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Despite the great impact on long-term survival of some cancer patients, the immune
checkpoint blockade (ICB) therapy is limited by its low response rates for most cancers.
There is a pressing need for novel combination immunotherapies that overcome the
resistance to current ICB therapies. Cytokines play a pivotal role in tumor immunotherapy
by helping initiating and driving antitumor immune responses. Here, we demonstrated
that, besides conventional CD4% and CD8™ T cells, IL36 surprisingly increased the
number of tumor-infiltrating regulatory T (Treg) cells in vivo and enhanced proliferation of
Tregs in vitro. Administration of CTLA-4 monoclonal antibodies (mAbs) strongly enhanced
IL36-stimulated antitumor activities through depletion of Tregs. In addition, a cancer gene
therapy using the IL36-loaded nanoparticles in combination with CTLA-4 mAbs additively
reduced lung metastasis of breast tumor cells. We further showed that the combined
therapy of CTLA-4 mAbs and IL36 led to an increase in proliferation and IFN-y production
by CD4* and CD8™ T cells when compared to single therapy with CTLA-4 mAbs or IL36.
Collectively, our findings demonstrated a new combination therapy that could improve
the clinical response to ICB immunotherapy for cancer.

Keywords: CTLA-4, IL36, treg, immunotherapy, mAb

INTRODUCTION

Immune checkpoint blockade (ICB) immunotherapy has revolutionized cancer treatment by
increasing the overall survival rates of cancer patients. However, clinical response rates are still
low for most cancers (1). Higher response rates are achieved when CTLA-4 and PD-1 inhibitors are
administered concurrently, demonstrating rational combination therapy will allow more patients
to benefit from immunotherapy (2, 3). The antitumor activities of the checkpoint inhibitors
are dependent on the number of tumor antigen-specific T cells, which are only abundant in
immunogenic tumors. Because inflammatory cytokines play a key role in promoting tumor
immunogenicity (4-9), synergistic integration of cytokine- and ICB-based immunotherapy has
potential to greatly advance immunotherapy of cancer.

Many recent studies have established a critical role Interleukin 36 (IL36) plays in promoting
adaptive and innate immune responses. IL36 consists of IL36a, IL36f, and IL36y, also known as IL-
1F6, IL-1F8, and IL-1F9, respectively, which are members of the IL-1 family of cytokines (10). They
share the same receptor complex, which is composed of the IL36 receptor (IL36R) and IL-1RAcP.
IL36 can be induced in keratinocytes, bronchial epithelia, brain tissues, and macrophages and is
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believed to be an “alarmin” in the damaged tissue (10, 11). IL36
exerts its functions directly on multiple cell types including tissue
stromal cells, dendritic cells (DCs), CD4t T cells, CD8T T
cells, NK cells, and y3 T cells (12-16). Ample evidence supports
a crucial role of IL36 cytokines in promoting autoimmunity
(17-20). IL36R-deficient mice were protected from imiquimod-
induced psoriasiform dermatitis (21). Accumulating evidence
supports an important role of IL36y in driving Thl immune
responses. Pseudomonas, aeroginosa, or TLR3 ligands, induce
high levels of IL36y expression (22, 23) and T-bet is required
for the induction of IL36y in myeloid cells (24). In addition,
IL36y stimulates Thl differentiation in vitro and IL36R is
required for protective immune responses to aspergillus and
Bacillus Calmette-Guerin infection (14, 25). Recent studies also
show that IL36y promotes antitumor immune responses through
enhancing the effector function of type 1 lymphocytes (16,
26-31). All these data have firmly established an important
role of IL36 in promoting immune responses. Nonetheless,
whether IL36 can participate in immune regulation and
enhance the function of immune checkpoint molecules has not
been investigated.

Here, we set out to gain a further mechanistic insight of
IL36-mediated antitumor immune responses by focusing on
its effect on Treg. We first examined whether IL36 promoted
Treg proliferation. We also quantified the number of tumoral
Treg in IL36-expressing tumors and control tumors. Since one
of the antitumor mechanisms of CTLA-4 mAbs is through
depletion of tumor infiltrating Treg, we studied the effect of
combination therapy of CTLA-4 mAbs and IL36. Our studies
further elucidated the cellular mechanisms of IL36-mediated
immune responses and also shed light on novel combination
immunotherapy of cancer.

MATERIALS AND METHODS

Tumor Cell Culture and Generation of

IL36-Expressing Cell Lines

B16 and 4T1.2 cells were cultured in RPMI1640 medium
plus 10%FCS. The IL36y-expression vector was transfected
into B16 cells using Lipofectamine 2000 (Invitrogen Life
Technologies) according to the manufacturer’s instructions to
generate B16 stably expressing IL36. Anempty vector (pcDEF3)
was transfected into B16 cells as a control.

Animals

C57BL/6 and BALB/c were purchased from the Jackson
Laboratory. All mice were maintained under specific pathogen-
free conditions. All mouse experiments were approved by the
Institution Animal Care and Use Committee at University
of Pittsburgh.

Synthesis of PEG2k-Fmoc Conjugated
With IL36 Plasmid

The construction of IL36 expression plasmid has been described
before (12-16). Briefly, the IL-36y expression construct was
generated by fusing the nucleotide sequence encoding the human
CD8asignal sequence to the 5 end of IL-36y (G13-S164)

sequence downstream the elongation factor alpha promoter. The
detailed procedure of synthesis of POEG-st-Pmor polymer was
described previously (29). Briefly, POEG-st-Pmor micelles were
prepared by the dialysis method. 10 mg of polymer was dissolved
in 5mL of DMSO. The solution was lyophilized and resolubilized
in 1 mL PBS. For plasmid DNA complexation, polymeric micelles
were diluted to different concentrations in water and mixed with
plasmid DNA solution to obtain the desired N/P ratios. The
mixture was filtered and the filtrate was precipitated by ice-cold
ether/ethanol twice. The crude product was dissolved in water
and filtered through a 450 nm filter, followed by lyophilization
to yield the powder of purified POEG-st-Pmor-IL36 (29). Mice
were treated intravenously with IL-36y plasmid/POEG-st-Pmor
micelles every 3 days for four times.

Mouse Tumor Experiments

B16 cells were injected intradermally into B6 mice, and the size of
tumor was monitored every 2-3 days. B16 and IL36-B16 bearing
mice were randomized into two treatment cohorts: (i) control
IgG or (ii) CTLA4 monoclonal antibodies (mAbs) (clone 9H10,
BioXCell). All antibodies were administered at a dose of 200
pg/mouse through intraperitoneal (i.p.) injection twice per week.
Mice were euthanized when the tumor volume reached 2,000
mm?. The day of euthanasia was used to calculate survival.

To established murine breast tumor lung metastasis model,
BALB/c mice were injected iv. with 4T1.2. Treatments
with CTLA-4 mAb, POEG-st-Pmor-IL36 nanoparticles or
combination were initiated 24 h after tumor cell injection once
every 3 days for 4 times i.v. On day 15 post tumor cell injection,
all mice were sacrificed. Metastatic 4T1.2 tumor nodules were
enumerated after the India ink staining procedure, as reported
previously. Briefly, India ink solution was injected through the
trachea to inflate the lungs, and the lungs were stained for 5 min.
The lungs were then removed and placed in Fekete’s solution
(70% alcohol, 10% formalin, and 5% acetic acid) for destaining.
Tumor nodules did not absorb India ink, which resulted in
the normal lung tissue staining black and the tumor nodules
remaining white. Tumor nodules were counted blindly by two
independent investigators (16).

Analysis of Tumor-Infiltrating Lymphocytes
Tumors were dissected and transferred into RPMI medium.
Tumors were disrupted mechanically using scissors, digested
with a mixture of 0.3 mg/ml DNase I (Sigma-Aldrich) and
0.25 mg/ml Liberase TL (Roche) in serum-free RPMI medium
for 25min, and dispersed through a 40-mm cell strainer (BD
Biosciences). Flow cytometric analysis was performed using a
FACS flow cytometer (BD Biosciences). Combinations of the
following fluorochrome-conjugated antibody were used for cell
surface or intracellular staining to define populations of CDS8,
and subsets of CD4 T cells: CD45, CD8 (clone 53-6.7), CD4
(clone GK1.5), Foxp3, PD-1, Tim-3, CD69, Ki-67, CTLA-4. For
ex vivo restimulation, freshly isolated single-cell suspension was
cultured in complete RPMI 1,640 medium containing PMA
(50ng/ml) and ionomycin (500ng/ml) for 3h before it was
analyzed for IFN-y production by intracellular staining with IFN-
y mAbs (XMG1.2). Multi-colored flow cytometry analyses were
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performed on LSR II (BD). Data were analyzed with Flow]Jo
software (Tree Star).

Determination of IL36R Expression by
RT-Quantitative-PCR

To determine IL36R expression, single-cell suspensions were
made from spleens and lymph nodes of C57BL/6 mice. Naive
CD4*T (CD44y,, CD62Lyign), CD8" T, Treg (CD4TCD257)
cells were purified by fluorescence-activated cell sorting (FACS).
Total RNA was extracted using the Trlzol reagent (Invitrogen
Life Technologies) according to the manufacturer’s protocol.
Total RNA was reverse transcribed using SuperScript IT Reverse
transcriptase (Invitrogen Life Technologies). The mRNA levels
for genes of interest were examined by quantitative RT-PCR
using SYBR Green PCR Master Mix (Applied Biosystems). Values
obtained with the SDS 2.2 (Applied Biosystems) were imported
into Microsoft Excel for analyses and gene expression was
calculated using the comparative method (27°) for relative
quantification by normalization to GAPDH gene expression.

Primary Lymphocyte Culture and

Stimulation

Total CD4" T cells were washed twice with staining buffer
(PBS0.1% BSA), resuspended in staining buffer containing 5 pM
CFSE (Molecular Probes), and incubated at 37°C for 15 min.
Five volumes of ice-cold culture medium were added to stop
labeling, and cells were washed once with culture medium. Cells
were then activated with plate-bound anti-mouse CD3 and CD28

antibodies and stimulated with or without IL36 (100 ng/mL), IL-
2 (50 U/mL). After 3 days of incubation, the cell division was
determined by measuring CFSE fluorescence by flow cytometry.

Statistical Analysis

Data (mean =+ SEM) are representative of independent
experiments. We used the two-tailed unpaired Student’s t-test,
Mann-Whitney U test or the log-rank test (survival studies). P
< 0.05 was considered as being significant.

RESULTS

Tumoral Expression of IL36 Increased the

Tumor Associated Treg

We have shown that IL36 potently enhanced the effectors
function of Th1, CD8% T, NK, and T cells when over-expressed
in the tumor tissues. Whether IL36 can exert direct effect on
Treg cells is not known. Interestingly, the percentage of tumoral
Treg cells was increased greatly in IL36-B16 when compared
to B16 tumors (Figure 1A). This was likely due to increases in
local proliferation because the percentage of Ki-671 Treg cells was
greater in IL36-B16 when compared to B16 tumors (Figure 1B).
These data indicated that IL36 also induced a self-limiting
mechanism through Treg.

IL36 Promoted the Treg Proliferation in

vitro
In order to further determine whether IL36 can directly increase
Treg proliferation, we examined the expression of IL36R in Treg.
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FIGURE 1 | IL-36 increased tumor infiltrated Treg cells and upregulated Ki-67 in Treg cells. A total of 10* B16 or IL-36-B16 cells was injected i.d. into C57BL/6j mice (n
= 3 mice/group). On day 10-12, tumors were resected and processed to generate single cell suspension. Percentages of Foxp3+tCD4™ T cells (A) in tumor infiltrating
immune cells and percentages of Ki-67+Foxp3™ cells (B) within the CD4* TIL population were shown. Results are mean + SEM of three independent experiments.
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Similar to results from previous studies, IL36R could be readily =~ whether IL36 could enhance proliferation of natural Treg in vitro
detected in both naive CD4" and CD8TT cells (Figure 2A).  with cultured in the presence of CD3 and CD28 mAbs. We found
Interestingly, IL36R was also expressed in Treg (Figure2A).  that IL36 indeed promoted Treg proliferation but did not affect
This was surprising because it was shown that IL36R inhibits  the ratio between Treg and conventional CD4" T cells after co-
generation of the induced Treg (32). We then tried to determine  culture (Figure 2B). These data suggest that IL36 could enhance
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FIGURE 2 | IL-36R was expressed and functional in Treg cells. (A), naive CD4*T cells (ThO cells), naive CD8* T cell and Treg were purified by FACS. Total mRNA was
isolated for analyses by quantitative RT-PCR. Results represented IL-36R mRNA expression levels relative to GAPDH. (B), flow cytometric analysis of Treg cells
proliferation responses induced by IL-36-stimulated splenic CD4*T cells. Splenic CD4*T cells were stimulated with anti-CD3 and anti-CD28 antibodies with or
without IL36 for 72 h. CFSE dilution was used to evaluate T cell proliferation responses 72 h following co-culture. Flow cytometry plot is representative of four
independent experiments. Results are mean + SEM of three independent experiments.
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the proliferation of both Treg and conventional T cells. The
IL36/Treg axis is likely a natural negative feedback mechanism
that limits an overzealous IL36-driven T cell immune response.
Such mechanism, although fit for limiting autoimmunity, poses
an obstacle for utilization of IL36 in tumor immunotherapy.

IL36 Combined With CTLA-4 mAbs
Additively Eradicated Tumors

One of the antitumor mechanisms of CTLA-4 mAbs is
depletion of tumoral Treg (33-35). We therefore hypothesize that
combination of tumoral expression of IL36 and CTLA-4 mAbs
might additively increase antitumor activities. We administered
CTLA-4 mAbs 4 days after subcutaneous implantation of B16
cells or IL36-B16 cells, when tumors were established with an
average diameter of 2mm. We used the B16 melanoma cells
because they represent an aggressive murine tumor model and
are highly resistant to various immunotherapies. Consistent with
previous studies, CTLA-4 mAbs failed to control tumor growth,
and tumoral expression of IL36 had pronounced antitumor

functions. Combination of CTLA-4 mAbs and IL36 expression
produced much greater antitumor efficacy with reduced tumor
growth rates and much prolonged survival (Figures 3A-C).

Our previous data show that drug-loaded PEG2k-Fmoc
micelles are stable in the blood and are highly effective in selective
delivery gene expressing constructs to the lung tumor tissues (29).
Our nanocarrier was designed to target both lungs and distant
solid tumors (29). Selective accumulation of the nanocarrier is
largely attributed to the leaky tumor vasculature. On the other
hand, the effective accumulation in the lung is likely due to the
interaction of tertiary amine moiety with negatively charged cell
membrane in the lung (36). Amine-containing basic compounds
have been reported to be predominantly accumulated in the
lung due to the specific binding to acidic phospholipids on the
cell membrane, which is abundantly distributed in lung tissue.
Using this approach, IL36 is locally specifically expressed in
tumor cells and lung tissue cells to avoid potential toxicity of
i.v. injection of a recombinant IL36 protein. We then determine
the effectiveness of this gene therapy strategy for delivery of
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FIGURE 3 | Additively increased antitumor activities with combination of IL36 and CTLA-4 mAbs. (A), Schematic drawing of the experimental setup of IL36 and
CTLA-4 mAbs treatment. (B), Individual growth curves of B16 and IL36-B16 tumors with or without CTLA-4 mAbs treatment (n = 5 mice/group). (C), Long-term
survival of different treatment groups was shown (n = 5 mice/group). (D,E), Therapeutic studies were conducted using the 4T1.2 metastatic lung cancer model [n = 5
mice/group, (E) a, IgG plus Carrier group; b, IgG plus IL36-Carrier group; ¢, CTLA-4 mAbs plus Carrier group; d, CTLA-4 mAbs plus IL36-Carrier group]. Treatment
with CTLA-4 mAbs, PEG2k-Fmoc-IL36 nanoparticles or combination was initiated after tumor cell injection. The presented is representative of samples in one out of
three independent experiments. Data (mean 4 SEM) are representative of three independent experiments.
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IL36 expression plasmids to tumor and synergy between the IL36
gene therapy and CTLA-4 mAbs. The therapeutic studies were
conducted in a 4T1.2 lung metastatic model using a nanomicellar
carrier that is based on a prodrug conjugate of PEG, Fmoc
with the IL36 plasmid (PEG2k-Fmoc-IL36) (29). We evaluated
the lungs of these mice for metastatic nodules and found that

numerous tumor nodules were visible on the surface of the lungs
of control mice, whereas only mice received both PEG2k-Fmoc-
IL36 and CTLA-4 mAbs had significantly fewer lung nodules
(Figures 3D,E). These results suggest that local IL36 expression
in combination with CTLA-4 mAbs was sufficient to inhibit the
growth of metastatic colonies in the lung.
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FIGURE 4 | Administration of CTLA-4 mAbs decreased Treg cell population in tumors. (A), Representative flow cytometry plot showing percentages of Foxp3+CD4+
TIL and CTLA-4TFoxp3* TIL in IL-36-B16 tumors after CTLA-4 mAbs treatment (n = 3 mice/group). (B), Representative flow cytometry plot showed PD-1 and Ki-67
expression on CTLA-4+Foxp3* and CTLA-4~Foxp3™ T cell subsets in IL-36-B16 tumors. Data (mean + SEM) are representative of three independent experiments.
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CTLA-4 mAbs Administration Led to Treg

Cell Depletion in Tumor Tissues

Consistent with previously data (37), administration of CTLA-
4 mAbs after tumor challenge resulted in a reduced frequency
of Foxp3™ cells in the B16-1L36 tumor (Figure4A). This is
due to the fact that approximately 70% of the tumoral Treg
expressed CTLA-4 (Figure4A). Interestingly, CTLA-4*Treg
expressed higher levels of inhibitory molecules PD-1 and Ki-
67 than their CTLA-4~ counterparts (Figure 4B). These data
together suggested thatCTLA-4" Treg cells are a more activated
Treg subset. Therefore, administration of CTLA-4 mAbs likely
resulted in depletion of the activated CTLA-41 Treg subset.

Combination of IL36 and CTLA-4 mAb
Resulted in Higher Type 1 Immune

Responses in Tumor
In order to further investigate the protective mechanism, we
characterized the immune cells from the tumor tissues by flow

cytometry. Compared to control tumors, which were infiltrated
with low numbers of immune cells, anti-CTLA-4 mAbs treatment
alone did not increase the number of CD45" immune cells
(Figure 5). Consistent with our prior report, we found that
CD45" immune cells were significantly increased in 1L36-B16
tumors when compared to B16 tumors. Combination of IL36
and CTLA-4 mAbs resulted in even greater increases in CD45™
immune cells in tumor (Figure 5). Despite increases in the total
CD45" tumor infiltrating immune cells, the percentage of CD4™
and CD8' T cells were not changed by IL36 or combined
administration of IL36 and CTLA-4 mAbs (Figure5). These
data suggest that IL36 and CTLA-4 mAbs additively increase the
tumor inflammation.

We then examined whether these treatments resulted in
alteration of T cell functions and proliferation. Compared to
IL36 or CTLA-4 mAbs alone, combination of the two led to
further increase of percentages of IFN-y™ CD4" and CD8*
T cells (Figure 6). Likewise, combination of IL36 or CTLA-4
mAbs led to an increase of proliferating CD4" and CD8* T
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FIGURE 5 | Combination of tumoral expression of IL-36 and anti-CTLA-4 mAbs additively enhanced CD45*immune cell infiltration in the tumor microenvironment.
C57BL/6 mice were injected i.d. with 10* B16 or B16-IL-36 cells and were subsequently treated with CTLA-4 or control mAbs (n = 3 mice/group). Tumors were
resected after treatment and subjected to flow cytometry analysis. Representative flow cytometric plots showed CD45™ cells (A,C), CD4™T and CD8™T cells (B,C) in
tumor. Results are mean + SEM of 3 independent experiments.

Frontiers in Immunology | www.frontiersin.org 7 April 2020 | Volume 11 | Article 634


https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

Qu et al.

IL-36 Cooperates With Anti-CTLA-4 mAb

B16 IL36-B16
A IgG CTLA4 mAb IgG CTLA4 mAb P=0.04
i ity
@ =
-ug T o 772 0 ‘3 20.3 A: 53% ém
(é_ > x 1 3 “1 ;
% E i + o ) 3"
L i ¥ 3 o 3 ; i ST b
+ - v - 1 roymer v = i e e e E v ey e o.
o ‘ v A 4 Al IgG Ctla4 IgG Ctla4
O
B16 IL36-B16
B
(I 240 1429 : P=051 P=0.04
T g I o " o 2 S -
s = ) H g
(o 4 "] 3 2 [ LN § Q"
< .—g] : Sl 5. §.
0 177.1 3.42 92,9 ¥ G Chad gG CEad * WG Clad IgG Chad
O ‘ AR Sy TR B16  L3IGBIG B16  L3I5B16
B P=0.03
c .; o { ok P
T o2y 1 s03 1 a3 ] 8 %
s L1 ] .
A Lz ] L ] ] 3]
4 1 = ] i ] 1 R
] ] ] o] ‘f
'g I ——— eyt D T L ¥ o
i ‘ IgG Ctla4 IgG Ctlad
s CD45
o B16 IL36-B16
8 P=0.04
b o
T ‘1 81s . 0 1309 g
T ¥ &3 i W i 8
‘ IR G PPt B N R P e Gl
CD45

B16 IL36-B16

FIGURE 6 | Combination of tumoral expression of IL-36 and anti-CTLA-4 mAbs additively enhanced type 1 immune responses in the tumor microenvironment.
C57BL/6 mice were injected i.d. with 10* B16 or B16-IL-36 cells and were subsequently treated with CTLA-4 or control mAbs (n = 3 mice/group). Tumors were
resected after treatment and subjected to flow cytometry analysis. Representative flow cytometric plots showed IFN-yTFoxp3~CD4™T cells (A),
Ki-67+Foxp3~CD4*T cells (B), Ki-677CD8™ T cells (C), IFN-y"™CD8™ T cells (D). Results are mean 4= SEM of three independent experiments.

cells (Figure 6). These data indicated that IL36 and CTLA-4mAbs
additively increased the effector function and expansion of type
1T cells in the TME.

DISCUSSION

In this study, we found that IL36R was expressed in Treg cells.
IL36 promoted Treg proliferation in vitro and expansion in
tumors in vivo. In addition, we showed that CTLA-4 mAbs
treatment led to a drastic reduction in Treg in IL36-expressing
tumors. Furthermore, we demonstrated that IL36 and CTLA-
4 mAbs additively promoted antitumor immune responses and

greatly prolonged survival of tumor-bearing mice. Collectively,
our data indicate that combination of IL36 and CTLA-4 mAbs
is a more effective immunotherapy for tumor than individual
treatment with IL36 or CTLA-4 mAbs.

Our study has revealed that IL36 regulates a complex
cellular network involving both effector and regulatory T cells.
We showed previously that IL36R was expressed on both
conventional CD4 and CD8T cells. We and other have shown
that IL36 promotes proliferation and IFN-y of Thl and CD8 T
cell (14, 16). Besides Th1 cells, IL36 has been shown to promote
Th9 differentiation. Interestingly, IL36 was shown to inhibit
generation of the induced Treg in culture (32). The role of IL36
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on natural Treg is not known. In this study, we showed that
Treg also expressed IL36R. In addition, IL36 increased Treg
proliferation in culture. Moreover, we observed an increase in the
percentage and proliferation of Treg in IL36-expressing tumors
when compared to control tumors. These data suggest that IL36
induces a self-limiting mechanism mediated by activation of
natural Treg cells to contain immune pathology.

It was initially thought the antitumor mechanism of
CTLA-4 mAbs was by removing inhibitory signals in the
costimulatory pathway (38, 39). CTLA-4 was established as
the first negative checkpoint regulatory molecule expressed on
activated conventional CD4" and CD8' T cells through a
set of experiments using CTLA-4 mAbs (40-43). This concept
was further supported by evidence came from analysis of the
CTLA-4/~ mice (44-46). CTLA-4~/~ mice developed a severe
lymphoproliferative disorder and mice die between 18 and 28
days of age. In CTLA-47/~ mice, most of peripheral T cells
displayed activated phenotype and secreted effector cytokines
and massive lymphocytic infiltration into non-lymphoid tissues
are observed. Besides effector T cells, CTLA-4 is also expressed
on Treg cells. Ample evidence supports a critical role of CTLA-
4 in mediating the function of Treg through downregulating
B7/CD28 costimulation (47, 48). Importantly, recent data
demonstrated that the antitumor activity of CTLA-4 mAbs
seems to be dependent on its Treg-depleting activities (33-35).
Therefore, likely both Treg-depletion and reverse of checkpoint
inhibition are involved the antitumor function of CTLA-4 mAbs.
Our studies support the mechanism of combinatorial effect
between IL-36 and CTLA-4 mAbs is at least through Treg.
We would expect complete Treg deletion is additive with IL36
treatment and further enhances the antitumor activity of IL36.
We have decided to focus on using CTLA4 mAbs in this study
due to a clearer pathway for clinical application because there is

REFERENCES

1. Havel JJ, Chowell D, Chan TA. The evolving landscape of biomarkers
for checkpoint inhibitor immunotherapy. Nat Rev Cancer. (2019) 19:133-
50. doi: 10.1038/s41568-019-0116-x

2. Camacho LH. CTLA-4 blockade with ipilimumab: biology, safety, efficacy, and
future considerations. Cancer Med. (2015) 4:661-72. doi: 10.1002/cam4.371

3. Du X, Liu M, Su J, Zhang P, Tang E Ye P, et al. Uncoupling therapeutic
from immunotherapy-related adverse effects for safer and effective anti-
CTLA-4 antibodies in CTLA4 humanized mice. Cell Res. (2018) 28:433—
47. doi: 10.1038/541422-018-0012-z

4. Cao L, Kulmburg P, Veelken H, Mackensen A, Mezes B, Lindemann A,
et al. Cytokine gene transfer in cancer therapy. Stem Cells. (1998) 16(Suppl.
1):251-60. doi: 10.1002/stem.5530160831

5. Lord EM, Frelinger JG. Tumor
antigen  presentation.  Cancer
46:75-81. doi: 10.1007/5002620050464

6. Nanni P, Forni G, Lollini PL. Cytokine gene therapy: hopes and pitfalls. Ann
Oncol. (1999) 10:261-6. doi: 10.1023/A:1008304721889

7. Lu B, Yang M, Wang Q. Interleukin-33 in tumorigenesis, tumor
immune evasion, and cancer immunotherapy. | Mol Med. (2016)
94:535-43. doi: 10.1007/500109-016-1397-0

8. Berraondo P, Sanmamed ME Ochoa MC, Etxeberria I, Aznar MA, Perez-
Gracia JL, et al. Cytokines in clinical cancer immunotherapy. Br ] Cancer.
(2019) 120:6-15. doi: 10.1038/s41416-018-0328-y

immunotherapy:
Immunol  Immunother.

cytokines and
(1998)

no other Treg-depletion drug that has been FDA-approved.

Our study suggests that IL-36-based immune therapy
of cancer should provide new opportunities for enhancing
the immune “checkpoint”based approach. Our data further
demonstrated that depletion of Treg by CTLA-4 mAbs unleashed
the power of IL36-mediated tumor immunotherapy. Since
CTLA-4 mAbs has been approved for immunotherapy of
melanoma and is in clinical trial for combination with PD-1
mAbs (49-51) our data suggest combination of IL36 with CTLA-
4 mAbs might be of clinical significance to further increase
its efficacy.

DATA AVAILABILITY STATEMENT

The datasets analyzed in this article are not publicly
available. Requests to access the datasets should be directed
to binfeng@pitt.edu.

ETHICS STATEMENT

The animal study was reviewed and approved by the Institution
Animal Care and Use Committee at University of Pittsburgh.

AUTHOR CONTRIBUTIONS

QQ, CC, and BL conceived of the study, participated in its
design, coordination, and drafted the manuscript. ZZ, JX, and SL
performed 4T1.2 experiments.

FUNDING

This project was supported by the NIH through
grants R21CA205727.

9. Dwyer CJ, Knochelmann HM, Smith AS, Wyatt MM, Rangel

Rivera GO, Arhontoulis DC, et al. Fueling cancer immunotherapy

with common gamma chain cytokines. Front Immunol. (2019)
10:263. doi: 10.3389/fimmu.2019.00263

10. Gresnigt MS, and van de Veerdonk FL. Biology of IL-36
cytokines and their role in disease. Semin Immunol. (2013)

25:458-65. doi: 10.1016/j.smim.2013.11.003

11. Lian LH, Milora KA, Manupipatpong KK, Jensen LE. The double-
stranded RNA analogue polyinosinic-polycytidylic acid induces keratinocyte
pyroptosis and release of IL-36gamma. ] Invest Dermatol. (2012) 132:1346-
53. doi: 10.1038/jid.2011.482

12. Vigne S, Palmer G, Lamacchia C, Martin P, Talabot-Ayer D, Rodriguez

E, et al. IL-36R ligands are potent regulators of dendritic and
T cells. Blood. (2011) 118:5813-23. doi: 10.1182/blood-2011-05-
356873

13. Mutamba S, Allison A, Mahida Y, Barrow P, Foster N. Expression of IL-
1Rrp2 by human myelomonocytic cells is unique to DCs and facilitates
DC maturation by IL-1F8 and IL-1F9. Eur J Immunol. (2012) 42:607-
17. doi: 10.1002/€ji.201142035

14. Vigne S, Palmer G, Martin P, Lamacchia C, Strebel D, Rodriguez E,
et al. IL-36 signaling amplifies Thl responses by enhancing proliferation
and Thl polarization of naive CD4+ T cells. Blood. (2012) 120:3478-
87. doi: 10.1182/blood-2012-06-439026

15. Foster AM, Baliwag J, Chen CS, Guzman AM, Stoll SW, Gudjonsson JE,
et al. IL-36 promotes myeloid cell infiltration, activation, and inflammatory

Frontiers in Immunology | www.frontiersin.org

April 2020 | Volume 11 | Article 634


mailto:binfeng@pitt.edu
https://doi.org/10.1038/s41568-019-0116-x
https://doi.org/10.1002/cam4.371
https://doi.org/10.1038/s41422-018-0012-z
https://doi.org/10.1002/stem.5530160831
https://doi.org/10.1007/s002620050464
https://doi.org/10.1023/A:1008304721889
https://doi.org/10.1007/s00109-016-1397-0
https://doi.org/10.1038/s41416-018-0328-y
https://doi.org/10.3389/fimmu.2019.00263
https://doi.org/10.1016/j.smim.2013.11.003
https://doi.org/10.1038/jid.2011.482
https://doi.org/10.1182/blood-2011-05-356873
https://doi.org/10.1002/eji.201142035
https://doi.org/10.1182/blood-2012-06-439026
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

Qu et al.

IL-36 Cooperates With Anti-CTLA-4 mAb

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

activity in skin. J Immunol. (2014) 192:6053-61. doi: 10.4049/jimmunol.13
01481

Wang X, Zhao X, Feng C, Weinstein A, Xia R, Wen W, et al. IL-
36gamma transforms the tumor microenvironment and promotes type 1
lymphocyte-mediated antitumor immune responses. Cancer Cell. (2015)
28:296-306. doi: 10.1016/j.ccell.2015.07.014

Debets R, Timans JC, Homey B, Zurawski S, Sana TR, Lo S, et al. Two novel
IL-1 family members, IL-1 delta and IL-1 epsilon, function as an antagonist
and agonist of NF-kappa B activation through the orphan IL-1 receptor-
related protein 2. J Immunol. (2001) 167:1440-6. doi: 10.4049/jimmunol.167.
3.1440

Blumberg H, Dinh H, Trueblood ES, Pretorius J, Kugler D, Weng
N, et al. Opposing activities of two novel members of the IL-1
ligand family regulate skin inflammation. J Exp Med. (2007) 204:2603-
14. doi: 10.1084/jem.20070157

He Q, Chen HX, Li W, Wu Y, Chen S§J, Yue Q, et al. IL-36 cytokine
expression and its relationship with p38 MAPK and NF-kappaB pathways in
psoriasis vulgaris skin lesions. ] Huazhong Univ Sci Technolog Med Sci. (2013)
33:594-9. doi: 10.1007/s11596-013-1164-1

Johnston A, Xing X, Wolterink L, Barnes DH, Yin Z, Reingold L,
et al. IL-1 and IL-36 are dominant cytokines in generalized pustular
psoriasis. ] Allergy Clin Immunol. (2017) 140:109-20. doi: 10.1016/j.jaci.2016.
08.056

Tortola L, Rosenwald E, Abel B, Blumberg H, Schafer M, Coyle
AJ, et al. Psoriasiform dermatitis is driven by IL-36-mediated DC-
keratinocyte crosstalk. J Clin Invest. (2012) 122:3965-76. doi: 10.1172/JCI
63451

Vos JB, van Sterkenburg MA, Rabe KE Schalkwijk ], Hiemstra PS,
Datson NA. Transcriptional response of bronchial epithelial cells to
Pseudomonas aeruginosa: identification of early mediators of host defense.
Physiol Genomics. (2005) 21:324-36. doi: 10.1152/physiolgenomics.002
89.2004

Chustz RT, Nagarkar DR, Poposki JA, Favoreto S Jr, Avila PC, Schleimer
RP, et al. Regulation and function of the IL-1 family cytokine IL-1F9 in
human bronchial epithelial cells. Am ] Respir Cell Mol Biol. (2011) 45:145-
53. doi: 10.1165/rcmb.2010-00750C

Bachmann M, Scheiermann P, Hardle L, Pfeilschifter J, Muhl H. IL-
36gamma/IL-1F9, an innate T-bet target in myeloid cells. ] Biol Chem. (2012)
287:41684-96. doi: 10.1074/jbc.M112.385443

Gresnigt MS, Rosler B, Jacobs CW, Becker KL, Joosten LA, van der Meer
JW, et al. The IL-36 receptor pathway regulates Aspergillus fumigatus-
induced Thl and Thl7 responses. Eur ] Immunol. (2013) 43:416-
26. doi: 10.1002/€ji.201242711

Pan QZ, Pan K, Zhao JJ, Chen JG, Li JJ, Lv L, et al. Decreased
expression of interleukin-36alpha correlates with poor prognosis in
hepatocellular carcinoma. Cancer Immunol Immunother. (2013) 62:1675-
85. doi: 10.1007/500262-013-1471-1

Tsurutani N, Mittal P, St Rose MC, Ngoi SM, Svedova ], Menoret A,
et al. Costimulation endows immunotherapeutic CD8T cells with IL-
36 responsiveness during aerobic glycolysis. J Immunol. (2016) 196:124-
34. doi: 10.4049/jimmunol.1501217

Weinstein AM, Chen L, Brzana EA, Patil PR, Taylor JL, Fabian KL, et al.
Tbet and IL-36gamma cooperate in therapeutic DC-mediated promotion
of ectopic lymphoid organogenesis in the tumor microenvironment.
Oncoimmunology.  (2017)  6:e1322238. doi:  10.1080/2162402X.2017.
1322238

Chen Y, Sun ], Huang Y, Liu Y, Liang L, Yang D, et al. Targeted codelivery of
doxorubicin and IL-36gamma expression plasmid for an optimal chemo-gene
combination therapy against cancer lung metastasis. Nanomedicine. (2019)
15:129-41. doi: 10.1016/j.nano.2018.09.005

Hewitt SL, Bai A, Bailey D, Ichikawa K, Zielinski J, Karp R, et al.
Durable anticancer immunity from intratumoral administration of
IL-23, IL-36gamma, and OX40L mRNAs. Sci Transl Med. (2019)
11:eaat9143. doi: 10.1126/scitranslmed.aat9143

Weinstein AM, Giraldo NA, Petitprez F, Julie C, Lacroix L, Peschaud E
et al. Association of IL-36gamma with tertiary lymphoid structures and
inflammatory immune infiltrates in human colorectal cancer. Cancer

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44,

45.

47.

48.

49.

Immunol Immunother. (2019) 68:109-20. doi: 10.1007/s00262-018-
2259-0

Harusato A, Abo H, Ngo VL, Yi SW, Mitsutake K, Osuka S, et al. IL-
36gamma signaling controls the induced regulatory T cell-Th9 cell balance
via NFkappaB activation and STAT transcription factors. Mucosal Immunol.
(2017) 10:1455-67. doi: 10.1038/mi.2017.21

Selby M]J, Engelhardt JJ, Quigley M, Henning KA, Chen T, Srinivasan

M, et al. Anti-CTLA-4 antibodies of IgG2a isotype enhance antitumor

activity ~through reduction of intratumoral regulatory T cells.
Cancer Immunol Res. (2013) 1:32-42. doi: 10.1158/2326-6066.CIR-
13-0013

Simpson TR, Li F, Montalvo-Ortiz W, Sepulveda MA, Bergerhoff K,
Arce F et al. Fc-dependent depletion of tumor-infiltrating regulatory
T cells co-defines the efficacy of anti-CTLA-4 therapy against
melanoma. ]| Exp Med. (2013) 210:1695-710. doi: 10.1084/jem.20
130579

Wei SC, Levine JH, Cogdill AP, Zhao Y, Anang NAS, Andrews MC,
et al. Distinct cellular mechanisms underlie anti-CTLA-4 and anti-PD-1
checkpoint blockade. Cell. (2017) 170:1120-33.e1117. doi: 10.1016/j.cell.2017.
07.024

Pack DW, Hoffman AS, Pun S, Stayton PS. Design and development
of polymers for gene delivery. Nat Rev Drug Discov. (2005) 4:581-
93. doi: 10.1038/nrd1775

Ingram JR, Blomberg OS, Rashidian M, Ali L, Garforth S, Fedorov E, et al.
Anti-CTLA-4 therapy requires an Fc domain for efficacy. Proc Natl Acad Sci
USA. (2018) 115:3912-7. doi: 10.1073/pnas.1801524115

Leach DR, Krummel ME Allison JP. Enhancement of antitumor
immunity by CTLA-4  blockade.  Science.  (1996)  271:1734-
6. doi: 10.1126/science.271.5256.1734

Chambers CA, Kuhns MS, Egen JG, Allison JP. CTLA-4-mediated
inhibition in regulation of T responses:
manipulation in tumor immunotherapy. Annu Rev Immunol. (2001)
19:565-94. doi: 10.1146/annurev.immunol.19.1.565

Walunas TL, Lenschow DJ, Bakker CY, Linsley PS, Freeman GJ, Green
JM, et al. CTLA-4 can function as a negative regulator of T cell
Immunity.  (1994) 1:405-13. doi: 10.1016/1074-7613(94)

cell mechanisms and

activation.
90071-X
Kearney ER, Walunas TL, Karr RW, Morton PA, Loh DY, Bluestone JA, et al.
Antigen-dependent clonal expansion of a trace population of antigen-specific
CD4+ T cells in vivo is dependent on CD28 costimulation and inhibited by
CTLA-4. ] Immunol. (1995) 155:1032-6.

Krummel MF, Allison JP. CD28 and CTLA-4 have opposing effects on
the response of T cells to stimulation. J Exp Med. (1995) 182:459-
65. doi: 10.1084/jem.182.2.459

Krummel ME Sullivan TJ, Allison JP. Superantigen responses and co-
stimulation: CD28 and CTLA-4 have opposing effects on T cell expansion
in vitro and in vivo. Int Immunol. (1996) 8:519-23. doi: 10.1093/intimm/
8.4.519

Tivol EA, Borriello F, Schweitzer AN, Lynch WP, Bluestone JA, Sharpe AH.
Loss of CTLA-4 leads to massive lymphoproliferation and fatal multiorgan
tissue destruction, revealing a critical negative regulatory role of CTLA-4.
Immunity. (1995) 3:541-7. doi: 10.1016/1074-7613(95)90125-6

Waterhouse P, Penninger JM, Timms E, Wakeham A, Shahinian A,
Lee KP, et al. Lymphoproliferative disorders with early lethality in mice
deficient in Ctla-4. Science. (1995) 270:985-8. doi: 10.1126/science.270.
5238.985

. Chambers CA, Cado D, Truong T, Allison JP. Thymocyte development is

normal in CTLA-4-deficient mice. Proc Natl Acad Sci USA. (1997) 94:9296—
301. doi: 10.1073/pnas.94.17.9296

Wing K, Onishi Y, Prieto-Martin P, Yamaguchi T, Miyara M, Fehervari Z,
et al. CTLA-4 control over Foxp3+ regulatory T cell function. Science. (2008)
322:271-5. doi: 10.1126/science.1160062

Qureshi OS, Zheng Y, Nakamura K, Attridge K, Manzotti C, Schmidt EM, etal.
Trans-endocytosis of CD80 and CD86: a molecular basis for the cell-extrinsic
function of CTLA-4. Science. (2011) 332:600-3. doi: 10.1126/science.1202947
Ott PA, Hodi FS, Robert C. CTLA-4 and PD-1/PD-L1 blockade:

new immunotherapeutic modalities with durable clinical benefit

Frontiers in Immunology | www.frontiersin.org

April 2020 | Volume 11 | Article 634


https://doi.org/10.4049/jimmunol.1301481
https://doi.org/10.1016/j.ccell.2015.07.014
https://doi.org/10.4049/jimmunol.167.3.1440
https://doi.org/10.1084/jem.20070157
https://doi.org/10.1007/s11596-013-1164-1
https://doi.org/10.1016/j.jaci.2016.08.056
https://doi.org/10.1172/JCI63451
https://doi.org/10.1152/physiolgenomics.00289.2004
https://doi.org/10.1165/rcmb.2010-0075OC
https://doi.org/10.1074/jbc.M112.385443
https://doi.org/10.1002/eji.201242711
https://doi.org/10.1007/s00262-013-1471-1
https://doi.org/10.4049/jimmunol.1501217
https://doi.org/10.1080/2162402X.2017.1322238
https://doi.org/10.1016/j.nano.2018.09.005
https://doi.org/10.1126/scitranslmed.aat9143
https://doi.org/10.1007/s00262-018-2259-0
https://doi.org/10.1038/mi.2017.21
https://doi.org/10.1158/2326-6066.CIR-13-0013
https://doi.org/10.1084/jem.20130579
https://doi.org/10.1016/j.cell.2017.07.024
https://doi.org/10.1038/nrd1775
https://doi.org/10.1073/pnas.1801524115
https://doi.org/10.1126/science.271.5256.1734
https://doi.org/10.1146/annurev.immunol.19.1.565
https://doi.org/10.1016/1074-7613(94)90071-X
https://doi.org/10.1084/jem.182.2.459
https://doi.org/10.1093/intimm/8.4.519
https://doi.org/10.1016/1074-7613(95)90125-6
https://doi.org/10.1126/science.270.5238.985
https://doi.org/10.1073/pnas.94.17.9296
https://doi.org/10.1126/science.1160062
https://doi.org/10.1126/science.1202947
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

Qu et al.

IL-36 Cooperates With Anti-CTLA-4 mAb

50.

51.

in melanoma patients. Clin  Cancer  Res.  (2013)  19:5300-
9. doi: 10.1158/1078-0432.CCR-13-0143

Ribas A, Kefford R, Marshall MA, Punt CJ, Haanen ]JB, Marmol M,
et al. Phase III randomized clinical trial comparing tremelimumab
with  standard-of-care chemotherapy in patients with advanced
melanoma. ] Clin Oncol. (2013) 31:616-22. doi: 10.1200/JCO.2012.
44.6112

Wolchok JD, Hodi FS, Weber ]S, Allison JP, Urba W], Robert C, et al.
Development of ipilimumab: a novel immunotherapeutic approach for
the treatment of advanced melanoma. Ann NY Acad Sci. (2013) 1291:1-
13. doi: 10.1111/nyas.12180

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2020 Qu, Zhai, Xu, Li, Chen and Lu. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with these
terms.

Frontiers in Immunology | www.frontiersin.org

11

April 2020 | Volume 11 | Article 634


https://doi.org/10.1158/1078-0432.CCR-13-0143
https://doi.org/10.1200/JCO.2012.44.6112
https://doi.org/10.1111/nyas.12180~
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

	IL36 Cooperates With Anti-CTLA-4 mAbs to Facilitate Antitumor Immune Responses
	Introduction
	Materials and Methods
	Tumor Cell Culture and Generation of IL36-Expressing Cell Lines
	Animals
	Synthesis of PEG2k-Fmoc Conjugated With IL36 Plasmid
	Mouse Tumor Experiments
	Analysis of Tumor-Infiltrating Lymphocytes
	Determination of IL36R Expression by RT-Quantitative-PCR
	Primary Lymphocyte Culture and Stimulation
	Statistical Analysis

	Results
	Tumoral Expression of IL36 Increased the Tumor Associated Treg
	IL36 Promoted the Treg Proliferation in vitro
	IL36 Combined With CTLA-4 mAbs Additively Eradicated Tumors
	CTLA-4 mAbs Administration Led to Treg Cell Depletion in Tumor Tissues
	Combination of IL36 and CTLA-4 mAb Resulted in Higher Type 1 Immune Responses in Tumor

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	References


