflammatory function was established, bio-
marker analysis was in its infancy and it was therefore difficult to op-
timize the treatment. Moreover, the pharmacologic characteristics of
the recombinant IL-10 limited the exposure to several hours after each
subcutaneous injection. Disease-associated proinflammatory cytokines
such as TNF-α, IL-1β, IL-12, and IL-17 were reduced significantly, in-
dicating a pharmacodynamic activity of the treatment [74]. The sup-
pression of IL-1 and TNF-α was detectable only during the short periods
of elevated serum concentration of IL-10, returning to high values
within 24 h after the IL-10 injection [75]. Nevertheless, encouraging

Fig. 2. Expansion of the most fitting –
Pegilodecakin expands predominantly tumor
recognizing CD8+T cells. Antigen recognition
upregulates IL-10Ra on CD8+ T cells.
Pegilodecakin selects preferentially CD8+ T
cells, which had a recent antigen encounter - by
virtue of their IL-10Rahi status. IL-10 signaling
leads to increased activation, survival and ex-
pansion of these TAA reactive CD8+ T cells. In
contrast, IL-2 or IL-15, induce proliferation and
activation of CD4+ and CD8+ T cells in-
dependent of a TCR signal and NK cells. This
leads to the activation and proliferation of a
large proportion of all peripheral T cells, irre-
spective of antigen specificity.
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efficacy of IL-10 was observed in psoriasis and Crohn disease [73]. In
patients with interferon refractory chronic hepatitis C, IL-10 reduced
liver inflammation and fibrosis [76]. However, in pivotal trials, fre-
quently using reduced, three-times-weekly dosing regimen to avoid side
effects, statistically significant disease modification has not been ob-
served. Taken together, the variable concentration of IL-10 due to the
short half-life of recombinant IL-10 in patients may have severely
limited the therapeutic benefit.

Concomitantly, signs of IL-10–mediated stimulation of an immune
response were observed. In healthy volunteers, HLA-DR+ CD14+

monocytes were elevated in the blood [77]. In patients with Crohn
disease, treated daily with higher doses of IL-10, peripheral blood
mononuclear cells (PBMC) secreted elevated levels of IFN-γ compared
to controls [78]. A single injection of IL-10, given to healthy volunteers
prior to or after a challenge with LPS, increased granzyme B and IFN-γ
in the serum, but decreased IL-12 p40 [79]. On IL-10, IFNγ-producing
CD4 T cells were increased in patients with psoriatic arthritis [80].
These results suggested that therapeutic doses of recombinant IL-10
induced in patients key elements reminiscent of a CD8+ T-cell response
to IL-10, including IFN-γ and granzymes. IL-10 induction of IFNγ ap-
peared to be independent of the IL-12 since IFNγ induction occurred
concomitantly to the suppression of IL-12 [79].

In summary, recombinant, IL-10 had limited efficacy as an anti-in-
flammatory treatment, due to its short half-life but also due to the sti-
mulatory activity on CD8+ T cells and IFNγ expression.

5.2. Clinical experience with recombinant pegylated IL-10

Supported by preclinical efficacy of pegylated murine IL-10 in ad-
vanced tumor models in mice, phase 1 studies with pegilodecakin were
started in 2013 (NCT02009449). Preclinical results had indicated that
continuous exposure to pegilodecakin would be required to achieve
optimal anti-tumor efficacy [15,51]. Analysis of the cellular target po-
pulation in mice suggested that tumor resident CD8+ T cells would be
the primary effector population necessary for the therapeutic effect of
IL-10, indicating the tumor tissue as the relevant pharmacokinetic
compartment. To achieve both, increased systemic exposure and suffi-
cient intratumoral concentration of IL-10, daily subcutaneous injection
of a pegylated IL-10 was chosen as the initial clinical strategy. The
biologic effects of IL-10 on CD8+ Teff cells are beneficial throughout
tumor progression, patients were therefore allowed to continue therapy
until disease progression [81].

5.2.1. Pegilodecakin monotherapy in dose escalation and early phase 1
The Phase 1 study enrolled patients with advanced solid tumors,

which had failed all available prior therapies, including prior immune
therapies with IL-2, anti-CTLA4 (ipilimumab) or anti-PD-1. Objective
tumor responses were measured using immune related response criteria
(irRC) [82]. Patients were allowed to interrupt dosing for brief inter-
missions for unrelated or related adverse events but could resume
treatment until tumor progression or dose limiting toxicity (DLT). Pe-
gilodecakin (AM0010) was well tolerated at escalating doses from 1μg/
kg to 40μg/kg. This resulted in a sustained, meaningfully elevated
serum concentration of IL-10 between 1 and 40 ng/ml [81], since the
half maximal effective concentration (EC50) of pegilodecakin in cell-
based in vitro assays was approximately 8 ng/mL and the serum con-
centration of IL-10 in cancer patients prior to dosing averaged at 3 pg/
mL [52]. The DLT was not determined and adverse events (AE) in-
cluded anemia, thrombocytopenia, fever and fatigue, while hypoten-
sion or durable auto-immune related adverse events were not recorded.
Importantly, adverse events were transient, residing after short dose
interruptions [81]. This allowed for patients with cytopenias and sus-
tained tumor responses to continue treatment after short treatment
interruption for several months and up to 2 years. The adverse event
profile distinguishes pegilodecakin therapy from IL-2, were severe hy-
potension is dose and duration of treatment limiting despite the well-

established clinical benefit of high-dose IL-2 treatment [1]. Confirming
the anti-inflammatory function of IL-10, immune related, inflammatory
adverse events (irAEs), such as colitis, pneumonitis or hepatitis were
not observed. This differentiates IL-10 treatment also from immune
checkpoint inhibitor therapies, which frequently induce irAEs but
rarely cause transient cytopenias [83]. Pegilodecakin treated patients
had systemic upregulation of immune stimulatory cytokines, such as
IFNγ, IL-4 and IL-18, but reduced concentrations of the immune sup-
pressive TGFβ, supporting the hypothesis that pharmacologically sta-
bilized IL-10 may increase T cell activation in patients (see also chapter
5.5 for immune regulation in patients).

Objective responses on pegilodecakin monotherapy were observed
in several patients in the dose escalation cohorts, including a renal cell
cancer patient (RCC) and a patient with uveal melanoma. In an ex-
pansion cohort of 16 patients with pretreated RCC (1–7 prior lines of
therapy), four had an objective response (objective response rate,
ORR=25%)[81]. The responses were durable with several of the pa-
tients remaining on therapy for more than 2 years. In RCC, Nivolumab
(anti-PD-1) as monotherapy had a comparable responses rate of
20–22% in a phase 1 study [84]. In contrast, high dose IL-2 is reserved
for previously not treated patients and is not expected to have responses
in pretreated RCC patients. Similarly, a pegylated from of IL-2 (NKTR-
214), did not have single agent objective tumor response in pretreated,
advanced RCC patients [85] (established and emerging treatments for
RCC are also discussed in [86]).

Taken together, pegilodecakin had very encouraging efficacy as
monotherapy and in combination with chemotherapy (not discussed
here) with an acceptable side effect profile. Phase 2 and phase 3 studies
are currently in progress.

5.2.2. Pegilodecakin in combination with anti-PD-1
The introduction of immune checkpoint inhibitors progressively

changed the landscape of cancer treatment in many indications. In re-
cent years, anti-PD-1 antibodies were approved by the FDA as first line
treatment alone or in various combinations for the treatment of mela-
noma, RCC, non-small cell lung cancer (NSCLC) and other indications
[5,86–88]. Treatment of melanoma patients with pembrolizumab in-
duced objective clinical responses in 38% in phase 1 [4]. Clinical re-
sponses were predominantly observed in patients whose tumors had
prior to therapy a strong infiltration of CD8+ T cells [9], suggesting that
the pre-existing immunity is required for the clinical success of anti-PD-
1. Intriguingly, the response to anti-PD-1 is correlated with a high
burden of somatic mutations in NSCLC patients tumor [10] and the
responsiveness of different tumor histologies correlates generally with
the frequency of somatic mutations in the tumor type [11]. Preclinical
data indicated that pegilodecakin increased the frequency and activity
of tumor infiltrating CD8+ T cells in poorly infiltrated tumors. CD8+ T
cell mediated tumor responses were also observed in endogenous tu-
mors in a Her2 transgenic tumor model, which generally have a
strongly reduced number of somatic mutations and accordingly a low
infiltration by T cells [15,51]. Moreover, patients on Pegilodecakin
monotherapy had an increase in the number of activated, tumor in-
filtrating CD8+ T cells in tumors with low T cell infiltration prior to
therapy [52].

T cell receptor stimulation simultaneously induces immune check-
point molecules such PD-1 [89] and the IL-10 receptor but also ex-
pression of IL-10 in CD8+ T cells [51]. Exhausted CD4+ T cells in HIV
patients have increased expression of both, PD-1 and IL-10Ra, sug-
gesting that T cells exhausted during continuous antigen stimulation
may be the primary target for both therapies. This raised the possibility
that stimulation of the IL-10 pathway and inhibition of PD-1 may lead
to improved clinical responses. In this scenario, pegilodecakin may
increase the number of tumor infiltrating, antigen specific T cells and
anti-PD-1 would restore TCR activity. To test this concept cohorts of
patients with treatment refractory, advanced RCC or non-small cell lung
cancer (NSCLC) were enrolled to receive a combination of
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pegilodecakin plus one of two PD-1 inhibitory antibodies (pem-
brolizumab or nivolumab). In NSCLC patients the combination of pe-
gilodecakin plus anti-PD-1 had an objective response rate of 43% and a
progression free survival (PFS) of 9.4 months. The median overall
survival (OS) of NSCLC patients on pegilodecakin plus anti-PD-1 was
24.1 months. In a similar population pembrolizumab monotherapy, had
an ORR of 19.4%, PFS of 3.7 months and overall survival (OS) of 12
months [90]. The response of NSCLC to anti-PD-1 correlates with the
expression of PD-L1 in tumor cells, with tumors expressing PD-L1 in
more than half of the tumor cells (PD-L1hi) responding to anti-PD-1 in
45% (ORR), while tumors with no PD-L1 expression show responses in
less than 10% of cases [90]. PD-L1hi NSCLCs had an ORR 83% and PD-
L1 negative NSCLCs treated with pegilodecakin plus anti-PD-1 had
objective responses in 33% and a PFS of 11 months. [91].

In RCC patients who had at least one prior therapy and no prior
pegilodecakin, the ORR on pegilodecakin plus anti-PD-1 was 44%, 16.7
months PFS and a 1-year overall survival (1-year OS) of 93% [91]. A
similar population of RCC patients receiving nivolumab after progres-
sion on first line sunitinib, had an ORR of 22%, a PFS of 4.2 months and
an 1-year OS of less than 80% [84]. Treatment naïve RCC patients who
received nivolumab and anti-CTLA4 (ipilimumab) as the first line
treatment had a ORR of 42%, a PFS of 11.6 months and a 1-year OS of
80% [88].

In summary, combination treatment of lung and renal cancers with
a combination of pegylated IL-10 and anti-PD-1, appeared to provide an
increased tumor response rate but also increased progression free and
overall survival, compared to either agent alone.

5.2.3. IL-10 treatment results in Th1 immunity and CD8+ t cell activation
Patients treated with subcutaneous injection of recombinant IL-10

(2 μg/kg) had discontinuous exposure, with a peak concentration of
more than 13 ng/mL and less than 1 ng/mL after 24 h [75,92]. Despite
this, both anti-inflammatory activity and immune activation had been
observed in clinical trials, including the suppression of IL-1 and TNFα
and the enhancement of lipopolysaccharide induced IFNγ and Gran-
zyme [79].

- Pegilodecakin Increases Th1 Cytokines and Cytotoxicity markers in
the Blood

Cancer patients treated with pegilodecakin had sustained serum
levels of IL-10 and an immune cytokine profile consistent with Th1 T
cell polarization and CD8+ T cell cytotoxicity dominated anti-in-
flammatory effects. IL-17, TGFβ and TNFα were consistently, but only
partially suppressed. In contrast, IFNγ and T cell derived cytotoxic ef-
fector molecule, including FasL, LymphotoxinB were strongly induced
[81]. IFNγ started to increase in the serum with a delay, increasing after
7 days of continuous pegilodecakin treatment. Thereafter, IFNγ is ele-
vated throughout the pegilodecakin dosing period at least for several
months, as data from cancer patients indicate [52]. However, the levels
of IFNγ remained relatively low (below 10 pg/mL) and a cytokine re-
lease syndrome was not observed. In comparison, patients treated with
i.v. bolus of recombinant IL-12 have a transient rise in serum IFNγ up to
1600 pg/mL [93] and patients on antibody-coupled NHS-IL-12 had
spikes of IFNγ up to 20 ng/mL [94]. Pegilodecakin also induced sus-
tained elevation of IL-18. IL-18 induction correlated directly with the
tumor reduction in patients (irRC) [52]. IL-18 is both induced by IFNγ,
and maintains IFNγ expression in T cells, potentially through the in-
hibition of activated induced cell death [95]. In support of an important
function of IL-18 in T cell mediated tumor responses, CAR T cells ex-
pressing IL-18 in tandem with the chimeric antigen receptor (CAR) have
strongly enhanced efficacy in mice [96]. Recombinant IL-18 had been
studied in cancer patient at doses up to 1mg/kg, with 2 partial re-
sponses observed 3–5 months after a 5 days treatment interval with IL-
18 [97]. In a second study in 19 melanoma and RCC patients no re-
sponses have been observed [98]. It may be more plausible that IL-18 is

not the only key factor mediating tumor responses but represent an
important contributing element in the IL-10 mediated tumor response.

In the tumor tissue, treatment with pegilodecakin led to increased
GranzymeB+, phospho-STAT-3+ CD8+ T cells and upregulation of
MHC-I on tumor and tumor infiltrating cells, similar to previously re-
ported data in mouse models [15]. The expression of MHC molecules in
human cancers is correlated with improved prognosis for the patients
[99]. In summary, pegilodecakin induced a systemic signature con-
sistent with Th1 polarization and CD8+ T cell activation.

- Induction of CD8+ T cell Invigoration

In patients, Pegilodecakin did not induce significant changes in the
overall lymphocyte counts and the number of regulatory T cells or
widespread NK and T cell proliferation [52]. This is in contrast to
therapies using IL-2 [100] or pegylated IL-2 [85], which induce tran-
sient lymphopenia followed proliferation and expansion of CD4+ T
cells and Tregs, CD8+ T cells and NK cells. Rather, on pegilodecakin,
the percentage of proliferating PD-1+Lag-3+ CD8+ T cells increased in
the peripheral blood. PD-1+ and Lag-3+ CD8+ T cells were also in-
creased in tumor biopsies of treated patients. Antigen recognition up-
regulates the expression of immune checkpoints, thereby indicating an
activated state of the T cell. However, the increase of multiple immune
inhibitory receptors, in particular the upregulation of Tim-3 on non-
proliferating T cells indicates functional exhaustion [101]. Therapy
induced proliferation of such immune checkpoint positive T cells is
reminiscent of the reinvigoration of exhausted - immune checkpoint
expressing CD8+ T cells on anti-PD-1 and immune checkpoint in-
hibitors [102]. Transient proliferation and expansion of PD-1+ CD8+ T
cells has been observed in melanoma patients on anti-PD-1 and the ratio
of proliferation to tumor burden correlated with anti-tumor response
[103]. However, the anti-PD-1 induced invigoration was transient in
patients, with anti-PD-1 induced proliferation occurring only within the
first month of treatment [104]. On pegilodakin treatment, PD-1+Lag-
3+ CD8+ T cells continued to expand in the blood of patients with
continued treatment and the expansion correlated directly with the
improved tumor response [52]. Also, the more exhausted PD-1+ Lag-
3+ Tim-3+ CD8+ T cell population was not increased on pegilodecakin
[52]. TCR stimulation simultaneously upregulates immune checkpoints
and the expression of IL-10 receptors, providing a plausible explanation
for the selective rescue of this population in pegilodecakin treated pa-
tients.

- Pegilodecakin Induced Clonal T cell Expansion

The increase of immune checkpoint positive CD8+ T cells could
reflect on an increase of recently activated CD8+ T cells, potentially as
a consequence of increased antigen stimulation due to IFNγ induced
MHC expression or the rescue of previously exhausted CD8+ T cells. T
cell receptor (TCR) sequence analysis on the blood of patients on pe-
gilodecakin showed a clonal expansion of CD8+ T cell clones which
were rare or undetectable prior to treatment. Expanding clones con-
tinued the expansion throughout the analyzed treatment period. While
all patients on pegilodecakin had more expanding than contracting T
cell clones, patients who had an objective tumor response had further
increased numbers of expanding T cell clones in the blood. The number
of expanding T cells per patient also correlated directly with the tumor
shrinkage [52]. The expansion of newly discoverable T cell clones and
the expansion of PD-1+ Lag-3+ T CD8+ T cells in the blood of patients
is reminiscent to the expansion of tumor specific CD8+T cells in the
blood of PEG-IL-10 treated tumor models. It remains to be seen if pe-
gilodecakin indeed expanded a tumor specific T cell population in pa-
tients.

Combination of pegilodakin with anti-PD-1 (pembrolizumab) ap-
peared to have an increased objective tumor response rate. However,
expansion and proliferation of PD-1+ Lag-3+ CD8+ T cells and the
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expansion of novel T cell clones in the blood was similar to pegilode-
cakin alone [52]. It is plausible, that in the combination therapy, anti-
PD-1 primarily enhances antigen specific recognition and elimination of
tumor cells within the tissue.

In summary, the analysis of patients treated with pegilodecakin
suggests that IL-10 induces a Th1 polarization of the immune system
and CD8+ T cell invigoration. Further combination studies with anti-IL-
10 are in progress.

6. Conclusions

Since the cloning of IL-10, the anti-inflammatory properties and the
cytotoxicity stimulatory function on CD8+ T cell have been studied in
vitro, in mouse models and in patients. While the inhibition of immune
mediated inflammation showed great promise in a variety of in-
flammatory diseases, clinical success has been ultimately limited, most
likely due to pharmacological properties of recombinant IL-10 used in
clinical studies.

In cancer patients, both element of the immune regulation en-
capsulated in IL-10 may be beneficiary. Tumor promoting, Th17 po-
larized chronic inflammation induces the recruitment of macrophages
and neutrophils to the tumor and enables inflammation induced an-
giogenesis to fuel tumor growth and metastasis. On the other hand, the
reinvigoration of exhausted and anergic T cells, and the inhibition of
activation induced cell death of tumor antigen specific CD8+ T cells
may enable rejection of large tumors. IL-10 sits at the crossroads of both
immune processes.

Pegylated IL-10 increased antigen specific CD8+ T cell cytotoxicity
and anti-tumor immune responses and supported an immune stimula-
tory role of IL-10 at higher and sustained concentrations. However, IL-
10 mediated reduction of the inflammatory Th17 pathway was also
detectable in cancer patients. IL-10 induced stimulation of T cell de-
rived IFNγ appeared to overcome a suppressive effect of IL-10 on MHC
expression, both in mice and in humans. In contrast to other therapeutic
modalities, IL-10 appears to induce the key immunostimulatory cyto-
kine IFN-γ only in CD8+ T cells, strictly dependent upon antigen-sti-
mulated TCR signaling. IL-10 may also skew the T cells toward clones
recognizing high affinity antigens, excluding bystander clones. The
specific expansion of PD-1+ Lag-3+ CD8+ T cells reflecting recent
antigen exposure and selected T cell clones in patients may support
these properties of IL-10. Exploration of the antigen specificity of the
pegilodecakin induced T cell repertoire in cancer patients would be
warranted.

In contrast, the therapeutic stimulation with inflammatory cyto-
kines such as IL-2 and IL-12 induces broad T cell stimulation, the sys-
temic release of high levels of IFN-γ, leading to systemic immune
toxicity (Fig. 2). Inhibition of immune checkpoints bypasses the re-
strictions of the TCR signal on T cells imposed by negative regulatory
pathways, thereby allowing T cells to be activated by lower affinity
tumor antigens. Enlisting an increased repertoire of T cells in the an-
titumor response leads to enhanced tumor immunity but may poten-
tially also explain autoimmune-related side effects of checkpoint in-
hibitors. The combination of IL-10 activation with immune checkpoint
inhibitors may overcome two essential limitations of immune sup-
pression in the tumor microenvironment and represent a promising
novel therapeutic avenue for the treatment of patients with cancer
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