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Abstract

Purpose of Review Interleukin-10 (IL-10) is a cytokine with anti-inflammatory properties, which induces activation and prolif-
eration of antigen-activated intratumoral CD8+ T cells. This review discusses the evolution of pegylated IL-10 (pegilodecakin)
from preclinical investigation through first-in-human studies in oncology.

Recent Findings Pegilodecakin was evaluated across multiple advanced solid tumors in a large phase 1/1b trial alone and in
combination with chemotherapy or anti-PD-1 antibodies. Pegilodecakin monotherapy had immunologic and clinical activity in
renal cell carcinoma (RCC) and uveal melanoma. In combination with anti-PD-1 inhibitors, pegilodecakin increased the re-
sponses in RCC and lung cancer with efficacy agnostic to PD-L1 status and tumor mutational burden. Pegilodecakin with
FOLFOX had activity in pretreated pancreatic cancer, instructing the ongoing randomized phase III trial of the combination
versus FOLFOX.

Summary The increased half-life of pegilodecakin enabled compelling preclinical data for IL-10 which has now been confirmed
by clinical activity in a variety of cancers. The ability of pegilodecakin to both exert anti-tumor immunity and inhibit tumor-
associated inflammation characterizes the uniqueness of this cytokine therapy.
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Introduction

IL-10 is a non-covalent homodimeric alpha helical cytokine
that is structurally similar to interferon y (IFNvy). The IL-10
receptor is expressed on hematopoietic cells including CD8+
and FOXp3+ CD4+ T cells, macrophages, and dendritic cells
[1, 2]. Importantly, the IL-10 receptor (IL-10R) is upregulated
upon T cell receptor (TCR) activation on CD8+ T cells, ren-
dering antigen-recognizing T cells receptive to IL-10 [3]. IL-
10 was initially identified as a cytokine that suppresses the
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secretion of cytokines from T-Helper-1 (Thl) cells [4, 5], but
also stimulates the proliferation and cytotoxic activity of
CD8+ T cells [6]. IL-10 induces signal transducer and tran-
scription activator (STAT) 1 and STAT3 activation and in-
hibits several other cytokines, including IL-6, and the com-
mon IL-12p40 chain shared by IL-12 and IL-23, thereby re-
ducing macrophage activation and subsequently Th17 T cell
responses [7]. In mouse models of endotoxemia, a model to
study inflammation in response to bacterial lipopolysaccha-
rides (LPS), IL-10 induction reduces the secretion of IL-12
and IL-23 cytokines from myeloid cells [8]. In addition, mice
deficient in IL-10 or its receptor develop inflammatory bowel
disease (IBD) [9, 10]. Mutations in genes encoding for IL-10
or the IL-10R subunit proteins have also been identified in
patients with very early-onset enterocolitis [10]. This led to
the concept that IL-10 has predominantly immune suppressive
functions. Yet, IL-10-deficient mice and humans help us to
further understand the complexity of this cytokine in disease.

Subsequent to IBD, IL-10 knockout mice develop colon
cancer and are sensitized to acquire chemically induced skin
cancer [11, 12¢]. In addition, chemically induced cancers in
IL-10—/— mice progress quickly and die of metastatic disease
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[12¢]. Children with IL-10R deficiency develop lymphomas at
a young age [13]. IL-10R deficiency predisposes to a subtype
of diffuse large B cell lymphoma (DLBCL) with germinal
center origin. In contrast to the adult DLBCL patient that is
IL-10 proficient, childhood lymphomas arising in IL-10R-
deficient children lack infiltration of CD8+ T cells, supporting
the role of IL-10 in CD8+ tumor-infiltrating lymphocyte (TIL)
activation. The pro-inflammatory phenotype in IL-10 defi-
ciencies suggested a role of IL-10 in inflammation and
immune-mediated inflammatory diseases (IMIDs), which lead
to the therapeutic rational for using IL-10 in IMID as the first
indications for clinical investigation of this cytokine as a ther-
apeutic entity.

Investigation in Inflammatory Disease

Recombinant human IL-10 (ilodecakin) was initially devel-
oped for the treatment of inflammatory diseases such as pso-
riasis, Crohn’s disease, and rheumatoid arthritis [14—17].
Clinical responses were seen and ultimately, this agent was
studied in pivotal phase 3 trials; however, it failed to reach a
level of success worthwhile of drug approval [18].
Administration was often three times a week in these trials,
and given the short half-life of 3-4.5 h upon subcutaneous
injection, efficacy may have been compromised with the short
pulse exposure [15, 19]. In patients with Crohn’s disease, ef-
ficacy appeared best at intermediate doses. Higher doses of
IL-10 induced IFNvy, which was contrary to the treatment of
inflammatory conditions [20]. Additionally, in clinical trials of
psoriatic arthritis, there was evidence of increased IFNy pro-
ducing CD4+ T cells [21]. Even more intriguing was a study
in healthy volunteers that demonstrated the upregulation of
IFNvy and granzyme B in the serum [8]. Despite inconsistent
efficacy results for the treatment of IMIDs, these trials did
provide valuable clinical safety data demonstrating tolerability
and mild-to-moderate side effects. Most commonly flu-like
reactions with fatigue, myalgia, arthralgia, headache, and a
mild reduction of red blood cells and thrombocytes were seen
[17]. More importantly for the oncologic community, the po-
tential benefit for immune stimulation as an anti-cancer agent
surfaced.

Preclinical Data Supporting the Role of IL-10
in Oncology

In addition to study in IMIDs, tumor immunologists were also
exploring the cytotoxic properties of IL-10 as an anti-cancer
therapy in preclinical tumor models. Treatment of tumors with
recombinant IL-10 or the overexpression of IL-10 in the tumor
cells transplanted into mice led to the shrinkage and rejection
of the tumors [22-24]. However, therapeutic responses were
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restricted to immune sensitive tumors. In order to create a
therapeutic murine IL-10 that would allow for continuous ex-
posure in murine models, a pegylated form (PEG-rMulL10)
was explored. This was essential given the particularly short
half-life of IL-10 in mice. PEG-rMulL10 demonstrated im-
proved efficacy, allowing the reduction and rejection of large
and immune-resistant murine tumors [12¢]. Potentially most
exciting, efficacy was seen in tumors with poor CD8+ T cell
infiltration. Tumor control and tumor rejections were also ob-
served in an endogenous Her?2 transgenic mouse breast cancer
model, which due to the transgenic driver mutation has a low
burden of acquired somatic mutations. Mechanistically, treat-
ment with PEG-rMulL10 increased CD8+ T cells in the tissue
and led to robust IFNy expression and the upregulation of
MHC I and II in the tumor [12¢]. After 2 weeks of treatment,
tumor-specific CD8+ T cell populations had expanded both
intratumorally and in the blood [12¢]. When mice achieved
complete responses, cancer-free mice remained tumor free on
observation for up to 8 months. Such mice were re-injected
with the same tumor several months later, but they rejected the
re-challenge in the absence of further PEG-rMulL10 therapy,
indicating the establishment of long-term immunologic mem-
ory in PEG-rMulL10-treated mice. More than 90% of the
reinjected mice rejected the tumor cells upon re-challenge
[12¢].

PEG-rMulL10 was able to increase tumor-resident CD8+
T cells even when T cell trafficking to and from the tumor was
inhibited, indicating a direct expansion of the tumor-resident T
cells. Evaluation of tumor-infiltrating T cells from mice treat-
ed with PEG-rMulL10 showed a three- to fourfold increase in
spontaneous secretion of [FNy and granzyme B. PEG-
rMulL10-treated mice demonstrated activation of T cells in
the tumor site and periphery, but interestingly not in secondary
lymphatics like the spleen or lymph nodes.

Given the compelling preclinical findings, scientists work-
ing on the PEG-rMIL10 studies began the development of the
clinical program, which culminated in a large phase 1/1b
study.

Phase | Dose Escalation
Overview of Design

The phase I/1b trial (NCT02009449) evaluating PEG-IL10
(AMO0010; pegilodecakin) was designed with dose escalation
cohorts as monotherapy and in several combinations inclusive
of chemotherapy as well as anti-PD-1 inhibitors (Fig. 1).
Tumor types included renal cell carcinoma (no restriction on
clear cell vs non-clear cell), non-small cell lung cancer
(NSCLC), colorectal cancer, melanoma, pancreatic cancer,
ovarian cancer, and metastatic castration-resistant prostate
cancer. Triple negative breast cancer (TNBC) was later added
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Fig. 1 Study schema of the phase 1/1b trial of pegylated IL-10 in
advanced solid tumor malignancies and enrolling phase 2 and 3 trials in
progress. This phase 1/1b trial evaluated pegilodecakin as monotherapy
and in combination with chemotherapy or anti-PD-1 inhibitors
(NCT02009449). Promising results in expansion cohorts have led to
phase 2 trials in NSCLC in combination with anti-PD-1 inhibitors

for inclusion in combination cohorts. Analysis of public ex-
pression databases aided in the selection of these tumor types
for inclusion as they demonstrated (1) IL-10 expression cor-
related with CD8+ T cells markers, (2) T cell infiltration cor-
related with survival, and/or (3) IL-10 expression correlated
with survival; preclinical data was also generated from tumor-
specific cell lines.

All patients were required to have been previously treated
with standard of care therapies and have evaluable disease
using RECIST. Standard eligibility criteria were used to ensure
normal organ function. Patients on anticoagulation with thera-
peutic doses of coumadin were switched to low molecular
weight heparin to safeguard against thrombocytopenia as an
expected toxicity that could pose a safety risk in combination
with anticoagulation. However, no drug-related bleeding events
were observed in the trial. A history of Guillain-Barre or neu-
rologic autoimmune disease was exclusionary as there had been
reports of worsening cases of myasthenia gravis on IMID trials;
however, other autoimmune diseases such as inflammatory
bowel disease were not exclusionary in monotherapy. Tumor
assessments using immune-related response criteria (irRC)
were performed every 8 weeks, along with immunologic cor-
relates. Biopsies were encouraged, but not required.

AMO0010 was self-administered as a daily subcutaneous
injection at a flat dose in two dosing brackets. Dosing cohorts
of 3—6 patients in dose escalation were evaluated at doses of 1,
2.5,5, 10, 20, and 40 pg/kg. In order to standardize the dose,
patients weighing up to 80 kg administered a flat dose based
on 80 kg, and for patients weighing over 80 kg, a flat dose
based on 100 kg was used.

Nivolumab + Pegilodecakin

NSCLC > 2" line (n=100)

CYPRESS 2- Phase 2

(N=29) SCLC 2nd line, PD-L1(-) or low

Nivolumab + Pegilodecakin

Nivolumab + Pegilodecakin
(n=100)

RCC > 2" line

(N=29)

(NCT03382899; NCT03382912) and a phase 3 study in pancreatic
cancer comparing FOLFOX to the combination of pegilodecakin with
FOLFOX (NCT02923921). TNBC, triple negative breast cancer; Gem/
Carbo, gemcitabine/carboplatin; pembro, pembrolizumab; NSCLC, non-
small cell lung cancer; PD-L1 (+) defined as TPS >50% using 22c3
assay; PD-L1 (-) or low defined as TPS 0-49% using 22¢3 assay

In addition to monotherapy, several chemotherapy combi-
nations were explored given the components had shown effi-
cacy in combination with PEG-rMulL10 in mice. They in-
cluded combinations with platinum/taxane, FOLFOX,
gemcitabine/nab-paclitaxel, capecitabine, paclitaxel, and
carboplatin-gemcitabine. Pegilodecakin was also tested in se-
lect tumor types in combination with pembrolizumab (mela-
noma, NSCLC, RCC), nivolumab (RCC, NSCLC), and
pazopanib (RCC).

Results from the Phase 1/1b Experience
with Pegilodecakin (AM0010)

Monotherapy Experience

This multi-institutional trial is being conducted in the USA
and began accrual in 2013 and completed accrual in 2017,
with active patients on therapy for as long as 3.5 years. The
monotherapy dose escalation portion of the trial enrolled 33
patients using a 3 + 3 design [25¢]. The early experience
across a variety of tumors identified the safety profile associ-
ated with pegilodecakin which differs significantly from both
other interleukin therapies such as IL-2, where cytokine re-
lease syndrome is common, and checkpoint inhibitors, where
autoimmune side effects occur [26]. The most common
treatment-related adverse events were thrombocytopenia:
grade 1/2 in 13 of 33 (39%) patients and grade 3+ in 1 of 33
(3%) patients. Anemia was also common and grade 1/2 oc-
curred in 12 of 33 (36%) and grade 3+ in 5 of 33 (15%).
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Thrombocytopenia was readily reversed with holding of study
drug (<7 days) and did not always require dose reduction.
Anemia similarly can improve with holding of drug and dose
reduction; patients were allowed transfusions for disease-
related anemia. The mechanism of action causing anemia re-
lates to the immune stimulation, as activated macrophages
showed an increase in phagocytosis of aging red blood cells
and aging thrombocytes [27]. One patient did experience a
dose-limiting toxicity (DLT) of drug-related grade 3+ anemia.
Mild flu-like reactions (fever, fatigue, myalgias) were seen but
did not limit dosing. The recommended phase 2 dose (RP2D)
as single agent was identified as 20 ug/kg.

A summary of the reported efficacy data with
pegilodecakin is listed in Table 1. Partial responses in mono-
therapy included a durable response in a uveal melanoma
patient and in RCC patients. Of the 5 patients with RCC in
dose escalation, there was one partial response (PR) and 2
other patients with mixed responses with some index lesions
increasing and others reducing in size. This led to an RCC
expansion cohort at 20 pg/kg which demonstrated PRs in 4
of 15 (27%) patients. Histologies in these four responders
were clear cell carcinoma [25¢].

Cytokines were measured at day 1 and day 29 and identi-
fied a dose-dependent increase in IL-18, an immune-
activating Thl cytokine, in all patients as well as increased
production of IFNvy, and a reduction in transforming growth
factor 3 (TGF[3) and Th17-related cytokines IL-23 and IL-17.
These changes also appeared to persist over time and occurred
in multiple tumor types [28¢]. Intriguingly, T cell receptor
(TCR)-based clonal T cell analysis showed the expansion of
T cell clones in the blood, which were not detectable in the
patient at the start of therapy, indicating a specific expan-
sion of a new T cell repertoire in response to pegilodecakin.
Pegilodecakin also activated LAG3+ PD1+ CD8+ T cells
[28¢]. The clinical experience has been able to confirm
many of the preclinical findings of immune activation
(Table 2).

Pegilodecakin in Combination With FOLFOX
in Pancreatic Cancer

Pancreatic cancer is associated with a paucity of intratumoral
CDS8+ T cells and a dominance of a chronic inflammatory
tumor microenvironment, rich in macrophages. Hence, there
was a strong rationale given the preclinical data which demon-
strated increased CD8+ T cell infiltration with PEG-rMulL10
administration. Checkpoint inhibitors had failed to show clin-
ical benefit in pancreatic disease, and strategies to induce im-
munogenicity were a high priority. For this reason, the design
of the phase 1 dose escalation trial included pancreatic cancer
patients who had progressed after at least 1 prior line of ther-
apy; patients were allowed in the dose escalation monotherapy
cohorts as well as in the combination of daily pegilodecakin
with FOLFOX and in combination with gemcitabine and nab-
paclitaxel. Chemotherapy combinations with either 5-
fluorouracil (5-FU) or platinum had been explored preclinical-
ly with demonstrated synergy. For example, in a colorectal
murine model (CT-26), 5-FU synergized with PEG-IL10 to
induce complete responses in the majority of tumors.

In 22 pancreatic cancer patients on pegilodecakin monother-
apy, objective tumor responses were not observed, but disease
control was seen in 53% of patients and 1- and 2-year survival
rates were 23% and 15%, respectively [29]. Eight of 12 patients
(67%) with serial tumor markers had a decrease in the blood
tumor marker CA19-9. Decreases in CA19-9 with treatment are
prognostic of progression-free survival (PFS) and overall sur-
vival (OS) in some series [30, 31]. The combination of
pegilodecakin and FOLFOX has demonstrated clinical activity
with a reasonable safety profile. In 19 evaluable patients with
pancreatic cancer, there was an overall response rate (ORR) of
15.8% (3 patients), and 2 of whom had a complete response
(CR) [29]. The median PFS was 2.6 months with a 1-year OS
0f43% and 2-year OS of 28.8%. The disease control rate (CR +
PR + SD) was 74%. Interestingly, CA19-9 levels decreased in
75% of patients and by up to 89.9% of baseline. Immune

Table 1 Clinical benefit of pegilodecakin from the reported phase I experience [25¢, 29, 32+, 34]
Tumor type # patients (# evaluable) Treatment Dosing (ng/kg) ORR (%) DCR (%) mPFS (mos) mOS (mos)
Multiple tumors® 3327 Monotherapy 1-40 7 NR® NR NR
Renal Cell 19 (15) Monotherapy 20 27 100 1.9 9.8

38 (34) Anti-PD-1 1020 41 85 14 NR
NSCLC 709) Monotherapy 20 - 57 1.8 15.4

34 (28) Anti-PD-1 10-20 429 82.2 9.4 24.1
Pancreatic 21(19) FOLFOX 5 15.8 73.7 2.6 10.2

NR, not reported; mos, months; m, median

 Included pancreatic (n = 4), ovarian (n = 1), colorectal (n = 16), RCC (n = 6), metastatic castration-resistant prostate cancer (n = 1), NSCLC (n = 1), and

melanoma (n =4)
®NR as DCR, however 2 PR, 1 SD, 5 Mixed responses
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Table 2 Immunologic findings in

preclinical investigation that have Immunologic event

Preclinical Clinical

been identified in the phase 1

clinical trial experience Increase of IFNYy in the serum

Increase of IL-18 in the serum

Reduction in TFG beta in the serum
Expansion CD8+ T cells in tumor tissue
Increase of granzyme B (tumor or blood)
Increase of MHC expression on tumor cells

Expansion CD8 + T cells in peripheral blood

Tumor-specific T cell expansion

Proliferation and expansion of PD-1+ Lag-3+ CD8+ T cells in the blood

Tumor reduction

2 2 2 2 2 2 2
222 2 2 2 2 2 2 =2

correlates were able to demonstrate that pegilodecakin could
increase Thl cytokines while reducing IL-17 and IL-23 and
TGEFf3, similar to what had been demonstrated in other tumor
types in dose escalation. Evaluation of the TCR repertoire dem-
onstrated an oligoclonal expansion of T cell clones. An in-
creased expansion of previously non-detected T cell clones cor-
related with increased survival (defined as > 8 months) [29].

During the investigation in this phase 1b cohort of
pegilodecakin and FOLFOX, 55% of patients had grade 3 or
higher thrombocytopenia, and 45% experienced a grade 3 or
higher anemia. Neutropenia was a less common hematologic
toxicity, though still occurred in a quarter of patients in this
cohort. There were no episodes of febrile neutropenia. The
administration was altered from a continuous daily injection
of 5 ng/kg daily, to 5 days on/2 days off in order to offset the
hematologic toxicity. This alteration reduced the occurrence
of grade 3 hematologic toxicity and this regimen is used in the
ongoing phase 3 study.

Checkpoint inhibitors as monotherapy have been disap-
pointing in pancreatic cancer, and the promising activity dem-
onstrated in this trial led to fast track status and orphan drug
designation for pegilodecakin in pancreatic cancer. A random-
ized phase 3 trial of FOLFOX versus pegilodecakin with
FOLFOX (SEQUOIA trial, NCT02923921) currently is en-
rolling patients with metastatic pancreatic ductal adenocarcino-
ma who progressed on a prior gemcitabine-containing regi-
men. This international trial is planned to enroll 566 patients
and has a primary endpoint of OS. Secondary endpoints in-
clude PFS and ORR. In the investigational arm, AM0010
(5 png/kg) is dosed on days 1-5 and days 8-12 SQ plus
FOLFOX (400 mg/m? and oxaliplatin 85 mg/m? followed by
bolus 5-FU 400 mg/m? and a 46-h infusion of 5-FU 2400 mg/
m?) initiated on day 1 of a 14-day cycles until disease progres-
sion. The active comparator is the same standard dosing of
FOLFOX. The first interim analysis conducted in
March 2018 included the first 60 patients with at least 4 months
on study and recommended the study continue enrollment as
planned, with the second interim analysis anticipated in 2020.

Pegilodecakin in Combination With Anti-PD-1
Inhibitors in RCC and NSCLC

Thirty-eight patients with metastatic RCC (87% clear cell
RCC; 13% non-clear cell) received pembrolizumab (n=9)
or nivolumab (n=29) in combination with pegilodecakin: 6
(15.8%) at 10 pg/kg and 32 (84.2%) at 20 pg/kg [32¢].
Patients had received prior anti-angiogenic therapy and/or
ipilimumab, however were anti-PD-1 antibody therapy
naive. Grade 3 anemia was seen in 10 (26.3%) patients and
7 (18.4%) patients experienced grade 3 thrombocytopenia, all
at the dose level of 20 pg/kg. Two patients had reversible
cytokine release syndrome, and interestingly, both patients
also had PRs to therapy.

Of 34 evaluable RCC patients using irRC, there were 14
(41.2%) PRs. Three (8.8%) of those patients had a tumor
reduction of 100%. Sixteen (45.7%) had stable disease (SD)
as their best response [32¢]. Median progression-free survival
for pegilodecakin with pembrolizumab or nivolumab was
14.1 months. The median overall survival had not been
reached; 1-year overall survival was 89% [32¢]. For historic
comparison, the reported overall response rate of second-line
RCC patients on nivolumab alone is 22% with a 1-year sur-
vival of 73% [33].

Thirty-four NSCLC patients received pegilodecakin
with nivolumab (n =29) or pembrolizumab (n =5) as their
second or later line of therapy. All patients were naive to
immune checkpoint inhibition. Twenty-eight of these pa-
tients were evaluable using irRC, and 11 patients (39.3%)
had a PR and 1 had a CR (3.6%). Another 11 (39.3%)
patients had stable disease [34]. Patients with available
archived tissue were evaluated for their PD-L1 status using
the 22C3 assay. Twelve of 21 (57%) were PD-L1 < 1%.
Four of these 12 PD-L1-negative patients (33.3%) had a
PR. Median PFS and OS were 9.4 and 24.1 months [34].
This is encouraging, as studies with anti-PD-1 inhibitors
alone report a response rate of 9% in PD-L1-negative pa-
tients and 19% in a non-stratified population [35]. The

@ Springer



19 Page6of 7

Curr Oncol Rep (2019) 21: 19

reported median survival of second-line non-squamous
NSCLC on nivolumab alone was 12.2 months [36].

Based on the experience to date with pegilodecakin, there
are two ongoing phase 2 trials in anti-PD-1 inhibitor therapy—
naive patients with NSCLC; one for NSCLC patients with
PD-L1 expression >50% comparing pembrolizumab plus
pegilodecakin versus pembrolizumab alone
(NCT03382899). This study aims to improve the response
rates and the overall survival in an immune checkpoint
inhibitor—sensitive population which has a historic ORR of
45% to pembrolizumab alone [37]. In the cohort of patients
with NSCLC who were PD-L1 >50% positive and received
pegilodecakin plus pembrolizumab in the phase 1 trial, the
ORR was 83% (5/6 patients) [38]. In PD-L1 negative and
low patients (<1%—49% PD-L1 positive tumor cells), 40%
(6/15) of patients responded [38]. Durable responses were also
seen in patients with low tumor mutational burden [38], a
population with low response rates to checkpoint inhibitor
monotherapy. Conclusions are limited based on sample size
but are highly encouraging. A second phase 2 study is enroll-
ing NSCLC patients with PD-L1 expression < 50% compar-
ing nivolumab versus the combination of nivolumab with
pegilodecakin (NCT03382912). Confirmation of the response
and survival data from the phase 1 experience of this combi-
nation could place pegilodecakin in a strategic position to
fulfill an unmet need for PD-L1 low/negative NSCLC patients
which currently receive chemotherapy with anti-PD-1 anti-
body therapy, due to historically much lower response rates
to anti-PD-1 antibody monotherapy.

Conclusion

The pleotropic effects of IL-10 on immune function highlight
the dynamic role of this cytokine from its original clinical
investigation in immune-mediated inflammatory diseases to
its use in cancer immune therapy. The anti-inflammatory prop-
erties which had sparked excitement two decades ago are
surpassed by the anti-tumor effect demonstrated over the past
5 years utilizing pegilodecakin, a pegylated form of IL-10 that
allows for more consistent exposure.

The anti-tumor effects are achieved by increased tumor
antigen—specific CD8+ T cell infiltration and the INFy-
mediated induction of antigen presentation, both important
requisite steps in generating an effective anti-tumor immune
response with long-lasting immunologic memory. Clinical ef-
ficacy has been seen with pegilodecakin monotherapy with
partial responses in uveal melanoma and RCC, as well as in
combination with anti-PD-1 antibodies in RCC and NSCLC,
and chemotherapy in other malignancies such as pancreatic
cancer. The most common treatment-related adverse events
include anemia and thrombocytopenia and have been manage-
able. There has been a notable absence of the common
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immune-related adverse events identified with checkpoint in-
hibitors, which enhances the appeal of pegilodecakin in com-
bination strategies. Many patients have now received
pegilodecakin alone or in combination with anti-PD-1 anti-
body therapies, some for more than 2 years. Ongoing phase
2 and 3 clinical trials will further characterize the potential
clinical benefit of this cytokine therapy in the evolving strat-
egies available in immuno-oncology.

Compliance with Ethical Standards

Conflict of Interest Karen Autio has received research funding (paid to
her institution) from ARMO Biosciences, Eli Lilly, Pfizer, Merck,
GlaxoSmithKline, and CytomX.

Martin Oft is a full-time employee of ARMO Biosciences, a fully
owned subsidiary of Eli Lilly and Company.

Human and Animal Rights and Informed Consent This article does
summarize human studies performed by the authors and all patients
signed informed consent forms approved by their institutions.

Publisher’s Note Springer Nature remains neutral with regard to jurisdic-
tional claims in published maps and institutional affiliations.

References

Papers of particular interest, published recently, have been
highlighted as:
» Of importance

1. Moore KW, de Waal MR, Coffiman RL, O’Garra A. Interleukin-10 and
the interleukin-10 receptor. Annu Rev Immunol. 2001;19:683-765.

2. Maynard CL, Harrington LE, Janowski KM, Oliver JR, Zindl CL,
Rudensky AY, et al. Regulatory T cells expressing interleukin 10
develop from Foxp3+ and Foxp3- precursor cells in the absence of
interleukin 10. Nat Immunol. 2007;8(9):931-41.

3. Emmerich J, Mumm JB, Chan IH, LaFace D, Truong H,
McClanahan T, et al. IL-10 directly activates and expands tumor-
resident CD8(+) T cells without de novo infiltration from secondary
lymphoid organs. Cancer Res. 2012;72(14):3570-81.

4. Fiorentino DF, Bond MW, Mosmann TR. Two types of mouse T
helper cell. IV. Th2 clones secrete a factor that inhibits cytokine
production by Thl clones. J Exp Med. 1989;170(6):2081-95.

5. O'Garra A, Barrat FJ, Castro AG, Vicari A, Hawrylowicz C.
Strategies for use of IL-10 or its antagonists in human disease.
Immunol Rev. 2008;223:114-31.

6. Chen WF, Zlotnik A. IL-10: a novel cytotoxic T cell differentiation
factor. J Immunol. 1991;147(2):528-34.

7. Finbloom DS, Winestock KD. IL-10 induces the tyrosine phos-
phorylation of tyk2 and Jakl and the differential assembly of
STAT1 alpha and STAT3 complexes in human T cells and mono-
cytes. J Immunol. 1995;155(3):1079-90.

8. Lauw FN, Pajkrt D, Hack CE, Kurimoto M, van Deventer SJ, van
der Poll T. Proinflammatory effects of IL-10 during human
endotoxemia. J Immunol. 2000;165(5):2783-9.

9. Kuhn R, Lohler J, Rennick D, Rajewsky K, Muller W. Interleukin-
10-deficient mice develop chronic enterocolitis. Cell. 1993;75(2):
263-74.



Curr Oncol Rep (2019) 21: 19

Page70of7 19

10.

11.

13.

15.

20.

21.

22.

23.

24.

25..

Glocker EO, Kotlarz D, Boztug K, Gertz EM, Schiffer AA, Noyan
F, et al. Inflammatory bowel disease and mutations affecting the
interleukin-10 receptor. N Engl J Med. 2009;361(21):2033-45.
Berg DJ, Davidson N, Kuhn R, et al. Enterocolitis and colon cancer
in interleukin-10-deficient mice are associated with aberrant cyto-
kine production and CD4(+) TH1-like responses. J Clin Invest.
1996;98(4):1010-20.

Mumm JB, Emmerich J, Zhang X, et al. IL-10 elicits IFNgamma-
dependent tumor immune surveillance. Cancer Cell. 2011;20(6):
781-96. This manuscript reported a wealth of preclinical data
demonstrating that in mice, PEG-rMulL10 increased CD8+ T
cell infiltration in tissue, induced IFNvy expression, and led to an
effective T cell memory response. These experiments provided
the foundation for use of PEG-rMulL10 in first-in-human
trials.

Neven B, Mamessier E, Bruneau J, Kaltenbach S, Kotlarz D,
Suarez F, et al. A Mendelian predisposition to B-cell lymphoma
caused by IL-10R deficiency. Blood. 2013;122(23):3713-22.
Fedorak RN, Gangl A, Elson CO, Rutgeerts P, Schreiber S, Wild G,
et al. Recombinant human interleukin 10 in the treatment of patients
with mild to moderately active Crohn’s disease. The Interleukin 10
Inflammatory Bowel Disease Cooperative Study Group.
Gastroenterology. 2000;119(6):1473-82.

van Deventer SJ, Elson CO, Fedorak RN. Multiple doses of intra-
venous interleukin 10 in steroid-refractory Crohn’s disease. Crohn’s
Disease Study Group. Gastroenterology. 1997;113(2):383-9.
Asadullah K, Docke WD, Ebeling M, et al. Interleukin 10 treatment
of psoriasis: clinical results of a phase 2 trial. Arch Dermatol.
1999;135(2):187-92.

Asadullah K, Sterry W, Volk HD. Interleukin-10 therapy—review of
a new approach. Pharmacol Rev. 2003;55(2):241-69.

Marlow GJ, van Gent D, Ferguson LR. Why interleukin-10 supple-
mentation does not work in Crohn’s disease patients. World J
Gastroenterol. 2013;19(25):3931-41.

Kimball AB, Kawamura T, Tejura K, et al. Clinical and immuno-
logic assessment of patients with psoriasis in a randomized, double-
blind, placebo-controlled trial using recombinant human interleukin
10. Arch Dermatol. 2002;138(10):1341-6.

Tilg H, van Montfrans C, van den Ende A, Kaser A, van Deventer
S, Schreiber S, et al. Treatment of Crohn's disease with recombinant
human interleukin 10 induces the proinflammatory cytokine inter-
feron gamma. Gut. 2002;50(2):191-5.

Mclnnes IB, Illei GG, Danning CL, et al. IL-10 improves skin
disease and modulates endothelial activation and leukocyte effector
function in patients with psoriatic arthritis. J Immunol.
2001;167(7):4075-82.

Berman RM, Suzuki T, Tahara H, Robbins PD, Narula SK, Lotze
MT. Systemic administration of cellular IL-10 induces an effective,
specific, and long-lived immune response against established tu-
mors in mice. J Immunol. 1996;157(1):231-8.

Zheng LM, Ojcius DM, Garaud F, Roth C, Maxwell E, Li Z, et al.
Interleukin-10 inhibits tumor metastasis through an NK cell-
dependent mechanism. J Exp Med. 1996;184(2):579-84.

Groux H, Cottrez F, Rouleau M, et al. A transgenic model to ana-
lyze the immunoregulatory role of IL-10 secreted by antigen-
presenting cells. J Immunol. 1999;162(3):1723-9.

Naing A, Papadopoulos KP, Autio KA, et al. Safety, antitumor
activity, and immune activation of pegylated recombinant human
interleukin-10 (AMO0010) in patients with advanced solid tumors. J
Clin Oncol. 2016;34(29):3562-9. This manuscript reported on
the early experiences of pegilodecakin as monotherapy in the

26.

27.

28..

29.

30.

3L

32..

33.

34.

3s.

36.

37.

38.

dose escalation all solid tumor cohort with identification of a
manageable toxicity profile and preliminary efficacy. A renal
cell carcinoma expansion cohort at 20 pug/kg was also reported
in this manuscript which demonstrated a 27% ORR.

Motzer RJ, Tannir NM, McDermott DF, Arén Frontera O, Melichar
B, Choueiri TK, et al. Nivolumab plus ipilimumab versus sunitinib
in advanced renal-cell carcinoma. N Engl J Med. 2018;378(14):
1277-90.

Tilg H, Ulmer H, Kaser A, Weiss G. Role of IL-10 for induction of
anemia during inflammation. J Immunol. 2002;169(4):2204-9.
Naing A, Infante JR, Papadopoulos KP, et al. PEGylated IL-10
(pegilodecakin) induces systemic immune activation, CD8(+) T cell
invigoration and polyclonal T cell expansion in cancer patients.
Cancer Cell. 2018;34(5):775-791.¢773. This manuscript pro-
vides data from the phase 1/1b trial demonstrating immune
activation in patient samples. Induction of IFNy and granzyme
B and proliferation of LAG3+PD-1+ CD8 T cells were demon-
strated, as well as expansion of T cell clones not detected at
baseline.

Hecht JR, Naing A, Falchook GS, et al. Overall survival of
PEGylated human IL-10 (AMO0010) with 5-FU/LV and oxaliplatin
(FOLFOX) in metastatic pancreatic adenocarcinoma (PDAC). J
Clin Oncol 2018;36(4 suppl):374-374.

Robert M, Jarlier M, Gourgou S, Desseigne F, Ychou M, Bouché O,
et al. Retrospective analysis of CA19-9 decrease in patients with
metastatic pancreatic carcinoma treated with FOLFIRINOX or
gemcitabine in a randomized phase III study (ACCORDI11/
PRODIGEA4). Oncology. 2017;93(6):367-76.

Pelzer U, Hilbig A, Sinn M, et al. Value of carbohydrate antigen 19-
9 in predicting response and therapy control in patients with meta-
static pancreatic cancer undergoing first-line therapy. Front Oncol.
2013;3:155.

Naing A HJ, Papadopoulos KP et al. Responses and durability of
clinical benefit in renal cell carcinoma treated with pegilodecakin in
combination with anti-PD-1 inhibitors (oral presentation).
Presented at: European Society of Medical Oncology.2018. This
oral presentation at ESMO 2018 summarizes much of the clin-
ical efficacy experience in NSCLC and RCC for the combina-
tion of pegilodecakin with PD-1 inhibitors.

Motzer RJ, Rini BI, McDermott DF, et al. Nivolumab for metastatic
renal cell carcinoma: results of a randomized phase II trial. J Clin
Oncol Off J Am Soc Clin Oncol. 2015;33(13):1430-7.

Garon EB WD, Schneider JG , et al.. Responses and durability of
clinical benefit in NSCLC treated with pegilodecakin in combina-
tion with anti-PD-1 inhibitors. European Society of Medical
Oncology; 2018; Munich.

Garon EB, Rizvi NA, Hui R, Leighl N, Balmanoukian AS, Eder JP,
et al. Pembrolizumab for the treatment of non-small-cell lung can-
cer. N Engl J Med. 2015;372(21):2018-28.

Borghaei H, Paz-Ares L, Horn L, Spigel DR, Steins M, Ready NE,
et al. Nivolumab versus docetaxel in advanced nonsquamous non-
small-cell lung cancer. N Engl J Med. 2015;373(17):1627-39.
Reck M, Rodriguez-Abreu D, Robinson AG, et al. Pembrolizumab
versus chemotherapy for PD-L1-positive non-small-cell lung can-
cer. N Engl J Med. 2016;375:1823-33.

Garon EB WD, Schneider JG et al. Responses and durability in
NSCLC treated with pegilodecakin and anti-PD-1. Paper presented
at: International Association for the Study of Lung Cancer
(IASLC)/World Conference on Lung Cancer. 2018; Toronto,
Canada.

@ Springer



	Pegylated Interleukin-10: Clinical Development of an Immunoregulatory Cytokine for Use in Cancer Therapeutics
	Abstract
	Abstract
	Abstract
	Abstract
	Introduction
	Investigation in Inflammatory Disease
	Preclinical Data Supporting the Role of IL-10 in Oncology
	Phase I Dose Escalation
	Overview of Design

	Results from the Phase 1/1b Experience with Pegilodecakin (AM0010)
	Monotherapy Experience
	Pegilodecakin in Combination With FOLFOX in Pancreatic Cancer
	Pegilodecakin in Combination With Anti-PD-1 Inhibitors in RCC and NSCLC

	Conclusion
	References
	Papers of particular interest, published recently, have been highlighted as: • Of importance



