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Abstract

Programmed cell death protein-1 (PD-1) is a prominent immune checkpoint receptor interacting
with its ligand, programmed cell death protein ligand-1 (PD-L1, B7-H1). The PD-1/PD-L1
interaction induces functional exhaustion of tumor-reactive cytotoxic T cells and, thus, interferes
with antitumor T-cell immunity. In addition, PD-1/PD-L1 interaction promotes tumorigenesis via
mTOR signaling pathway in a group of cancers including melanoma. Based on the dual functions
of PD-1/PD-L1 interactions in tumor progression, we hypothesize that siRNA targeting PD-L1
(siPD-L1) will suppress melanoma growth, acting on both immune checkpoint and intrinsic
tumorigenesis pathway. We tested this hypothesis by delivering siPD-L1 with a polymeric carrier
(“pd”) consisting of disulfide-crosslinked polyethyleneimine (CLPEI) and dermatan sulfate (DS),
which we previously found to have a specific interaction with CD146- positive B16F10 melanoma
cells. The siPD-L1/pd suppressed the expression of PD-L1 in the interferon-y (IFN-y)-challenged
B16F10 melanoma cells in a cell-type dependent manner and attenuated the expression of tumor-
specific genes in B16F10 cells. siPD-L1/pd suppressed the B16F10 melanoma growth in C57BL/6
immune-competent mice with increased tumor-specific immunity. siPD-L1/pd also suppressed
melanoma growth in immune-compromised nude mice. Both animals showed a positive
correlation between PD-L1 and p-S6k (a marker of mTOR pathway activation) expression in
tumors. These results indicate that siPD-L1/pd complex attenuates melanoma growth in both T-
cell dependent and independent mechanisms.
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Programmed cell death protein-1 (PD-1) is a prominent immune checkpoint receptor on T
cells, which interacts with its ligand PD-L1 to negatively regulate T cell function.! PD-1 is
generally expressed on T cells and hematopoietic cells, and PD-L1 (B7-H1) is expressed on
a wide range of non-hematopoietic cells including those in the tumor microenvironment.?
PD-L1 is also expressed on cancer cells such as melanoma, non-small cell lung cancer, renal
cell carcinoma, gastric cancer, leukemia, and multiple myeloma.3 PD-1/PD-L1 interaction
triggers functional exhaustion of tumor-reactive cytotoxic T cells, thus allowing tumors to
evade antitumor immunity.:2 Blocking PD-1/PD-L1 interactions in tumors can reverse T
cell exhaustion and induce significant anti-tumor responses! and has thus emerged as a
promising strategy for cancer immunotherapy. Indeed, anti-PD-1 therapies such as
pembrolizumab and nivolumab have shown impressive antitumor responses in clinical
trials*’ and gained accelerated approval from the US FDA for the treatment of ipilimumab-
refractory melanoma.®

In addition to the role in the immune checkpoint, recent studies uncover direct involvement
of PD-1/PD-L1 signaling in tumorigenesis. Malignant melanoma contains PD-1 expressing
cell subpopulations, which interact with host- and tumor PD-L1 to activate effectors of
mTOR signaling pathway and promote tumor growth.? A recent study also shows that
tumor-expressed PD-L1 promotes the growth and metastatic spread of melanoma and
ovarian cancer cells by regulating mTOR signaling and autophagy.1® Accordingly, the
blockade of PD-1 or PD-L1 inhibits tumor growth even in the absence of a functional
adaptive immune system.9: 10

Based on the dual functions of PD-1/PD-L1 interactions in tumor progression, we
hypothesize that siRNA targeting PD-1/PD-L1 interactions delivered to B16F10 tumors will
effectively suppress melanoma growth. We choose to target PD-L1 due to its expression in
broad cell populations in tumor microenvironment.2 Although most clinically-used
inhibitors of PD-L1 are based on monoclonal antibodies,3 we use siRNA to suppress PD-L1
expression because of the high target-specificity,11 the ability to limit de novo production of
PD-L1,12 and the potential to combine with siRNAs of different functionalities in a single
delivery.13 For the delivery of siRNA targeting PD-L1 (siPD-L1), we use a polymeric carrier
consisting of disulfide-crosslinked polyethyleneimine (CLPEI), a polycation used for gene
complexation, and dermatan sulfate (DS) that neutralizes the excessive cationic charge of
CLPEI. The CLPEI/DS (dubbed “pd™) complex has specific toxicity to a group of cancer
cells that express CD146, including B16F10 melanoma cells, which is an advantage
compared to other polymeric gene carriers.14

In this study, we hypothesize that siPD-L1 delivered by the pd complex can suppress
melanoma growth via multiple mechanisms, including the melanoma-specific toxicity of pd
complex and intrinsic and extrinsic anti-tumor effects of PD-1/PD-L1 blockade. With
B16F10 murine melanoma cells and tumor models in immune-competent and immune-
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compromised mice, we demonstrate that siPDL1/pd reduces the expression of PD-L1 in
tumors and attenuates tumor growth by promoting cytotoxic T-cell immunity and
suppressing mTOR pathway.

RESULTS

Characterization of siRNA/pd complexes

CLPEI was synthesized by crosslinking LPEIs via dithiobis(succinimidyl propionate)
(DSP),15.16 which introduces disulfide bonds between LPEI’s (1.18 disulfide bonds per two
LPEIs).1® The formation of CLPEI was previously confirmed by the reduction of the N/P
ratio that formed a complex with nucleic acids'® and the appearance of a broad peak in gel
filtration chromatography (GFC) corresponding to the increased molecular weight relative to
LPEI’s.16 Given that the GFC consists of multiple peaks,18 it is likely that CLPEI is a
mixture of disulfide-crosslinked and uncrosslinked LPEI’s. siRNA/pd ternary complexes
were formed by sequential incubation of siRNA with CLPEI (‘p’) and DS (‘d’) (Figure 1a).
siRNA and CLPEI formed an electrostatic binary complex at a CLPEI/siRNA weight ratio
of 1 or higher (Figure 1b) with an average diameter ranging 230-290 nm, as measured by
dynamic light scattering (DLS) (Figure 1c). The binary complex showed increasing toxicity
with the addition of CLPEI, likely due to the increasing cationic charge (Figure 1d). A
binary complex with a CLPEI/siRNA ratio of 2 was used to make a ternary complex based
on the small size. Ternary complexes were prepared varying the DS/CLPEI weight ratio. The
particle size did not change significantly, but the cationic charge was neutralized with the
addition of DS (Figure 1e). Ternary complexes prepared with a relatively small amount of
DS (DS/CLPEI ratio of 0.3 or 1) showed reduced toxicity compared to the binary complex
reflecting the charge neutralization. However, the ternary complex prepared with the DS/
CLPEI ratio of 2 showed greater toxicity than the binary complex (Figure 1f), consistent
with our earlier observation.1* Since the toxicity of the ternary complex is specific to
B16F10 cells and desirable for therapeutic purpose, a ternary complex with a weight ratio of
SiIRNA:CLPELI:DS of 1:2:4 was chosen for this study. Transmission electron microscopy
found siRNA/pd ternary complex to have a spherical shape with a diameter between 200-
250 nm (Figure 1g and h), slightly smaller than the DLS measurement, likely due to
dehydration of the particles during the sample preparation.

siPD-L1/pd complex silences PD-L1 expression in B16F10 melanoma cells

We previously showed that DS in pd complex helps B16F10 cells take up the complex via
CD146, a transmembrane glycoprotein overexpressed in melanoma cells.24 To confirm the
melanoma-specific uptake, the complex containing Cy5-labeled siRNA was incubated with
B16F10 melanoma and NIH 3T3 fibroblasts. Both fluorescence microscopy and flow
cytometry supported that sSiRNA/pd interacted with B16F10 cells (Figure 2a, b) but not with
NIH 3T3 cells (Figure Sla, b). In contrast, siRNA/Lipo (siRNA/Lipofectamine2000
complex) entered both cell lines with no cell specificity.

The gene silencing effect of siPD-L1/pd was tested with the two cell lines. In tumors,
interferon-y (IFN-vy) is produced by tumor-infiltrating cytotoxic T lymphocytes (CTLs) and
induces the expression of PD-L1 on tumor cells.”~1° To mimic this condition /n vitro, the
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cells were incubated with 25 ng/mL of IFN-y. B16F10 cells responded quickly and
expressed PD-L1 twice as much as those receiving no IFN-y treatment, right after 4 h
incubation with IFN-y (Figure S2). NIH 3T3 also expressed PD-L1 in response to IFN-y
but more slowly than B16F10 cells, reaching the maximum in 12 h post-IFN-y incubation
(Figure S2). These cells were treated with PBS, siNeg/pd (pd complex containing siRNA
irrelevant to PD-L1) and siPD-L1/pd after 4 h incubation with IFN-y. Consistent with the
B16F10-specific uptake of siRNA/pd, PD-L1 silencing occurred in B16F10 cells (Figure 2c,
d) but not in NIH 3T3 cells (Figure S1c). In the IFN-y-treated B16F10, siPD-L1/pd reduced
the PD-L1 expression by 50.9 % and 47.6 % compared with PBS and siNeg/pd, respectively.
On the other hand, neither siPD-L1/pd nor siNeg/pd suppressed PD-L1 expression in the
IFN-y-treated NIH 3T3 cells.

siPD-L1/pd blocks the immune checkpoint interaction between B16F10-OVA cells and T

lymphocytes
The suppression of PD-L1 expression is expected to reactivate tumor-specific CTLs, which
are suppressed by PD-1/PD-L1 interactions with B16F10 cells. To examine if silencing PD-
L1 in B16F10 helps T lymphocytes to recognize and attack the target, we co-cultured OT-1
mouse splenocytes (which contain T lymphocytes) stimulated with ovalbumin (257-264)
(OVA57_264)-pulsed dendritic cells (DCs) and B16F10-OVA cells transfected with different
treatments and examined the lysis and apoptosis of the B16F10-OVA cells. The stimulated
splenocytes showed the most pronounced cytolytic activities against B16F10-OVA cells
receiving siPD-L1/pd at all effector-to-target ratios (Figure 3a, b). The cells treated with
siNeg/pd showed more lysis than PBS-treated cells, likely reflecting the B16F10-specific
toxicity of pd complex, but not as much as siPD-L1/pd-treated ones. This result indicates
that the sensitivity of siPD-L1/pd-treated cells to the splenocytes is mostly attributable to the
silencing of PD-L1. Consistently, B16F10-OVA treated with siPD-L1/pd showed greater
apoptotic cell populations than those treated with PBS or siNeg/pd (Figure 3c, d). These
results confirm that siPD-L1/pd made B16F10-OVA cells susceptible to T lymphocytes by
suppressing PD-L1 expression and blocking the immune checkpoint interactions with T
lymphocytes.

siPD-L1/pd inhibits the proliferation of B16F10 cells

In addition to the effect on tumor-specific T-cell immunity, PD-1/PD-L1 interactions also
have cancer cell-intrinsic functions that promote tumor survival and growth such as mTOR
signaling.®~10 Indeed, the PD-L1 expression in B16F10 cells was mirrored by the expression
of p-S6K, an effector molecule of the mTOR pathway.20 IFN-y treatment induced a twofold
increase of p-S6K expression (Figure 2c, d), followed by the increased levels of melanoma-
specific gene products (Figure S3). With the siPD-L1/pd treatment, p-S6K level returned to
the same level as the unstimulated control (Figure 2c, d).

siPD-L1/pd inhibited the proliferation of B16F10 cells. In the absence of IFN-y treatment,
pd and siNeg/pd reduced B16F10 cell proliferation (Figure 4), consistent with the earlier
assessment (Figure 1f), although melanoma-specific gene production remained unchanged
(Figure S3). siPD-L1/pd induced further reduction of B16F10 cell survival (Figure 4),
followed by the reduction of melanoma-specific genes (Figure S3). The overall cell viability
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increased with IFN-vy treatment, but the treatment effects showed a consistent trend, with pd
and siRNA/pd reducing cell proliferation as compared to non-treated ones (Figure 4). In the
overwhelming effect of IFN-vy, the net proliferation of pd- and siNeg/pd-treated cells was
not different from the non-stimulated B16F10 cells. However, siPD-L1/pd counteracted the
effect of IFN-+y, reducing the cell viability by 20% relative to the unchallenged B16F10
cells.

siPD-L1/pd attenuates B16F10 tumor growth in both immune-competent and immune-
compromised mice

Therapeutic efficacy of siPD-L1/pd was evaluated by measuring tumor growth of B16F10-
OVA tumors in immune-competent syngeneic C57BL/6 mice and immune-compromised
Balb/c nude mice. A siRNA dose of 1.5 mg/kg was administered 5 times every three days
(93d) viatail vein. In C57BL/6 mice, the siPD-L1/pd-treated group showed a significantly
delay in tumor growth compared with the PBS-treated group (Figure 5a, b). The siNeg/pd-
treated group showed no significant difference from the PBS-treated group. The tumor
specific growth rates (SGRs) of PBS-, siNeg/pd- and siPD-L1/pd-treated groups were
0.0796, 0.0752 and 0.0394, respectively.

A similar yet milder effect was seen in immune-compromised Balb/c nude mice. Tumor
growth was significantly delayed in the siPD-L1/pd-treated group as compared with the
PBS- or siNeg/pd-treated group (Figure 5c¢, d). Similar to the C57BL/6 model, siNeg/pd had
no significant effect on tumor growth, which indicates that observed effect of siPD-L1/pd
was not a non-specific effect of sSiIRNA/pd but attributable to siPD-L1. The tumor SGRs of
PBS-, siNeg/pd- and siPD-L1/pd-treated groups were 0.1027, 0.0979 and 0.0817,
respectively.

The anti-tumor efficacy was evaluated with a lower dose of siRNA (0.75 mg/kg) and a
greater interval with less frequency (3 times, every 5 days) in both animal models. Although
the responses were relatively mild, consistent trends were observed in both C57BL/6 and
Balb/c nude mice (Figure S4a).

siPD-L1/pd inhibits B16F10 tumor growth by both mTOR pathway suppression and
immune checkpoint blockade

To confirm the silencing of PD-L1 by siPD-L1/pd complex, tumors were harvested at the
completion of the study (2 days after the last treatment) and analyzed with western blotting.
In both C57BL/6 and nude mice, the expressions of PD-L1 and p-S6K in B16F10-OVA
tumors of the siPD-L1/pd-treated animals were significantly less than those of PBS- and
siNeg/pd-treated groups (Figure 6). There were positive correlations between PD-L1
expression and S6K phosphorylation (p-S6K), p-S6K and tumor SGR, and PD-L1 and tumor
SGR with the Pearson’s coefficients of 0.9436, 0.8293, and 0.8756 (C57BL/6) and 0.9128,
0.7728, and 0.7433 (nude mice), respectively (Figure S5). This result is consistent with the
implication of mTOR pathway in B16F10 tumor progression and supports its inhibition by
siPD-L1/pd complex. Similar trends were seen with the animals treated with lower dose-
treated animals (Figure S4b, c).
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To evaluate the effect of siPD-L1/pd treatment on tumor-specific T-cell immunity, draining
lymph nodes (DLNs) and spleens of the treated C57BL/6 mice were harvested, stimulated
with OVA,75_264 and examined with respect to the IFN-y production, which reflects the
extent of CTL activation.18 DLN cells and splenocytes of the siPD-L1/pd-treated animals
produced 2.7 and 4.9 times more IFN-vy than the PBS-treated group, respectively (Figure 7).
With additional GM-CSF that induces DC maturation, DLN cells and splenocytes of the
siPD-L/pd-treated animals showed a 3.1 and 7.7 fold increase of IFN-y production
compared with the PBS-treated group. In both cases, the siNeg/pd-treated group showed no
difference from the PBS-treated group. Immunophenotyping of tumors and DLNSs also
supported the enhancement of anti-tumor immunity due to the siPD-L1/pd-mediated
immune checkpoint blockade. siPD-L1/pd-treated animals showed a significantly higher
CD8™ T cells population (4.56%) in tumors than PBS-treated (1.16%) or siNeg/pd-treated
animals (1.46%) (Figure 8a), though with no significant change in CD69 expression (T cell
activation marker) (Figure S6). CD4* T cell population in tumors remained constant
irrespective of the treatment (Figure 8a); however, the expression of immunosuppressive
regulatory T (Treg) cell marker, Foxp3, was significantly decreased in the siPD-L1/pd-treated
animals as compared to PBS-treated animals (Figure 8b, Figure S7). The siPD-L1/pd group
showed increased ratios of CD8* T cells to CD4*Foxp3* T cells and CD4*Foxp3~ T cells to
CD4*Foxp3™ T cells in tumors as compared to the PBS group (Figure 8c). siPD-L1/pd-
treated animals also showed greater expression of DC maturation markers (CD40 and CD86)
in DLN cells as compared to PBS-treated animals (Figure 8d).

pd complex induces maturation of BMDCs

To test whether pd complex alone may affect the immune system in tumors, we treated
BMDCs with the pd complex and each component (CLPEI and DS) and examined the
expression of CD40 and CD86. BMDCs treated with pd complex showed a significant
increase in the expression of CD40 and CD86 as compared with PBS-treated cells (Figure 9,
Figure S8). An equivalent amount of CLPEI or DS induced no change.

DISCUSSION

On the basis of broad expression of PD-L1 in tumor microenvironment and its dual role in
melanoma progression, we expected that suppression of PD-L1 by siRNA would effectively
delay tumor growth. We used the CLPEI/DS (pd) complex as the carrier of siPD-L1 due to
the safety and specific toxicity to CD146" tumor cells observed in our previous study.1* The
in vitro PD-L1 silencing by siPD-L1/pd complex was examined with IFN-y-treated B16F10
melanoma and NIH 3T3 fibroblast cells. As expected from the previous study, siPD-L1/pd
complex transfected CD146* B16F10 cells and decreased their expression of PD-L1 (Figure
2) but did not affect NIH 3T3 cells. The suppression of PD-L1 was accompanied by the
reduction of p-S6K, an effector molecule of mMTOR pathway.

The PD-L1 silencing brought about twofold effects on B16F10 cell proliferation. First,
siPD-L1/pd restored cytotoxic activity of CTLs against tumors. PD-1/PD-L1 interaction
maintains lymphocyte homeostasis and prevents normal tissue damages from excessive
immune responses.21 However, chronic antigen exposure, which occurs with cancer, leads to
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persistent expression of PD-1 in tumor-infiltrating CTLs, and its interaction with ligand PD-
L1 in the tumor microenvironment induces an exhausted or anergic state of T cells,
impairing antitumor immune responses.? 22 Melanoma is one of the tumors that upregulates
PD-L1 expression and responds well to PD-1/PD-L1 immune checkpoint blockade?: > 23;
consistently, the suppression of PD-L1 by siPD-L1/pd restored the activity of melanoma-
specific T cells. We confirmed this activity /n vitro from the increased lysis and apoptosis of
siPD-L1/pd-treated B16F10-OVA cells by the stimulated OT-1 splenocytes (Figure 3).
Second, siPD-L1/pd suppressed the induction of protumorigenic mTOR signaling pathway.
Traditionally, mTOR activation is known to be an upstream, post-transcriptional regulator of
the expression of PD-L1,24-29 but recent studies also demonstrate that tumor-intrinsic
PD-1/PD-L1 interaction activates the effectors of mTOR signaling pathway and promotes
tumor growth.%-10 Consistently, we found that siPD-L1/pd suppressed the expression of p-
S6K (Figure 2c, d), the growth of B16F10 cells in monoculture (Figure 4) and the
expression of melanoma-specific genes such as Trpl, Trp2, gp100 and Tyr.

The dual function of siPD-L1/pd is reflected /n vivo. The intravenously injected siPD-L1/pd
complex attenuated tumor growth significantly in both immune-competent C57BL/6 mice
and immune-compromised Balb/c nude mice (Figure 5). The siPD-L1/pd treatment reduced
the expression of PD-L1 and p-S6K in tumors (Figure 6) as demonstrated /n vitro (Figure 2).
Positive correlations among PD-L1 expression, S6K phosphorylation and Tumor SGR were
observed in both mouse models. These correlations indicate that siPD-L1/pd suppressed
mTOR-mediated protumorigenic signaling, consistent with the anti-tumor effect observed in
the absence of functional adaptive immunity. We also confirmed the effect of siPD-L1/pd on
tumor-specific T cell immunity. Cells were isolated from the DLNs and the spleen, which
represent direct secondary lymphoid organs and an indirect secondary lymphoid organ,
respectively, and examined with respect to their ability to produce IFN-y, a marker of CTL
activation. The DLN cells and splenocytes of the siPD-L1/pd-treated C57BL/6 mice
produced a greater amount of IFN-y than the PBS-treated group upon incubation with tumor
antigen (Figure 7), indicating the presence of active tumor-specific CTLs in both lymphoid
organs. The enhancement of anti-tumor immunity by siPD-L1/pd was also confirmed by
immunophenotyping of tumors, which demonstrated a greater population of tumor-
infiltrating CD8" T cells and an increased ratio of CD8" T cells to CD4*Foxp3* T cells
(Figure 8a—c). Moreover, siPD-L1/pd induced the maturation of DCs in DLNs, consistent
with the expression of PD-L1 in DCs and inhibitory effect of PD-1/PD-L1 interaction on DC
maturation.39-31 Nevertheless, the effect on DCs was modest as compared to those involving
siPD-L1/pd-treated B16F10 cells, most likely due to the limited transfection of DCs.

In this study, we focused on the effect of siPD-L1/pd on B16F10 cells and their interaction
with CTLs, but it is also possible that siPD-L1/pd affected a broader population of cells.
Contrary to /n vitro observations, pd complex itself did not show prominent melanoma-
specific toxicity /n vivo (Figure 5, Figure S5), likely due to additional protumorigenic
factors in the tumor microenvironment. However, we cannot rule out immune-modulatory
effects of the pd complex in the tumor microenvironment. For example, PEI (precursor to
CLPEI of the pd complex) activated tumor-associated dendritic cells via multiple toll-like
receptors including TLR5 and reversed their tolerogenic phoenotype.32 Indeed, the pd
complex induced maturation of DCs, while each component did not (Figure 9). Given that
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the extent of CLPEI interaction with DCs was comparable irrespective of DS (Figure S9), it
is not simply the amount of CLPEI that drove the maturation of DCs. In future studies, it
will be worthwhile to investigate how pd complex stimulates the immune system in the
tumor microenvironment and synergizes the effect of siPD-L1.

While this study finds PD-L1 to be a promising therapeutic target for melanoma treatment,
we note that an earlier study saw no significant effect of anti-PD-L1 antibody on tumor
growth in a similar animal model (B16 tumors in C57BL/6 mice).3! This study reported that
anti-PD-L1 antibody was only effective when it was combined with additional immunization
with antigen-primed dendritic cells and replacement of T cells.3! Although systematic
comparison remains to be done, we suspect that siPD-L1/pd may have had an advantage
over anti-PD-L1 antibody in preventing de rnovo production of PD-L1 and thus provided an
effective blockade of additional checkpoint interactions. Another notable aspect of this study
is that siPD-L1/pd was delivered to tumors by intravenous injection. Systemic delivery of
siRNA to organs other than the liver has proven difficult due to the universal challenges in
nucleic acid delivery, such as insufficient stability in serum, non-specific uptake by the
reticuloendothelial system, insufficient uptake by target cells.33 We previously observed that
gene/CLPEI-polysaccharide complexes had greater serum stability than those based on
commercial polymers!® and thus speculate that the improved stability has contributed to the
systemic delivery of sSiRNA. This suggests that additional efforts to improve circulation
stability of the delivery system may help siRNA to provide clinical benefits in systemic
cancer therapy.

CONCLUSION

We evaluated dual inhibitory effects of siPD-L1 on melanoma growth using a
polyelectrolyte complex consisting of disulfide-crosslinked polyethyleneimine and dermatan
sulfate as a melanoma-specific gene carrier. siPD-L1/pd complex entered B16F10 cells in a
cell-specific manner and suppressed the expression of PD-L1 and melanoma-specific genes.
The siPD-L1/pd complex showed anti-tumor effects in both immune-competent C57BL/6
mice and immune-compromised Balb/c nude mice, indicating that it affects not only the
anti-tumor immunity but also intrinsic tumorigenicity in B16F10 tumors. Analysis of treated
tumors supports that siPD-L1 restored antitumor immunity of CTLs by blocking the immune
checkpoint interaction and inhibited tumorigenic mTOR signaling pathway by suppressing
the phosphorylation of S6K. Further investigation is warranted for siPD-L1/pd as a potential
cancer therapy.

EXPERIMENTAL SECTION

Materials

A HCI salt form of linear polyethylenimine (LPEI, MW: 2.5 kDa) was purchased from
Polysciences (Warrington, PA, USA). Chondroitin sulfate B sodium salt (dermatan sulfate
sodium salt from porcine intestinal mucosa), 3,3"-dithiodipropionic acid di(N-
hydroxysuccinimide ester) (DSP), 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium
bromide (MTT), ovalbumin (257-264) chicken (OVA275_264), 2-Mercaptoethanol were
purchased from Sigma-Aldrich (St. Louis, MO, USA). Carbon type-B (400 mesh) copper
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grid was purchased from Ted Pella, Inc (Redding, CA, USA). Uranyl acetate dihydrate was
purchased from Electron Microscopy Sciences (Hatfield, PA, USA). siRNA specific for the
mouse pdcadllgl mRNA (sense, 5" -CCCACAUAAAAAACAGUUGTT-3'; antisense, 5'-
CAACUGUUUUUUAUGUGGGTT-3"), negative siRNA (sense, 5'-
UGAAGUUGCACUUGAAGUCITAT-3"; antisense, 5'-
GACUUCAAGUGCAACUUCAITAT-3") and Cy5-labeled negative siRNA were purchased
from IDT (Coralville, lowa, USA). Mouse B7-H1/PD-L1 Antibody (af1019) and mouse
interferon-gamma (IFN-y) Quantikine ELISA Kit were purchased from R&D systems
(Minneapolis, MN, USA), and phospho-S6 Ribosomal Protein (Ser235/236) Antibody
(2211) was from Cell signaling (Danvers, MA, USA). Recombinant murine IFN-y, GM-
CSF and IL-4 were purchased from Peprotech (Rocky Hill, NJ, USA). CellTracker Deep
Red Dye and Lipofectamine 2000 Transfection Reagent were purchased from Thermo
Fisher Scientific Inc (Rockford, IL, USA). Annexin-V-FLUOS staining kit was purchased
from Roche (Basel, Switzerland). Mouse Trp-1 primer (forward, 5’
CCCCTAGCCTATATCTCCCTTTT-3'; reverse, 5'-TACCATCGTGGGGATAATGGC-3"),
mouse Trp-2 primer (forward, 5'-GTCCTCCACTCTTTTACAGACG-3’; reverse, 5'-
ATTCGGTTGTGACCAATGGGT-3"), mouse gp100 primer (forward, 5'-
ACATTTCATCACCAGCAGGGTGCC-3'; reverse, 5'-AACAAGTGGGTGCTGGCC-3"),
mouse Tyr primer (forward, 5'-CTCTGGGCTTAGCAGTAGGC-3’; reverse, 5'-
GCAAGCTGTGGTAGTCGTCT-3") were purchased from Bioneer (Daejeon, Korea).
RNeasy® Plus Mini Kit was purchased from Qiagen (Valencia, CA, USA). High Capacity
RNA-to-cDNA Kit was purchased from Applied Biosystems (Foster City, CA, USA). APC
anti-mouse CD8a antibody, APC anti-mouse CD4 antibody, PE anti-mouse CD69 antibody,
PE anti-mouse/rat/human FOXP3 antibody, FITC anti-mouse CD11c antibody, APC anti-
mouse CD11c antibody, APC anti-mouse CD40 antibody, PE anti-mouse CD40 antibody,
APC anti-mouse CD86 antibody, PE anti-mouse CD86 antibody, FITC Armenian hamster
anti-mouse 1gG isotype control antibody, APC rat anti-mouse igG2a « isotype control
antibody, APC Rat anti-mouse 1gG2b x isotype control antibody, APC Armenian hamster
anti-mouse 1gG isotype control antibody, PE Armenian Hamster anti-mouse 1gG isotype
control antibody, PE Mouse 1gG1 x isotype control (ICFC) antibody, PE Rat anti-mouse
IgG2a x isotype control antibody and True-Nuclear™ Transcription Factor Buffer Set were
purchased from Biolegend (San diego, CA, USA). Purified rat anti-mouse CD16/CD32
(Mouse BD Fc Block ™) was purchased from BD Biosciences (San jose, CA, USA). Tumor
Dissociation Kit was purchased from Miltenyi Biotec (Bergisch Gladbach, Germany).

The mouse melanoma (B16F10) and mouse fibroblast (NIH 3T3) were obtained from the
American Type Culture Collection (ATCC, Rochkville, MD, USA). Mouse B16F10-OVA
cell line, a B16F10 cell line that stably expresses chicken ovalbumin (OVA), was a gift of the
Prof. Seung-Hyo Lee at Korea Advanced Institute of Science and Technology (KAIST,
Daejeon, Korea). These cells were cultured in Dulbecco’s Modified Eagle’s Medium
(DMEM) with 10% fetal bovine serum and 1% antibiotic-antimycotic (Welgene Inc., Daegu,
Korea). B16F10 and NIH 3T3 were passaged when cells reached 80% confluence using
0.5% trypsin-EDTA (Welgene Inc.). Primary mouse DLN cells, splenocytes, and bone
marrow-derived dendritic cells (BMDCs) were cultured in RPMI-1640 medium
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supplemented with 10% fetal bovine serum and 1% antibiotic-antimycotic and used in 10
days.

C57BL/6 and BALB/c-nude mice (male, 5 weeks) were purchased from Narabiotech (Seoul,
Korea). C57BL/6-Tg(TcraTcrb)1100Mjb/J mice, the source of OVA 257_s64-specific (OT-1)
T cells, were purchased from the Jackson Laboratory (Bar Harbor, ME, USA).

Preparation and characterization of siRNA/pd complex

Disulfide-crosslinked low molecular weight linear polyethylenimine (CLPEI) was
synthesized as previously described 1°. First, CLPEI was incubated with siRNA in various
weight ratios for 30 min in phosphate buffered saline (PBS, pH 7.4) at room temperature.
After the incubation, the formation of binary complexes was confirmed by 2% agarose gel
electrophoresis. The siRNA/CLPEI binary complexes were incubated with dermatan sulfate
(DS) in various weight ratios for 20 min at room temperature. The formed siRNA/
CLPEI/DS ternary complex was called siRNA/pd complex. The size and zeta potential of the
siRNA/pd complexes were measured in pH 7.4 PBS with a Malvern NanoZS Zeta-sizer
(Malvern, UK). The siRNA/pd complex was visualized by TEM. Ten microliters of
SiRNA/pd complex (equivalent to 3 pg CLPEI) was loaded on carbon type-B copper grid
and air-dried for 3 min. After rinsing with deionized water for 1 min, the samples were
stained with 2% uranyl acetate dihydrate for 30 s. The grid was dried overnight and analyzed
with FEI Tecnai G2 F20 Transmission Electron Microscope (Hilsboro, OR, USA) at an
accelerated voltage of 200 kV.

Cellular uptake of siRNA/pd complexes

For the evaluation of cellular uptake of sSiRNA complexes by fluorescence microscopy and
flow cytometry, sSiRNA/pd complex and siRNA/Lipo were prepared with Cy5-labeled
SiRNA. B16F10 and NIH 3T3 cells were plated in ®35 glass bottom dishes at a density of 5
x 10% cells per dish with 1 mL culture medium and incubated for 24 h. The cells were
incubated with siRNA complexes equivalent to 100 nM siRNA-Cy5 in serum-free medium
for 6 h (sSiRNA-Cy5/pd) or 4 h (siRNA-Cy5/Lipo). For fluorescence imaging, the cells were
fixed with 4% paraformaldehyde (PFA) for 5 min, rinsed twice, counterstained with 4”,6-
diamidino-2-phenylindole (DAPI) and observed with an Olympus fluorescence microscope
IX81 (Tokyo, Japan). For flow cytometry, the cells were trypsinized and analyzed with a
Guava® easyCyte Flow Cytometer (Billerica, MA, USA).

Expression and silencing of PD-L1

B16F10 and NIH 3T3 cells were plated in 6-well plates at a density of 10° cells per plate
with 3 mL culture medium and incubated for 24 h. For expression of PD-L1, the cells were
treated with 25 ng/mL of IFN-y for 4 h, incubated for additional 0, 12, 24, and 48 h, and
lysed using a cell lysis buffer containing 1% protease inhibitor. To evaluate silencing of PD-
L1, the cells were pre-treated with 25 ng/mL of IFN-y for 4 h and transfected with siPD-
L1/pd or siNeg/pd (pd complex containing siRNA irrelevant to PD-L1) equivalent to 100 nM
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SiRNA in serum-free medium for 6 h. After 48 h incubation, the cells were lysed for western
blotting.

For western blotting, the lysates were centrifuged at 12,000 xg for 20 min at 4 °C to separate
a supernatant. The total protein content in the supernatant was quantified by the BCA assay,
and samples corresponding 10 mg of protein were mixed with sodium dodecyl sulfate (SDS)
gel-loading buffer and incubated for 5 min at 95 °C. Samples corresponding to 100 ug of
proteins were separated by 10% SDS-polyacrylamide gel electrophoresis and transferred
onto polyvinylidene fluoride (PVDF) membrane. The membranes were blocked at room
temperature in 5% nonfat dried milk containing TBS-T solution (pH 7.4, 20 mM Tris, 150
mM NaCl and 0.05% Tween 20). After 1 h, the membranes were incubated with a
recommended concentration of PD-L1 and p-actin antibody for 24 h at 4 °C. The
membranes were washed 3 times and incubated with secondary 1gG-HRP antibody for 1 h at
room temperature. After incubation with secondary antibody, the membranes were washed 3
times, and protein bands were detected with the SuperSignal ™ West Femto Maximum
Sensitivity Substrate (Rockford, IL, USA).

In vitro cytolytic activity of stimulated OT-1 splenocytes on siPDL1/pd-transfected B16F10-

OVA cells

Bone marrow cells were obtained from C57BL/6 mice using a syringe according to the
method described in the literature.3* After overnight incubation of the cell suspension at

37 °C, non-adherent cells were separated and incubated with 20 ng/mL granulocyte
macrophage colony-stimulating factor (GM-CSF), 20 ng/mL of interleukin 4 (IL-4) and
0.1% 2-mercaptoethanol to differentiate into DCs. On day 3 and 5, the medium were
replaced with fresh cytokines. On day 7, cell differentiation into DCs was confirmed by
CD11c staining. The BMDCs were pulsed with 10 pg/mL OVA,57_064 peptide overnight.
Separately, splenocytes were derived from the spleen of OT-1 mice. The isolated splenocytes
were incubated with the OVA,57_2g4-pulsed BMDCs at a 10:1 ratio for 5 days.

The effects of the stimulated OT-1 splenocytes on B16F10-OVA cells were evaluated based
on the extents of B16F10-OVA cell lysis and apoptosis. B16F10-OVA cells were stained
with CellTracker™ Deep Red and plated in a 12-well plate. The Deep Red-stained B16F10-
OVA cells were transfected with siPD-L1/pd or siNeg/pd complexes in serum-free medium
for 6 h. Two days after transfection, the B16F10-OVA (target cells) were co-cultured with
the stimulated OT-1 splenocytes (effector cells) at various effector-to-target (E/T) ratios in a
12-well plate for 4 h. For the measurement of cytolytic activity of OT-1 splenocytes, the
Deep Red fluorescence intensity (FI) of the medium, corresponding to the released
cytoplasmic contents, was imaged by IVIS Spectrum system (Xenogen Corporation, USA).
The percent specific lysis of B16F10-OVA cells was calculated as 100 x (sample FI -
spontaneous Fl)/(maximal FI), where the spontaneous and maximum FI refer to those of
B16F10 cells cultured in complete medium alone and in 10% SDS, respectively. For the
detection of B16-F10 cell apoptosis by OT-1 splenocytes, B16F10-OVA cells were stained
with annexin V-fluorescein isothiocyanate (FITC) conjugate and propidium iodide (PI) using
the annexin-V-FLUOS staining kit according to the manufacturer’s instruction. The cells
were suspended in 100 pL of annexin-V-FLUQOS labeling solution containing annexin-V-
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FITC and PI. After 10 min incubation time at room temperature, the stained cells were
rinsed with PBS and analyzed with Guava® easyCyte Flow Cytometer. The percentage of
cells undergoing apoptosis was determined by dual-color analysis.

In vitro effect of siPDL-1/pd complex on melanoma-specific gene expression

To observe the effect of PD-L1 silencing on the melanoma specific gene expression, 10° of
B16F10 cells were seeded in a ©60 cell culture dish and maintained for 24 h. Then,
SiRNA/pd or pd complex equivalent to 1.5 pg/mL siRNA and/or 3 pg/mL CLPEI, suspended
in serum-free RPMI medium, was added to cells. After 6 h, the transfection medium was
replaced with complete growth medium, and cells were incubated for additional 48 h. Total
RNA was isolated from the transfected B16F10 cells using a RNeasy® Plus Mini Kit
according to the manufacturer’s recommendation. For DNA amplification, cDNA was
formed using 1 pg of total RNA and a High Capacity RNA-to-cDNA kit. RT-PCR was
carried out with the cDNA with the following thermal cycling conditions: denaturation: 1
cycle 94 °C for 2 min, PCR amplification; 20 cycles for Trp1 and HPRI, 25 cycles for Trp2,
gp100 and Tyr at 94 °C for 20 s, at 60 °C for 30 s, and at 72 °C for 30 s, final extension; 1
cycle 70 °C for 5 min. The PCR products were separated on a 2% agarose gel by
electrophoresis.

In vitro effect of siPDL-1/pd complex on cell proliferation

Cell viability was tested using the Thiazolyl Blue Tetrazolium Bromide (MTT) assay.
B16F10 cells were plated in 48-well plates at a density of 2 x 10* cells per dish with 200 pL
culture medium and incubated for 24 h. The cells were treated with 25 ng/mL of IFN-y or
PBS for 4 h and transfected with siRNA/pd or pd complex equivalent to 1.5 ug/mL siRNA
and/or 3 ug/mL CLPEI in serum-free medium for 6 h. For MTT assay, the medium was
replaced with 0.5 mg/mL of MTT solution in serum-free RPMI medium. After 1 h
incubation, the MTT solution was replaced by DMSO, and the plate were shaken to
complete dissolution of formazan. The formazan solution was transferred to a 96-well plate
and analyzed at 450 nm using a VERSAmax ™ microplate reader (Sunnyvale, CA, USA).

In vivo effects of siPDL-1/pd on tumor progression in immune-competent C57BL/6 and
immune-compromised Balb/c nude mice

All experiments with live animals were performed with the permission of the institutional
committee (approval number: 2017-006), in compliance with the relevant laws and
institutional guidelines of Korea Institute of Science and Technology (KIST). Tumor-bearing
mice were prepared by subcutaneous injection of 10% B16F10-OVA cells suspended in 100
pL growth medium into the left flank of immune-competent C57BL/6 and immune-
compromised Balb/c nude mice (male, 5 weeks old). When the tumor size reached 50 mm3,
animals received intravenous injection of PBS, siNeg/pd (30 pg siNeg + 60 pug CLPEI + 120
ug DS), and siPD-L1/pd (30 pg siPD-L1 + 60 pug CLPEI + 120 ug DS) viatail vein. The
treatment was repeated 4 more times with a 3 day interval. Tumor size was monitored every
two days. The SGR was calculated as (logV,-logV1)/(to-t1), where V is tumor volume in
mm? and t is time in days.3°
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To examine the effect of siPD-L1/pd on PD-L1 and pS6K expression in tumors, animals
were sacrificed 26 days post-tumor inoculation, and the B16F10-OVA tumors were
harvested. The tumors were homogenized using a Wisemix homogenizer (Seongbuk-gu,
Seoul, Korea) and lysed with a lysis buffer containing 1% protease inhibitor. The tissue
lysates were analyzed with the western blot as described previously. The Pearson correlation
coefficient was calculated between the tumor SGR and the relative expression of PD-L1 or
pS6K in B16F10-OVA tumors using GraphPad Prism 7 (La Jolla, CA).

In vivo effects of siPDL-1/pd on anti-tumor immunity

To evaluate the effect of siPD-L1/pd on tumor-specific T-cell immunity, DLN and spleen
were harvested from the treated C57BL/6 mice on day 26 to isolate DLN cells and
splenocytes, respectively. Erythrocytes were eliminated from each preparation using a RBC
lysis buffer. Two million DLN cells and 2 x 107 splenocytes were plated with 10 pg/mL of
OVA57_064 peptide, in the absence and presence of 20 ng/mL of GM-CSF, for 48 h. The
level of IFN-y in the medium was measured by ELISA.

Tumors and DLNs were harvested from the treated C57BL/6 mice on day 26 were subjected
to immunophenotyping. Tumors were cut into small pieces (2-3 mm in diameter) and
dissociated with the Tumor Dissociation Kit according to the manufacturer’s instruction.
After eliminating RBCs from the dissociated tumors, suspending cells were spun down for
10 min at 300 xg, resuspended in PBS (108 cells per 100 pL), and treated with the Mouse
BD Fc Block for 5 min. The cells were labeled with APC anti-mouse CD8a, PE anti-mouse
CD69, APC anti-mouse CD4 and isotype control antibodies for 1 h at 4 °C. After fixing and
permeabilizing the labeled suspension cells with the True-Nuclear™ Transcription Factor
Buffer Set, Foxp3 transcription factor was labeled with PE anti-mouse/rat/human FOXP3
and isotype control antibodies for 1 h at room temperature. DLN cells were prepared in the
same way except for the dissociation step and stained with FITC or APC anti-mouse CD11c,
APC or PE anti-mouse CD40, APC or PE anti-mouse CD86 and isotype control antibodies.
The stained cells were rinsed with 1 mL of PBS, resuspended in 100 pL of PBS, and
analyzed with a Guava® easyCyte Flow Cytometer (Billerica, MA, USA) to detect
CD8a*CD69" and CD4*Foxp3* populations for tumor cells and CD11c*CD40* and
CD11c*CD86™ populations for DLN cells.

In vitro effect of pd complex on DC maturation

BMDCs were plated in a 6-well plate at a density of 106 cells and treated with 3 ug/mL of
CLPEI, 6 pg/mL of DS, and pd complex (DS/CLPEI ratio of 2) equivalent to 3 pg/mL
CLPEI for 24 h. The treated BMDCs were stained in the same manner as above and
analyzed with a Guava® easyCyte Flow Cytometer (Billerica, MA, USA) to detect
CD11c*CD40" and CD11c*CD86* populations.

Statistical analysis

All data were analyzed using GraphPad Prism 7 (La Jolla, CA) with ANOVA followed by
the recommended tests for multiple comparisons. SGR was calculated for each animal, and
the groups were compared with ANOVA and Tukey’s test for multiple comparisons. A value
of p < 0.05 was considered statistically significant.
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Figurel.
(a) Schematic of siPD-L1/CLPEI/DS (‘siPD-L1/pd’) ternary complex. (b) Formation of

siRNA-CLPEI binary complexes, confirmed by electrophoresis. (c) Hydrodynamic
diameters (circle) and zeta potentials (square) of SiIRNA-CLPEI binary complexes with
different CLPEI/siRNA ratios. n = 3 identically prepared samples, mean + s.d. (d) Viability
of B16F10 cells after 6 h incubation with binary complexes and additional incubation for 42
h in treatment-free medium. n = 3 identically prepared samples, mean + s.d. ****: p <
0.0001 vs. CLPEI/siRNA ratio of 0.2 by Dunnett’s test. (e) Hydrodynamic diameters (circle)
and zeta potentials (square) of SiRNA-CLPEI-DS ternary complexes with different DS/
CLPEI ratios (CLPEI/siRNA ratio fixed at 2). n = 3 identically prepared samples, mean +
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s.d. (f) Viability of B16F10 cells after 6 h incubation with ternary complexes and additional
incubation for 42 h in treatment-free medium. n = 3 identically prepared samples, mean +
s.d. ****: p < 0.0001 vs. DS/CLPEI ratio of 0 by Dunnett’s test. (3~h) TEM images of siPD-
L1/pd complex. Low magnification (g) and high magnification (h).
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Figure 2.
Uptake of siRNA/pd complex by B16F10 melanoma cells observed with (a) fluorescence

microscopy (red: Cy 5-labeled siRNA,; blue: nuclei) and (b) flow cytometry. (c)
Representative western blotting image demonstrating the silencing of PD-L1 and p-S6K
expression in IFN-y—activated B16F10 cells by siPD-L1/pd complex. (d) Quantitative
presentation of western blotting. n = 3 separate experiments, mean + s.d. *: p <0.05, **: p <
0.01 vs. PBS group by Sidak’s multiple comparisons test.
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Figure 3.
In vitro cytolytic activity of OT-1 splenocytes (effector cells) and apoptosis of B16F10-OVA

cells (target cells). (a) Deep red fluorescence of B16F10-OVA cell lysates. (b) Region of
interest (ROI) fluorescence intensity of B16F10-OVA cell lysates. n = 3 replicates in a
representative experiment, mean + s.d. ****; p < 0.0001 vs. PBS group by Dunnett’s
multiple comparisons test. (c) Representative dot plots showing B16F10 cells undergoing
apoptosis and necrosis, stained with Annexin V-PI. (d) Percentages of cell population
undergoing apoptosis and death determined by dual-color analysis. n = 3 replicates in a
representative experiment. ***: p < 0.001 and ****: p < 0.0001 vs. PBS in Z(apoptotic or
dead cells) at each effector to target ratio by Dunnett’s multiple comparisons test.
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Figure 4.
Viability of B16F10 cells treated with IFN-y, pd and siRNA/pd. n = 3 replicates in a

representative experiment, mean + s.d. ***: p < 0.001, ****: p < 0.0001 vs. PBS-treated
group by Dunnett’s multiple comparisons test.
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Figureb5.

B16F10 subcutaneous tumor growth in (a, b) immune-competent C57BL/6 (n = 10 per
group) and (c, d) immune-compromised Balb/c nude mice (n = 6 per group). 1.5 mg siRNA
per kg, g3d x 5. mean + s.d. (a) Tumor volume change in C57BL/6 mice. *: p < 0.05; #: p <
0.0001 vs. PBS group at each day by Dunnett’s test. (b) Tumor specific growth rate in
C57BL/6 mice. ****; p < 0.0001 by Tukey’s multiple comparisons test. (c) Tumor volume
change in Balb/c nude mice. *: p < 0.05; ***: p < 0.001; #: p < 0.0001 vs. PBS group at
each day by Dunnett’s test. (d) Tumor specific growth rate in Balb/c hude mice. *: p < 0.05
by Tukey’s multiple comparisons test.
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Expression of PD-L1 and p-S6K in tumors in (a) C57BL/6 and (b) Balb/c nude mice. n =6
mice per group, mean + s.d. ****: p < 0.0001 vs. other groups by Tukey’s multiple

comparisons test.
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Figure 7.

IFN-+y secretion from DLN cells and splenocytes of C57BL/6 mice receiving different
treatments. n = 6 mice per group, mean +s.d. *: p < 0.05, ****: p < 0.0001 vs. PBS group
by Dunnett’s multiple comparisons test.
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(a) % CD8* and CD4™" T cells in B16F10-OVA tumors of C57BL/6 mice receiving different
treatments (also see Figure S6 and 7). (b) Relative intensity of Foxp3 expression on CD4* T
cells in B16F10-OVA tumors (also see Figure S7). (c) Ratios of CD8* T cells to
CD4*Foxp3™ T cells and CD4*Foxp3~ T cells to CD4*Foxp3* T cells in B16F10-OVA
tumors. (d) Relative expression intensity of DC maturation markers (CD40, CD86) on DCs
in DLNs of C57BL/6 mice with B16F10-OVA tumors receiving different treatments (also
see Figure S8). n =3 mice per group, mean + s.d. *: p<0.05; **: p < 0.01; ***: p < 0.001;
****: p < 0.0001 by Tukey’s multiple comparisons test.
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(a) Expression of CD40 and CD86 on CD11¢* BMDCs treated with PBS, CLPEI (3 pg/mL),
DS (6 pg/mL), or pd (CLPEI:DS = 1:2, eq. to 3 ug/mL CLPEI). (b) Relative expression
intensity of CD40 and CD86. n = 3 separate experiments, mean + s.d. ****: p < 0.0001 vs.
PBS-treated BMDCs by Dunnett’s multiple comparisons test (also see Figure S9).
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