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Immunogenic Cell Death Inducing Fluorinated
Mitochondria-Disrupting Helical Polypeptide Synergizes
with PD-L1 Immune Checkpoint Blockade

Seong Dong Jeong, Bo-Kyeong Jung, Hyo Min Ahn, DaeYong Lee, JongHoon Ha,

Ilkoo Noh, Chae-Ok Yun,* and Yeu-Chun Kim*

Immunogenic cell death (ICD) is distinguished by the release of
tumor-associated antigens (TAAs) and danger-associated molecular patterns
(DAMPs). This cell death has been studied in the field of cancer
immunotherapy due to the ability of ICD to induce antitumor immunity.
Herein, endoplasmic reticulum (ER) stress-mediated ICD inducing fluorinated
mitochondria-disrupting helical polypeptides (MDHPs) are reported. The
fluorination of the polypeptide provides a high helical structure and potent
anticancer ability. This helical polypeptide destabilizes the mitochondrial outer
membrane, leading to the overproduction of intracellular reactive oxygen
species (ROS) and apoptosis. In addition, this oxidative stress triggers ER
stress-mediated ICD. The in vivo results show that cotreatment of fluorinated
MDHP and antiprogrammed death-ligand 1 antibodies (aPD-L1) significantly
regresses tumor growth and prevents metastasis to the lungs by activating
the cytotoxic T cell response and alleviating the immunosuppressive tumor
microenvironment. These results indicate that fluorinated MDHP synergizes
with the immune checkpoint blockade therapy to eliminate established

1. Introduction

Immune checkpoint blockade has revital-
ized the field of cancer immunotherapy
due to the promising therapeutic effects by
clinically inducing a potent antitumor im-
mune response.l!l Despite the great success
of the immune checkpoint inhibitor (ICI)
therapies, ICI monotherapy provokes un-
satisfactory long-term antitumor effects in
most patients.[?l One of the major pieces
of evidence of a low response against ICI
therapy is the poorly immunogenic tumor
microenvironment, which is the so-called
“cold tumor” resulting from 1) defects in
antigen presentation toward T cells,] 2) ab-
sence of T cell activation, 3) lack or minor-
ity of activated T cell infiltration in tumor
tissues,* and 4) abundance of immune
suppressor cells such as regulatory T cells

tumors and to elicit antitumor immune responses.
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(Tregs) and myeloid-derived suppressor

cells (MDSCs).’I Therefore, the develop-

ment of a combination regimen with other
therapeutic agents that can convert cold tumors into hot tumors
is urgently needed.

Specifically, immunogenic cell death (ICD) has gained much
attention for provoking an unusual form of cell death. ICD is a
distinctive form of cell demise, which elicits antitumor immune
responses by releasing tumor-associated antigens (TAAs) and
danger-associated molecular patterns (DAMPs).[%”] While can-
cer cells are undergoing ICD, antigen-presenting cells (APCs)
such as dendritic cells (DCs) and macrophages engulf TAAs and
conduct antigen processing and presentation to T cells. Dur-
ing these processes, DAMPs, which are a distinct characteris-
tic of ICD, mediate the activity of DCs to promote adaptive im-
mune responses.®] 1) Secreted adenosine triphosphate (ATP), a
“find me” signal, recruits DCs into the tumor site and induces
the secretion of IL-1f, a proinflammatory cytokine required for
differentiation into IFN-y-producing, tumor-specific cytotoxic T
lymphocytes.l°! 2) Calreticulin (CRT), acting as an “eat me” sig-
nal, is exposed on the cell surface during the early stage of apop-
tosis and facilitates the phagocytosis of DCs.[1%) 3) Extracellular
release of high-mobility group box 1 (HMGB1) during postapop-
totic cell death leads to DC maturation.'!]

Thus, recent studies on ICD have been intensively carried out
to research the area of cancer immunotherapy.'?! To strongly
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Figure 1. ICD inducing fluorinated MDHPs potentiate immune checkpoint blockade therapy to induce antitumor immune responses. Fluorinated

MDHPs destabilize mitochondrial outer membrane and generate intrace

llular ROS. This oxidative stress elicits ER stress-mediated ICD. APCs engulf

TAAs and migrate to lymph node, followed by differentiating naive T cells into tumor-specific effector T cells. ICD inducing fluorinated MDHPs potentiate
immune checkpoint blockade therapy, resulting in elimination of established CT26 tumor. In addition, this combination cancer immunotherapy regimen

prevents lung metastasis and reduces population of immune suppressor

stimulate the release of DAMPs, simultaneous endoplasmic
reticulum (ER) stress and reactive oxygen species (ROS) pro-
duction have a vital role.['*] Strategies for impairing ER home-
ostasis or mitochondria have been established in an effort to
exert ER stress and oxidative stress at the same time, result-
ing in an enhanced immune response against the tumor.[®14]
Previously, we designed helical polypeptides that are capable of
inducing mitochondria-dependent apoptosis and targeting the
mitochondria.['>1%] The helical polypeptides were able to target
and destabilize mitochondrial membranes and accelerated oxida-
tive stress, leading to apoptosis. Their mitochondria-disrupting
property is likely to be exploited as an ICD inducer due to the
formation of intracellular oxidative conditions.

Herein, we developed fluorinated mitochondria-disrupting he-
lical polypeptides (MDHPs), for which perfluoroalkyl chains
were introduced to the side chains of the polypeptide to ame-
liorate the bioapplicability and to provide amphipathicity to the
polypeptide.l'’l The fluorinated MDHPs were able to exert ER
stress on cells and then release DAMPs, thereby enhancing
the antitumor immunity (Figure 1). We hypothesized that the
MDHPs were capable of targeting mitochondria and eliciting
mitochondrial dysfunction, thereby inducing ER stress-mediated
ICD. Moreover, the appropriate fluorination of the polypeptide
showed unique characteristics such as a high helical propen-
sity and robust anticancer activity. The fluorinated MDHP also
more strongly triggered ER stress-mediated ICD and ER stress-
mediated apoptosis than that of the nonfluorinated one. In this
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cells such as MDSCs and Tregs.

study, we demonstrated that fluorinated MDHP-mediated dis-
ruption of the mitochondria considerably inflicted ER stress on
the cells and enabled DAMPs to be rapidly released. To over-
come the limitations of ICI monotherapy, we evaluated the ther-
apeutic efficacy of the combination of anti-programmed death-
ligand 1 antibody (aPD-L1) and fluorinated MDHP, which was
developed in this study. The coadministration of «PD-L1 and
fluorinated MDHP not only highly eliminated the established
murine colon adenocarcinoma CT26 tumor but also significantly
reduced tumor metastasis to the lungs. These results prove that
the ICD-inducing helical polypeptide significantly enhances both
the activation and intratumoral infiltration of CD4" and CD8*
T cells and APCs when coadministered with «PD-L1, and thus,
the fluorinated MDHP potentiates the therapeutic efficacy of the
immune checkpoint blockade by improving the immunosup-
pressive tumor microenvironment (Figure 1). Therefore, the
combination cancer immunotherapy demonstrated a general-
izable strategy for eliciting enhanced antitumor immune re-
sponses that can eliminate tumors.

2. Results and Discussion

2.1. Characterization of Fluorinated MDHPs

Circular dichroism (CD) spectrometry was used to verify the sec-
ondary structure of the synthesized polypeptides (Figure 2). We
introduced 20 and 50 mol% of perfluoroalkyl chains to the side
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Figure 2. a) Chemical structure of fluorinated MDHPs and b) CD spectra.

chains of a polypeptide (HP: 0 mol%; FHP-1: 20 mol%; FHP-2:
50 mol%). All the polypeptides adopted an a-helical structure due
to the elongation of the charged side chains from the polypep-
tide backbone.!"®] In addition, the appropriate fluorination of the
polypeptide side chain showed a significant enhancement of the
helicity compared to the nonfluorinated and 50 mol% fluorinated
polypeptides. This increased helical content is attributed to the
augmentation of the hydrophobicity of the polypeptide by intro-
ducing perfluoroalkyl chains.

2.2. Fluorinated MDHP-Mediated Mitochondrial Outer
Membrane Destabilization

To identify the cellular penetration mechanism of the fluori-
nated MDHPs, a cellular uptake study was conducted. CT26
cells were pretreated with the endocytic inhibitors chlorpro-
mazine (CPZ), methyl-g-cyclodextrin (mpCD), and 5-(N-ethyl-N-
isopropyl)amiloride (EIPA) or incubated at 4 °C. After 30 min,
the cells were treated with the polypeptides. All the polypeptides
showed a reduction of the uptake level at 4 °C and under the
EIPA pretreatment conditions, which validates that our polypep-
tides were internalized into the cells via energy-dependent endo-
cytosis and macropinocytosis except for direct penetration (Fig-
ure S12, Supporting Information). For FHP-2, the cellular uptake
level was slightly decreased by CPZ, indicating clathrin-mediated
endocytosis affects the intracellular uptake of FHP-2. We next
examined endo/lysosomal escape of polypeptides by confocal
laser scanning microscopy (CLSM). The green fluorescence of
internalized polypeptides was considerably separated from Lyso-
Tracker Red, indicating internalized polypeptides effectively es-
caped endo/lysosome (Figure S13, Supporting Information).
The mitochondrial outer membrane disrupting ability of the
fluorinated MDHPs was then evaluated. The JC-1 (5,5',6,6-
tetrachloro-1,1',3,3'-tetraethylbenzimidazolycarbocyanine  io-
dide) assay showed the depolarization of the mitochondrial
membrane potential in the cell through a change in the ratio of
JC-1 aggregates and monomers (Figure 3a). All the polypeptides
elicited a mitochondrial membrane potential loss, suggesting
that the internalized polypeptides destabilize the mitochondrial
outer membrane resulting in mitochondrial dysfunction. Among
them, FHP-1 caused the most severe damage to mitochondria.

Adv. Sci. 2021, 8, 2001308
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2.3. Cytotoxic Effect and Induction of Apoptosis by Exposure to
Fluorinated MDHPs

Cell viability was assessed to confirm the potential of the fluori-
nated MDHPs as an anticancer agent. As shown in Figure 3b, the
fluorinated MDHPs exhibited a dose-dependent cytotoxic effect
in the CT26 cells. It was determined that FHP-1 has the lowest
half-maximal inhibitory concentration (ICs,) of 181.4 x 10~ M
compared to HP and FHP-2. In addition, to corroborate the an-
ticancer activity of fluorinated MDHP in other cancer cell lines
(HCT116 (human colon carcinoma) and murine Lewis lung car-
cinoma (LLC)), we measured cell viabilities at various concentra-
tions. Similar to the previous result in CT26, FHP-1 showed the
highest cytotoxicity in both HCT116 and LLC cell lines (Figure
S14, Supporting Information). FHP-1 possesses a robust anti-
cancer activity due to its rigidity of the perfluoroalkyl chain and
higher helicity.!*”! Furthermore, it is important to balance the hy-
drophobicity and cationic charge density in the development of
MDHPs.

Mitochondrial dysfunction leads to cellular oxidative stress
through increased ROS level and depletion of glutathione (GSH).
We evaluated the intracellular ROS and GSH levels using 2’,7’-
Dichlorofluorescin diacetate (DCF-DA) and Ellman’s reagent, re-
spectively (Figure 3c,d). It was observed that FHP-1 induced a
remarkable ROS generation compared to the nontreated control
group (7.17-fold increase, FHP-1; HP, 5.45-fold; FHP-2, 2.54-
fold), which is consistent with the results for the depolariza-
tion of the mitochondrial membrane potential. As expected, the
polypeptide treatment provoked a significant decrease in the
GSH level by ~45-64%. Taken together, the fluorinated MDHPs
effectively exert cellular oxidative stress.

It has been reported that cells undergo characteristic changes
during apoptosis, other than necrosis. Various methods, such as
cell morphology changes and flow cytometry, have been used
to assess apoptosis. First, after the polypeptide treatment, nu-
clear morphological changes were observed by 4’,6-diamidino-
2-phenylindole (DAPI) staining. When the cells were exposed
to the polypeptides, nuclear condensation occurred in the apop-
totic cells (Figure S15, Supporting Information). In addition,
it was confirmed by western blotting that when the polypep-
tides were treated, the expression level of cleaved caspase 3 in-
creased (Figure S16, Supporting Information). To confirm the
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ADVANCED
SCIENCE NEWS

ADVANCED
SCIENCE

Open Access,

www.advancedsciencenews.com

www.advancedscience.com

27 1207 aHP 8 —_—
- ] PO, : ]
R s — BFHP-1 G7
O _ R L
T 08 g 801 v T ]
2 1 z g
£ 06 - 2 60 B4 -
Qo | = ©
5 "k * = o 3
x 04 - [ ———— 8 40 A ;
(] i 8 5 Jf
= [}
T 02 - 20 - 12
& "
0 v I:l 0 0 -
CONT CCCP HP FHP-1 FHP-2 0 50 100 200 400 800 1600 CONT HP  FHP-1 FHP-2
e Concentration (nM) d
A Control HP 120 4
10t Jor az 1ot Jor a2 100 { —=
0.447% 0.847% 12.8% 34.8%
1034 1034 S 80 - , -
| = ~ —¥
©
> 60 4
10° 4 i
—_ ] & 40 -
] 1
=) 10" -
5 i o 20
2 a3 ; a3
£ 313% 100 |50.%° 2.28% 0
AR e e e
2 10 L L O CONT HP  FHP-1 FHP-2
g FHP-2 f
e.’ Q2 104 a1 Q2 60 - @ Late apoptosis
T z1% 8.07% 15.6% OEarly apoptosis
J Rl R
ﬁ 1034 50 A r - J
L. = s
£ 40 4
2
10 E
2301
k!
1 o
10 <%20 4
a3 a3
8.69% 10 101% 10 -
10 10 "
D> HP FHP-1 FHP-2

FL1-H (Annexin V-FITC)

Figure 3. Cytotoxic effect and induction of apoptosis by fluorinated MDHPs. a) Depolarization of mitochondrial membrane potential was confirmed by
JC-1 assay. b) Cytotoxic effect of polypeptides was evaluated by MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) assay. Quantification
of ¢) Intracellular relative ROS level and d) GSH level (%) to verify intracellular oxidative condition. e) Cells were stained with Annexin V-FITC and Pl for
apoptosis assay and analyzed by flow cytometry. f) Quantification of apoptosis rate. Data are presented as mean + S.D. (n = 3). *P < 0.05, **P < 0.01,

##%P < 0.001, unpaired Student’s t-test.

apoptosis-inducing ability of the polypeptides by flow cytometry,
cells treated with the fluorinated MDHPs for 24 h were stained
with annexin V-fluorescein isothiocyanate (FITC) and propidium
iodide (PI) (Figure 3e,f). It was found that the fluorinated MDHPs
have the ability to elicit apoptosis, and the degree of apoptosis
in the FHP-1 group was the highest among all the groups, in-
dicating destabilization of the mitochondrial outer membrane
and cellular oxidative stress ultimately result in apoptotic cell
death.

Adv. Sci. 2021, 8, 2001308

2.4. ER Stress-Mediated ICD

ER stress and overgeneration of ROS are prominent factors re-
lated to the induction of ICD. Therefore, we investigated whether
the generated ROS are able to stimulate ER. Intracellular ROS
was visualized by DCF-DA, followed by ER-tracker Red is used
to stain the ER. As shown in Figure 4a, we identified that ox-
idative stress was applied to the ER through the colocaliza-
tion of ER-tracker Red and DCF. In addition, expression of

2001308 (4 of 13) © 2021 The Authors. Advanced Science published by Wiley-VCH GmbH
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Figure 4. ER stress-mediated ICD. a) Intracellular ROS and ER were visualized by CLSM. Colocalization of intracellular ROS and ER indicates oxidative
stress is applied on ER. b) Western blotting of ER stress related proteins. c) Cells were treated with polypeptides and supernatants were collected
to measure extracellular ATP concentration. d) CRT exposure on the cell surface was observed by CLSM after polypeptides treatment and e) mean
fluorescence intensity (MFI) of CRT was measured by flow cytometry. f) CLSM of HMGB1 release from the nucleus and g) relative released HMGB1
level measured by ELISA. h) Fold change of MFI of BMDC maturation markers (CD40, CD80, and CD86) analyzed by flow cytometry (gated on CD11c*).
Data are presented as mean = S.D. (n = 3). i) Treatment schedule for vaccination experiment in LLC mouse model. j) Average tumor growth curves after
rechallenge. k) Percentages of tumor-free mice after rechallenge. Data are presented as mean + S.D. (n = 5). NS: nonsignificant, *P < 0.05, **P < 0.01,

*%*P < 0.007, unpaired Student’s t-test or one-way ANOVA with Tukey’s multiple comparisons test. The scale bar represents 20 ym.

ER stress-related marker proteins, glucose-regulated protein 78  higher expression level of GRP78, p-elF2a, and CHOP than those
(GRP78), phosphorylated eukaryotic translation initiation factor ~ treated with HP, suggesting the fluorinated MDHPs elicited
2a (p-elF2a), and C/EBP homologous protein (CHOP), were con-  ROS-mediated ER stress.

firmed by western blotting (Figure 4b; Figure S17, Supporting Based on the above results, we evaluated whether the fluori-
Information). Cells treated with fluorinated MDHPs showed a  nated MDHPs can serve as an ICD inducer. DAMPs such as the
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secretion of ATP, CRT exposure, and HMGBI release are essen-
tial to elicit the ICD of cancer cells. A high concentration of flu-
orinated MDHPs induced a significant secretion of ATP, which
recruits DCs into the tumor sites (Figure 4c). The preapoptotic
surface exposure of CRT was examined by CLSM and flow cy-
tometry (Figure 4d,e). Fluorinated MDHPs triggered a notable
CRT exposure on the cancer cell surface compared to the no-
treatment control. Furthermore, we demonstrated that FHP-1
treatment in HCT116 and LLC cells increased CRT exposure
level by flow cytometry (Figure S18, Supporting Information).
Released HMGB1 from the nucleus was visualized with CLSM,
and the relative released HMGB1 level was measured by enzyme-
linked immunosorbent assay (ELISA) (Figure 4f,g). We demon-
strated that nuclear HMGB1 was released extracellularly by the
polypeptide treatment, and FHP-1 had an 11.4-fold greater rela-
tive released HMGBI1 level compared to the control group. There-
fore, we validated that the fluorinated MDHPs effectively induced
ICD in cancer cells through the identification of ICD hallmarks.

We next studied bone marrow-derived dendritic cell (BMDC)
maturation by CT26 cells where ICD occurred due to the polypep-
tide treatment. BMDCs were cocultured with the polypeptide pre-
treated CT26 cells for 24 h and dendritic cell maturation markers
such as CD40, CD80, and CD86 were measured by flow cytom-
etry. As shown in Figure 4h, FHP-1 exhibited the highest upreg-
ulation level of CD40, CD80, and CD86 among all the groups,
which is consistent with the results of ICD induction. These re-
sults indicated that induction of ICD in cancer cells by fluorinated
MDHPs promoted dendritic cell maturation.

To further evaluate the effects of ICD by fluorinated MDHP,
a vaccination experiment, a gold-standard approach to detect
ICD in vivo,?° was performed in LLC tumor model, which is
known to be poorly immunogenic.”!l Briefly, LLC cells (1 x
10°) were pretreated with fluorinated MDHP or control group,
and dying LLC cells were administered subcutaneously 7 days
prior to injection of healthy LLC cells (1 x 10°) to study the ef-
fect of vaccination on tumorigenesis (Figure 4i). The mice vac-
cinated with FHP-1 treated LLC cells had the highest vaccina-
tion efficacy as demonstrated by the lowest percentage of tu-
mor establishment rate (HEPES (4-(2-Hydroxyethyl)piperazine-
1-ethanesulfonic acid), 100%; HP, 60%; FHP-1, 20%; and FHP-
2, 60%) and the slowest tumor growth rate (Figure 4j,k; Figure
S19, Supporting Information). These data indicate that FHP-1
administration could efficiently induce ICD in poorly immuno-
genic tumors.

2.5. Tumor Inhibition Study of a Fluorinated MDHP and aPD-L1
Combination Regimen

To assess the antitumor efficacy of the aPD-L1 and FHP-1 com-
bination regimen, CT26 murine colorectal tumor-bearing mice
were treated with «PD-L1 (10 mg kg™'), ICD inducing peptides
(HP, FHP-1 or FHP-2; 8 mg kg™!), or FHP-1 (8 mg kg™!) plus
aPD-L1 (10 mg kg™'), along with HEPES as a negative control
(Figure 5a). As shown in Figure 5b and Figure S20 (Supporting
Information), the HEPES-treated CT26 tumors grew rapidly and
aggressively with an average of 3000 mm? by day 16. In con-
trast, a monotherapy, which was either «PD-L1, HP, FHP-1, or
FHP-2 alone, used to treat the colorectal tumor-bearing mice sig-

Adv. Sci. 2021, 8, 2001308
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nificantly inhibited the tumor growth, showing a 54.8%, 36.0%,
51.6%, and 38.2% smaller average tumor volume, respectively,
compared to the HEPES controls on day 16. FHP-1 showed the
best antitumor effect among the three kinds of helical peptides
because of the longest in vivo circulation and high tumor ac-
cumulation (Figure S21, Supporting Information). In addition,
mice coadministered with FHP-1, which is the most potent ICD
inducing peptide among the three, and aPD-L1 showed the most
effective antitumor efficacy, resulting in a 1.8- or 1.7-fold higher
antitumor effect, respectively, compared to the FHP-1 (P < 0.001)
or aPD-L1 monotherapy (P < 0.01) on day 16. Further, 42.9% of
the mice in the FHP-1 plus aPD-L1 group showed a complete re-
sponse, whereas none of the 6 tumors in the monotherapy groups
showed complete regression. Importantly, mice coadministered
with FHP-1 and aPD-L1 resulted in a 6- or 8.69-fold lower num-
ber of metastatic nodules compared to each monotherapy, sug-
gesting the efficient prevention of metastasis to the lungs (Fig-
ure 5d,e). In addition to CT26 tumor, the antitumor effect of the
FHP-1 and «PD-L1 combination therapy was also evaluated in
poorly immunogenic LLC tumor model. Same treatment plan
as those utilized in CT26 tumor model was used for administra-
tion of aPD-L1 and/or FHP-1 in LLC tumor model (Figure 5a).
As shown in Figure 5c, single treatment groups induced a lower
level of tumor growth inhibitory effect in the poorly immuno-
genic LLC tumor model than those observed in CT26. In detail,
tumor growth inhibition in comparison to HEPES-treated group
on day 16 of treatment for different monotherapy groups; aPD-
L1, 54.77% (CT26), and 36.25% (LLC); FHP-1, 51.61% (CT26), or
31.80% (LLC). Despite these trends, coadministration of aPD-L1
and FHP-1 still exerted significantly more potent antitumor effect
than either monotherapies in poorly immunogenic LLC model (P
< 0.001). Together, these results suggest that FHP-1, in combina-
tion with «PD-L1, is a therapeutic regimen that can induce potent
antitumor effects in tumor models regardless of their immuno-
genicity level.

2.6. Histological and Immunohistochemical Analysis

To further investigate the mechanism of the FHP-1 and/or aPD-
L1-induced therapeutic effect, tumor tissues were extracted at 2
days after the last FHP-1 treatment from each group and then as-
sessed by histological and immunological analysis. As shown in
Figure 6a, hematoxylin and eosin (H&E) staining revealed a large
area of proliferating tumor cells in the HEPES-treated tumor tis-
sues, whereas a moderate or extensive necrosis region was de-
tected in the tumor tissues with the aPD-L1- and/or FHP-1 treat-
ment. In line with the H&E staining, the TUNEL assay showed
that the largest proportion of cancer cells had undergone apop-
tosis due to the combination therapy. The CRT, GRP78, p-elF2a,
and CHOP expression levels revealed that the PD-L1 blockade in-
duced a mild ER stress, whereas the FHP-1 peptides effectively
stimulated the ER stress in both the single and coadministration
with aPD-L1 (Figure 6a; Figures S22 and S23, Supporting Infor-
mation). These results suggest that the FHP-1 peptide is an effec-
tive ER stress inducer, leading to ER stress-mediated apoptosis,
and these phenomena are further enhanced by coadministration
with a PD-L1 blockade.

2001308 (6 of 1 3) © 2021 The Authors. Advanced Science published by Wiley-VCH GmbH
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or FHP-2; 8 mg kg™') intravenously on 10 times every other day and/or aPD-L1 (10 mg kg~') intraperitoneally on every three days for 5 times. b,c)
Average tumor growth curves of CT26 or LLC bearing mice after treatment with polypeptide and/or aPD-L1. The tumor volume was measured every
other day until the end of the study. d) Representative images of lung metastatic tumor nodules. Lungs were collected on day 35 and stained with India
ink. The scale bar represents 1cm. e) The number of lung metastatic tumor nodules in mice. Data are presented as mean + S.D. (n = 6). *P < 0.05, **P
< 0.07, ***P < 0.001, one-way ANOVA with Tukey’s multiple comparisons test.

2.7. Activation of the Immune Response by the Combination of
the Fluorinated MDHPs and PD-L1 Blockade

To explore the mechanism from the immunological aspects
of the enhanced antitumor efficacy, the immune cell popula-
tion in tumor tissue and spleen was investigated. Coadmin-
istration of FHP-1 and aPD-L1 led to the highest level of
CD4* and CD8" T cell infiltration into both CT26 and LLC tu-
mor tissues (Figure 6d,e; Figure S24, Supporting Information).
In addition, the number of activated DCs, NK cells, and M1
macrophages in tumor tissues were also significantly higher in

Adv. Sci. 2021, 8, 2001308

combination therapy group than those observed in other treat-
ment groups (P < 0.05 or P < 0.01; Figure 6f,g,i; Figures S24
and S25, Supporting Information). Moreover, the frequency of
T cells secreting IFN-y via stimulation with cancer cells by at
least 2.9- up to 5.6-fold compared to the FHP-1 alone treat-
ment (P < 0.001; Figure 6b). Activated CD4* and CD8" T cells
were also detected at the highest level in tumor tissues that
were treated with FHP-1 and aPD-L1 combination therapy (Fig-
ure 6k,l; P < 0.01 versus other groups). On the other hand, the
number of M2 macrophages following in combination therapy
group was similar to those observed in HEPES-treated group

2001308 (7 0f13) © 2021 The Authors. Advanced Science published by Wiley-VCH GmbH



ADVANCED

LN RS SCIENCE

www.advancedsciencenews.com www.advancedscience.com

HEPES aPD-L1 FHP-1 FHP-1+aPD-L1

H&E

TUNEL

CRT

5 1400 5 250000 —
g 1200 2 200000
8 1000 8
2 _ 800 S 150000
i3 -
o oo O & 100000
22 400 29 —
g 20 § so00
: iy
8 ) N N N 8 o N N N
] & > R > o & v R
= & & & = & & &
N N
& &
b 5:1 10:1 20:1
. e Yo
SO0IC OO0
39 y s -
Kk ...4
1 R
7" 72 7% 1
- = i, o 20 =
3 810 s 8 5 8
[ %5 5307 — |
o 3210 o
P E— Z o P
Lo 3 Lo 5 Lo
X %‘ == X 510
<, — S, e
) N N
g Q°
&9
F ¢ < \,&
&
50:1
e Kkk
7% {_ 250 - 250 e
B : 5 T
2 260 <200 400
339 38 100 3 oo ——
P =+ £% E— £%
x < 50 % 10
S gl T TWET S . P B | = =
o N . - | y - =
& > Q° > =3 N N N S N N N
A AR N & O & o K &
¥ 8 :\xo‘? & &£ < \xg K & < \xg
& & &
< <

Figure 6. Histological and immunohistochemical analysis. a) Tumor tissues were collected at 2 days after the last treatment and stained with hematoxylin
and eosin (H & E; top row), terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL; middle row), and CRT-specific Ab (bottom row).
Original magnification: X100 for H&E and TUNEL images or x400 for CRT staining. The scale bar represents 10 pm for H&E and TUNEL images and
2 pum for CRT images. The quantitative data represented as mean + S.D. (n = 3); ** P < 0.01, ***P < 0.001. b) IFN-y ELISpot assay. Splenocytes were
harvested from HEPES-, aPD-L1-, FHP-1-, or FHP-1 plus aPD-L1-treated mice on 2 days following the last treatment, and coincubated with preirradiated
CT26 cells for 16 h with various effector to target (ET) ratio. Then, the IFN-y ELISpot assay was carried out. Data represented as mean + S.D. (n = 3). ¢)
FACS analysis for MDSC and Treg. Splenocytes harvested from mice received each treatment were stained with CD11b- and Gr-1-specific Ab for MDSC
analysis and stained with CD4-, CD25-, and FoxP3-specific Ab. Data represented as mean + S.D. (n = 3); * P < 0.05, **P < 0.01, ***P < 0.001. d-I) FACS
analysis of tumor infiltrating immune cells in LLC mouse model. d) CD4* T cells, e) CD8* T cells, f) DCs, g) M1 macrophages, h) M2 macrophages, i)
NK cells, j) MDSCs, k) IFN-y*CD4* T cells, and I) IFN-y*CD8* T cells. (Group 1: HEPES, Group 2: aPD-L1, Group 3: FHP-1, Group 4: FHP-1+aPD-L1.)
Data are presented as mean + S.D. (n = 3). *P < 0.05, **P < 0.01, ***P < 0.001, one-way ANOVA with Tukey’s multiple comparisons test.
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Figure 6. Continued

(Figure 6h). Still, the number of immunosuppressive MDSC
was significantly decreased in tumor tissues following coadmin-
istration of FHP-1 and aPD-L1 in respect to other treatments
(P < 0.05; Figure 6j), which is in agreement with significant
reduction in Treg and MDSC counts in spleen upon admin-
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istration of combination therapy in CT26 tumor-bearing mice
(Figure 6¢). In addition, immune cell analysis in CT26 mouse
model showed similar trends to the above results (Figure S26,
Supporting Information). Overall, these results suggest that the
ER stress-mediated apoptosis induced by FHP-1 increases the
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Figure 7. Toxicological profile. a) Body weight measurement. CT26-bearing mice were treated with the same regimen of antitumor efficacy study and
body weight was measured every other day. Data represented as mean + S.D. (n = 6). b—d) CT26 tumor-bearing mice were treated with aPD-L1, FHP-1,
and FHP-1 plus aPD-L1 along with HEPES as a control. Blood was collected on day 2 after the last FHP-1 treatment, and BUN for kidney toxicity and
AST and ALT for liver toxicity were determined for each mouse. Data represented as mean + S.D. (n = 3).

formation of tumor antigens to activate DCs, a representative
APC, and to trigger activation and intratumoral infiltration of
CD4* and CD8* T cells while attenuating the number of im-
munosuppressive immune cells in tumor or a lymphoid organ
in both immunogenic (CT26) and poorly immunogenic (LLC)
tumor tissues. These phenomena were further promoted when
combined with PD-L1 blockade. Thus, a combination therapeutic
regimen of FHP-1 and aPD-L1 could improve the therapeutic ef-
ficacy by defeating the negative phenomena seen in patients with
a low response to immune checkpoint blockade monotherapy.

To confirm whether antitumor effect of combination of FHP-1
and aPD-L1 depends on antitumor immune responses, we car-
ried out a tumor inhibition study using immunocompromised
BALB/c nude mice. As shown in Figure S27 (Supporting Infor-
mation), there was no significant difference in the tumor inhibi-
tion effect between combination therapy and each monotherapy.
The change of body weight in all groups was negligible. There-
fore, these results demonstrate that enhanced therapeutic effi-
cacy of combination therapy in immunocompetent mice relies
on antitumor immunity.

2.8. Toxicity Profile
To determine the potential toxicity of the aPD-L1 and FHP-1

alone or in the combination treatment, the bodyweight changes
in mice were measured every other day, and serum chemistry

Adv. Sci. 2021, 8, 2001308

was carried out for kidney and liver toxicity (Figure 7; Table S1,
Supporting Information). None of the treatments significantly af-
fected the bodyweight loss; moreover, the levels of blood urea ni-
trogen (BUN), bilirubin, aspartate aminotransferase (AST), and
alanine aminotransferase (ALT) in all individuals were in the nor-
mal range. Taken together, these results demonstrate that the
aPD-L1 and FHP-1 combination therapeutic strategy is safe.

3. Conclusion

Induction of mitochondrial dysfunction is crucial to trigger apop-
tosis for effective cancer therapy.??! Previous studies showed
that MDHPs destabilize the mitochondrial outer membrane and
provoke apoptosis by ROS overgeneration.!**! Although these
MDHPs have been proven to induce apoptosis and effectively in-
hibit tumor growth, the subsequent antitumor immunity has not
been studied. To activate the immune system against cancer, can-
cer cells undergo a special form of cell death, releasing TAAs and
various DAMPs, known as ICD.[67]

In this study, we developed ER stress-mediated ICD induc-
ing helical polypeptide that synergizes with aPD-L1 to induce
antitumor immunity. For an enhanced bioapplicability and po-
tent anticancer activity, we introduced perfluoroalkyl chains to
the side chains of the helical polypeptides. These fluorinated
MDHPs led to mitochondrial depolarization by destabilization
of the mitochondrial outer membrane and exerted severe ox-
idative stress through augmentation of intracellular ROS and a

2001308 (10 Of13) © 2021 The Authors. Advanced Science published by Wiley-VCH GmbH
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decrease in the GSH level. Moreover, we assessed the apoptosis-
inducing ability of the fluorinated MDHPs and their cytotoxic
effect in CT26 cells. FHP-1 had the highest apoptosis rate and
the lowest IC,, value. When considering the apoptosis-inducing
ability of the fluorinated MDHPs, we hypothesized that exces-
sive intracellular ROS induce ER stress, thereby eliciting ICD,
and sensitization of the tumor cells by the ICD-inducing he-
lical polypeptides enhances the efficacy of the immune check-
point inhibitor. We demonstrated that intracellular ROS gener-
ated by the treatment of fluorinated MDHPs stimulated the ER,
and the expression of ER stress-related marker proteins, GRP78
and CHOP, was confirmed by western blotting. To verify the ICD-
inducing ability of the fluorinated MDHPs, we assessed the char-
acteristic biomarkers of ICD. The exposure of CRT and the re-
lease of ATP and HMGB1 were observed in cancer cells treated
with the helical polypeptides. CT26 or LLC tumor-bearing mice
were used to demonstrate the tumor inhibition effect of the heli-
cal polypeptides and their synergistic effect with immune check-
point blockade therapy. Combination cancer immunotherapy of
the fluorinated MDHP and aPD-L1 remarkably inhibited tumor
growth and metastasis to the lung. This therapeutic regimen ac-
tivated immune responses against a tumor and decreased the
population of immune suppressor cells such as MDSCs and
Tregs. Our results suggest that fluorinated MDHPs as an ICD in-
ducer unequivocally have a potent synergistic effect with immune
checkpoint blockade therapy for effective combination cancer im-
munotherapy.

4. Experimental Section

Circular Dichroism (CD) Measurements: CD measurements were per-
formed on a J-815 spectropolarimeter 150-L type (JASCO, Japan) to iden-
tify the secondary structure of the polypeptides. Polypeptide samples were
prepared in deionized (DI) water at a concentration of 0.5 mg mL™" at pH
= 7. CD spectra were measured using a quartz cell with a path length of
0.2 mm in the range of 200-250 nm at room temperature (RT).

Mitochondrial Membrane Potential Assay: CT26 cells were cultured in
12-well plates at 15 x 10* cells per well for 24 h and treated with 200 x
107° M of HP, FHP-1, and FHP-2 in fresh serum-free DMEM (Dulbecco’s
Modified Eagle Medium). After the treatment, cells were washed with PBS
(Phosphate Buffered Saline) and harvested for JC-1 (5,5’,6,6'-tetrachloro-
1,1',3,3 -tetraethylbenzimidazolycarbocyanine iodide) (10 pg mL™", Invit-
rogen Co., Carlsbad, CA, USA) staining at 37 °C for 15 min. Additionally, 50
x 107¢ m of CCCP was added simultaneously with JC-1 as a positive con-
trol. Subsequently, the cells were collected and diluted with the medium
for flow cytometry analysis (FACS Calibur, BD Biosciences, CA, USA).

Cell Viability Test: To measure the cytotoxicity of the HP, FHP-1, and
FHP-2, the MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide) assay was conducted. CT26, HCT116, and LLC cells were seeded
on 96-well plates at 1 x 10* cells per well and incubated for 24 h. The
medium was replaced with various concentrations of HP, FHP-1, and FHP-
2 in serum-free DMEM. After a 24 h incubation, 20 pL of MTT (5 mg mL™"
in PBS) were added to each well. Following a further 3 h incubation, the
medium was removed, and 150 pL of DMSO were added to dissolve the
formazan crystal. The absorbance at 570 nm was measured using a mi-
croplate reader (Multiskan GO, Thermo Scientific, Waltham, USA).

Intracellular ROS levels:  CT26 cells were seeded on 12-well plates at 15
x 10% cells per well. After incubation for 24 h, fresh serum-free DMEM that
included 200 x 1072 M of HP, FHP-1, and FHP-2 was added to each well
and incubated for 24 h. Subsequently, the cells were washed with PBS and
stained with 10 x 1076 m of DCF-DA at 37 °C for 30 min. After staining,
the harvested cells were analyzed using flow cytometry (FACS Calibur, BD
Biosciences).
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Intracellular GSH levels:  CT26 cells were cultured in 12-well plates at
15 x 10* cells per well for 24 h, followed by the incubation of 200 x 107° m
of HP, FHP-1, and FHP-2 in fresh serum-free DMEM. Cells were rinsed
with PBS prior to adding 500 pL of RIPA buffer and incubated at 4 °C for
30 min. After further incubation, cell lysates were centrifuged, and 20 pL of
Ellman’s reagent (0.75 x 10~ m DTNB) were added to the supernatant.
The absorbance was measured at 405 nm using a microplate reader (Mul-
tiskan GO, Thermo Scientific).

Apoptosis Assay:  CT26 cells were seeded on 12-well plates at a density
of 15 x 10* cells per well and cultured for 24 h. The cells were treated with
200 x 1072 m of HP, FHP-1, and FHP-2 in fresh serum-free DMEM. After
a 24 h incubation, the medium was removed, and the cells were rinsed
with PBS. The cells were collected and stained with Annexin V-FITC and
propidium iodide (Invitrogen Co., Carlsbad, CA, USA). The stained cells
were analyzed by flow cytometry (FACS Calibur, BD Biosciences).

Visualization of ROS and ER: 4.5 x 10* CT26 cells were seeded in p-
Slide 8 well (Ibidi, USA) for 24 h and then treated with 100 x 10~° m of
HP, FHP-1, and FHP-2. After 24 h, the cells were washed with PBS prior
to incubation with 10 x 1076 m of DCF-DA at 37 °C for 30 min. Following
washing with PBS, the cells were stained with ER-Tracker Red (500 x 10~°
M, Invitrogen Co.) at 37 °C for 30 min. The stained cells were washed with
PBS containing Pluronic F-127 (0.1%) and visualized with confocal laser
scanning microscopy (LSM 800 META, ZEISS, Germany).

Western Blotting Analysis for ER-Stress Related Marker Proteins: 50 x 10*
CT26 cells were seeded in 6-well plates for 24 h and then treated with 200
x 1079 M of HP, FHP-1, and FHP-2. After a 24 h incubation, the cells were
washed with PBS and lysed with RIPA buffer with protease inhibitor cock-
tail (Sigma) and phosphatase inhibitor cocktail (Sigma). Extracted pro-
teins were quantified by the BCA kit. Proteins were loaded into each well
of a sodium dodecyl sulfate-polyacrylamide gel (SDS-PAGE), and elec-
trophoresis was performed. Subsequently, the proteins were transferred
to a polyvinylidene fluoride (PVDF) membrane. The PVDF membrane was
blocked with 5 wt% skim milk in tris-buffer saline with 0.05% Tween 20
(TBST) solution for 1 h, followed by incubation with primary antibod-
ies (Cleaved Caspase-3 antirabbit polyclonal (Cell Signaling Technology,
Beverly, MA, USA), glyceraldehyde 3-phosphate dehydrogenase (GAPDH)
antirabbit polyclonal (Santa Cruz Bio Technology, USA), GRP78 antirab-
bit monoclonal (Cell Signaling Technology), p-elF2a antirabbit polyclonal
(Cell Signaling Technology), elF2a antirabbit polyclonal (Cell Signaling
Technology), and CHOP antirabbit polyclonal (Abcam)) at 4 °C overnight.
Then, the membrane was washed with TBST, and horseradish peroxidase
(HRP)-conjugated antirabbit (Abcam) was added as a secondary antibody
and incubated at 4 °C overnight. Blots were developed by enhanced chemi-
luminescent (ECL) reagent (GE healthcare, USA).

Extracellular ATP Concentration: 1 x 10* CT26 cells cultured in 96-well
plates were treated with serum-free DMEM containing 400 and 1000 X
107° m of HP, FHP-1, and FHP-2 for 24 h. Collected supernatants were
used to measure the extracellular ATP concentration with the ATP Colori-
metric/Fluorometric Assay Kit (BioVision, USA) according to the manu-
facturer’s instructions.

In Vitro CRT Expression: 50 x 10* CT26, HCT116, and LLC cells were
seeded in 6-well plates and then cultured for 24 h. The medium was re-
placed with 300 x 107° m of HP, FHP-1, and FHP-2. Following a 24 h
incubation, the cells were washed with PBS and harvested. The harvested
cells were incubated with a rabbit anti-CRT antibody (Cell Signaling Tech-
nology) at 4 °C for 30 min. Then, the cells were washed with PBST and
stained with Alexa Fluor 488-conjugated goat antirabbit IgG (Abcam) at
4 °C for 30 min. After washing with PBST, the stained cells were analyzed
by flow cytometry (FACS Calibur, BD Biosciences).

For CLSM imaging of the CRT expression, 8 x 10* CT26 cells were
seeded on coverslips in a 24-well plate and incubated for 24 h. Cells were
treated with HP, FHP-1, and FHP-2 for 24 h and washed with PBS. The
cells were fixed with 4% paraformaldehyde at 37 °C for 10 min, followed
by blocking with 1% BSA in PBST at RT for 1 h. Then, the cells were incu-
bated with a rabbit anti-CRT antibody (Cell Signaling Technology) at 4 °C
overnight. After the overnight incubation, the cells were washed with PBST,
and Alexa Fluor 488-conjugated goat antirabbit IgG (Abcam) was added to
each well and incubated at RT for 2 h. To stain the cytoskeleton, the cells
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were incubated with Alexa Fluor 647 Phalloidin (Cell Signaling Technology)
at RT for 30 min. After washing with PBST, the cells were stained with DAPI
at RT for 10 min and mounted onto slides. The cells were visualized with
confocal laser scanning microscopy (LSM 800 META, ZEISS).

Measurement of Released HMGB1: 1 x 10* CT26 cells cultured in 96-
well plates were treated with serum-free DMEM in the presence of 200
x 107° ™M of HP, FHP-1, and FHP-2 for 24 h. Then, supernatants were
collected by centrifugation at 1500 rpm for 10 min at 4 °C, and 20 pL of
each supernatant were diluted in coating buffer (carbonate-bicarbonate
buffer, Sigma). Next, 100 pL of diluted supernatant were coated onto 96-
well plates and incubated at 4 °C overnight. Subsequently, each well was
blocked with 5% skim milk (Sigma) in PBS-Tween 20 (PBST, 0.05% v/v,
Sigma) at RT for 2 h. After washing with PBST, rabbit anti-HMGB1 an-
tibody (Abcam) diluted in PBST with 2.5% skim milk was added to the
plates and incubated at 4 °C overnight. Then, the plates were washed with
PBST and horseradish peroxidase (HRP)-conjugated goat antirabbit 1gG
(Abcam) was added to the plates and incubated at RT for 2 h. After the
final washing, the plates were developed with o-phenylenediamine dihy-
drochloride (OPD) at RT for 30 min. To stop the reaction, 3 N HCl solution
was added to each well, and the optical density (OD) was measured at an
absorbance of 492 nm using a microplate reader (Multiskan GO, Thermo
Scientific).

For confocal laser scanning microscopy (CLSM) imaging of HMGB1, 8
x 10* CT26 cells were seeded on coverslips in a 24-well plate and cultured
for 24 h. The cells were treated with HP, FHP-1, and FHP-2 for 24 h and
washed with PBS. Subsequently, the cells were fixed with 4% paraformalde-
hyde at 37 °C for 10 min. After fixation, the cells were blocked and perme-
abilized with 1% bovine serum albumin (BSA) and 0.1% Triton X-100 in
PBST at RT for 1 h. Rabbit anti-HMGBT antibody (Abcam) solution was
added to each well and incubated at 4 °C overnight. Then, the cells were
washed with PBST, and Alexa Fluor 488-conjugated goat anti-rabbit 1gG
(Abcam) was added to each well and incubated at RT for 2 h. After the final
washing, the cells were stained with DAPI at RT for 10 min and mounted
onto slides. Cells were visualized with confocal laser scanning microscopy
(LSM 800 META, ZEISS).

In Vitro Bone Marrow-Derived Dendritic Cell (BMDC) Maturation:
BMDCs were generated from the bone marrow of 10 week old BALB/c
mice. 7 X 10° BMDCs were seeded in 12-well plates and cocultured with
HP, FHP-1, and FHP-2 pretreated CT26 cells for 24 h. After incubation, the
cells were collected and blocked with antimouse CD16/32 antibody (Biole-
gend, CA, USA) for 10 min. Subsequently, the cells were stained with anti-
CD11c antibody, anti-CD40 antibody, anti-CD80 antibody, and anti-CD86
antibody (Biolegend) for 30 min. The stained cells were analyzed by flow
cytometry (FACS Fortessa, BD Biosciences).

Animal Experiments:  All the experimental procedures involving animal
studies were performed in accordance with the NIH Guideline for the Care
and Use of Laboratory Animals. These procedures were approved by the
Institutional Animal Care and Use Committee of Hanyang University.

Vaccination Experiment:  The mice were injected with 1 x 108 of dying
LLC cells, which had been pretreated with 500 x 10~° m of HP, FHP-1, or
FHP-2 for 24 h, on the left flank. A week later, 1x 108 healthy LLC cells were
injected into the right flank. The tumor incidence rate and tumor growth
curve were monitored until 21 days after the second tumor cell inoculation.

Antitumor Efficacy in a Mouse Tumor Model: Murine colon carcinoma
tumor was subcutaneously established by injecting 5 x 10° cells of CT26
in 100 pL of Hank’s balanced salt solution (HBSS; Gibco-BRL, Grand Is-
land, NY) into the right flanks of 6-week-old male BALB/c mice (Daehan
Biolink Co., Ltd, Chungbuk, Korea). Murine LLC tumors were established
by subcutaneously injecting 1 x 10% LLC cells in 100 pL of Hank’s bal-
anced salt solution (HBSS; Gibco-BRL) into the right flanks of 6-week-old
male C57BL/6 mice (Daehan Biolink Co., Ltd). NCI-H460 cells (5 x 10°
cells in 100 pL of Hank’s balanced salt solution (HBSS; Gibco-BRL)) were
subcutaneously injected into 6-week-old male BALB/c nude mice (Orient
Bio Inc., Seongnam, Korea). When the average tumor volume reached 100
mm?3, HEPES, aPD-L1, HP, FHP-1, FHP-2, or FHP-1 plus aPD-L1 were ad-
ministered to the tumor-bearing mice. All helical peptides (HP, FHP-1,
and FHP-2) were injected intravenously (8 mg kg™') every other day for a
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total of 10 times, and @PD-L1 was injected intraperitoneally (10 mg kg™")
every three days for a total of 5 times. The first day of treatment was set
as day 0. Tumor volume was determined by measuring the length (L) and
width (W) of each tumor with a caliper every other day. The tumor volume
was calculated using the following equation: tumor volume = 0.523 L(W)?.
Bodyweight was also measured every other day.

Lung Metastasis:  To assess the metastasis in the lungs, the same treat-
ment schedule, as described above, was used. Twenty-five days after the
last treatment, the CT26 tumor-bearing mice were sacrificed, and 2 mL of
10% of India Ink solution (Hardy Diagnostics, Santa Maria, CA) were in-
jected into the lungs via the trachea. After the stained lungs were extracted
from the mice, these were rinsed with Fekete's solution (70% ethanol,
4% formaldehyde, glacial acetic acid; 20:2:1)[23] and were placed in fresh
Fekete's solution overnight. Then, the stained lungs were stored in 70%
ethanol before further analysis. Photographs were obtained, and the visi-
ble foci were counted.

Histology and Immunohistochemistry:  For the histologic analysis, tu-
mor tissues were collected from mice at 2 days post last FHP-1 injection,
fixed in 10% formalin, embedded in paraffin, and sectioned at a thickness
of 5 pm. Representative sections were stained with H&E solution. For im-
munohistochemical staining, sectioned tumor tissues were blocked with
Protein Block Serum Free Ready To Use (Dako, Glostrup, Denmark) for 2 h
and incubated with CHOP antibody (9C8; Abcam), CRT antibody (FMC75;
Abcam), CD11c (HL3; BD Pharmingen), or CD83 (HB15e; BD Pharmin-
gen) as a primary antibody. After washing, the sections were incubated
with the Dako Envision Kit (Dako as a secondary antibody, and then coun-
terstained with Meyer’s hematoxylin (Sigma). A TUNEL assay was per-
formed using the ApopTag Peroxidase In Situ Apoptosis Detection Kit (Mil-
lipore, Billerica, MA, USA) according to the manufacturer’s instructions.
To identify the lymphocytes in the tumor tissues, the tumor tissues were
frozen in OCT compound (Sakura Finetec, Torrance, CA, USA) and cut into
10 pm thick sections. The cryosections were blocked with protein block
serum free ready to use (Dako) and incubated with anti-CD86 antibody
(GL1; BD Biosciences), anti-CD4 antibody (H129.19; BD Biosciences), or
anti-CD8 Antibody (53-6.7; BD Biosciences) as the primary antibody and
biotin-conjugated goat anti-rat IgG (BD PharMingen, San Diego, CA) as
the secondary antibody. Then, the tumor tissue slices were treated with
streptavidin-HRP (BD Pharmingen). Diaminobenzidine/hydrogen peroxi-
dase (Dako) was used as the chromogen substrate. All slides were coun-
terstained with Meyer’s hematoxylin.

Interferon (IFN)-y ELISpot Assay: CT26 tumor-bearing mice were ad-
ministered with HEPES, aPD-L1, FHP-1, or FHP-1 plus aPD-L1. FHP-
1 was injected intravenously (8 mg kg™') every other day for a total of
6 times, and aPD-L1 was injected intraperitoneally (10 mg kg™") every
three days for a total of 4 times. Spleens were collected from the mice
at 2 days post 6th FHP-1 injection, and splenocytes were prepared as de-
scribed previously.[?*l An IFN-y ELISpot assay was then carried out fol-
lowing the manufacturer’s instructions. The positive spots, representing
IFN-y-producing cells, were counted using an ELISpot plate reader (AID
iSpot FluoroSpot; Autoimmun Diagnostika GmbH, Strassberg, Germany)
and analyzed with the AID EliSpot software Version 7.0 (Autoimmun Di-
agnostika GmbH).

FACS Analysis:  CT26 or LLC tumor-bearing mice were administered
with HEPES, aPD-L1, FHP-1, or FHP-1 plus «PD-L1. FHP-1 was injected
intravenously (8 mg kg™') every other day for a total of 6 times, and aPD-
L1 Abs were injected intraperitoneally (10 mg kg™") every three days for
a total of 4 times. Spleens and tumor tissues were collected from mice
at 2 days post 6th FHP-1 injection, and splenocytes and tumor infiltrating
immune cells were prepared as previously reported.l?*! All cells were pre-
treated with saturating anti-CD16/CD32 Ab (Biolegend, San Diego, CA)
in staining buffer (2% FBS, 0.02% sodium azide in PBS) to block cellular
Fc receptors before staining with primary Abs. Then, primary Abs corre-
sponding to each immune cell were treated for 30 min at 4 °C, washed
with PBS three times and fixed with 1% paraformaldehyde. The primary
Abs used are specified in Table S2 (Supporting Information). All samples
were analyzed on a BD FACS Calibur flow cytometer (Becton Dickinson,
Cockeysville, MD).
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Serum Chemistry:  Serum levels (U L™ or mg dL~") of AST, ALT, BUN,
and total bilirubin were measured by the Hitachi 7600 DDP modular chem-
istry analyzer (Seegene Inc., Seoul, Korea).

Statistical Analysis:  All data were expressed as the mean + standard
deviation (S.D.). All Statistical comparisons were performed by unpaired
Student’s t-test or one-way ANOVA with Tukey’s multiple comparisons test
using GraphPad Prism (version 4.0 for Windows, GraphPad Software, San
Diego CA). The criterion for statistical significance was taken as P < 0.05.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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