Iranian Journal of Basic Medical Sciences

1J:-"MS

ijbms.mums.ac.ir

Liposomal gp100 vaccine combined with CpG ODN sensitizes
established B16F10 melanoma tumors to anti PD-1 therapy

Mona Yazdani »?2, Mahdi Hatamipour 2, Behrang Alani !, Hossein Nikzad 3, Nema Mohamadian
Roshan %, Javad Verdi >!, Mahmoud Reza Jaafari 7, Mahdi Noureddini !, Ali Badiee 7*

1Department of Applied Cell Sciences, Faculty of Medicine, Kashan University of Medical Sciences, Kashan, Iran

2 Nanotechnology Research Center, Pharmaceutical Technology Institute, Mashhad University of Medical Sciences, Mashhad, Iran
3 Anatomical Sciences Research Center, Faculty of Medicine, Kashan University of Medical Sciences, Kashan, Iran

* Department of Pathology, School of Medicine, Mashhad University of Medical Sciences, Mashhad, Iran

5 Department of Tissue Engineering and Applied Cell Sciences, School of Advanced Technologies in Medicine, Tehran University of Medical Sciences,

Tehran, Iran

¢ Biotechnology Research Center, Pharmaceutical Technology Institute, Mashhad University of Medical Sciences, Mashhad, Iran
7 Department of Pharmaceutical Nanotechnology, School of Pharmacy, Mashhad University of Medical Sciences, Mashhad, Iran

ARTICLEINFO

ABSTRACT

Article type:
Original article

Article history:
Received: Feb 19, 2020
Accepted: May 2, 2020

Keywords:

Anti PD-1 monoclonal-
antibody

CpG ODN

GP100

Liposome

Melanoma

Objective(s): Program death 1 (PD-1)/ program death-ligand 1 (PD-L1) pathways, as the main
inhibitory checkpoints, induce immunosuppression in the tumor microenvironment (TME). Despite
the importance of inhibitor checkpoint receptor (ICR) blockers, their outcomes have been limited by
the low immune response rate and induced acquired resistance. Pre-existing tumor-specific T cells
is related to the improvement of their therapeutic efficacy. In the present study, we show that the
combination of liposomal gp100 nanovaccine with anti PD-1 monoclonal antibody (mAb) potentiates
the therapeutic effect in the melanoma model.

Materials and Methods: In this study, we first decorate the cationic liposome with gp100,, ., self-
antigen and then characterize it. Mice bearing B16F10 melanoma tumors were vaccinated with
different formulations of gp100 peptide (free or liposomal form) with or without CpG ODN adjuvant
in combination with anti PD-1 mAb.

Results: Therapeutic combination of liposomal nanovaccine and CpG with anti PD-1 mAb,
demonstrated the increased number of tumor infiltrated lymphocytes (TILs) in TME with the highest
IFN-y production and cytotoxic activity, which led to remarkable tumor regression.

Conclusion: Our results demonstrated the synergism between Lip-peptide+CpG nanovaccine and anti PD-1
regime, which improved the therapeutic efficacy of PD-1 checkpoint blocker in melanoma mice models.
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Introduction

During the past decades, various cancer
immunotherapeutic approaches have been discovered
and evaluated against different types of cancers such
as ex vivo generated dendritic cell-based (DC) vaccines,
engineered T cells, and inhibitory checkpoint receptor
(ICR) blockers (1).

The immune-suppressive characteristics of the tumor
microenvironment (TME) mediated via the dynamic
expression of co-inhibitory molecules and cytokines by
immunosuppressive cells, is the main evidence which
influences the success of cancer immunotherapeutic
strategies (2). Program death 1 (PD-1) is one of the major
co-inhibitory checkpoints in the induction of immune
suppression through binding of PD-1 receptor on
activated T cells to its ligand, PD-L1, and on tumor cells,
which significantly inhibit the killing activity of cytotoxic
T lymphocytes (CTLs) (3). Despite the importance of
ICR blockers such as anti PD-1 monoclonal antibodies
(mAb), which are considered as their benefits, their
results have been disappointing due to the induced
immune resistance when applied as a monotherapy

(4, 5). It is stated that the favorable therapeutic result
of anti PD-1 blockers is related to pre-existing tumor-
specific CTLs (2, 6). In this regard, PD-1 blockers have
been used in combination with cancer vaccines (7). It
was shown that the combination of cancer vaccines and
PD-1 blockades had therapeutic benefits even for less
immunogenic tumors such as melanoma (7).
Therapeutic cancer vaccines have been considered
to expand the pool of anti-tumor specific T cells besides
reactivation of pre-existing anti-tumor anergic T cells,
enhancing the infiltration of T cells into TME as a
consequence (2). In this regard, enhanced presentation
of tumor-associated antigens (TAAs) to antigen
presenting cells (APCs) like DCs, co-administration of
immunomodulators and antigens to the same DCs and
persistent activation of tumor-specific T cells are the
essentials of therapeutic cancer vaccine efficiency (8, 9).
Liposomes have been regarded as a promising
antigen delivery system in the field of cancer vaccine
owing to their ability to co-deliver Ag and adjuvants,
protecting TAAs from degradation and efficient uptake
by DCs (10, 11). Liposomes’ size and surface charge
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as physicochemical characteristics have a vital role in
recognition and uptake by DCs (12, 13). Among different
types of liposomes, cationic ones are well-known
delivery systems improving the immunogenicity of
poorly immunogenic antigens (14). Besides that, DOTAP
as a cationic lipid itself, has an immunomodulatory
property, stimulating the expression of DCs co-
stimulatory molecules (CD80, CD86), activating DCs
maturation via triggering MAPK pathway, which leads to
the production of T helper type 1 (Th1) related cytokines
such as IL-12 and eliciting CD* T cells (15, 16).

To design an effective cancer vaccine, co-
administration of an immunomodulator with antigen
is of crucial importance (17). Toll-like receptors (TLRs)
agonists have been widely used as an adjuvant alongside
therapeutic cancer vaccines (18, 19). Their adjuvanticity
is mainly attributed to the induction of innate immune
responses, but co-delivery of Ag to DCs will enhance
the cross-presentation of Ag and leads to the activation
of adaptive immune responses (20). Since TLR9Y is
predominantly expressed in DCs, CpG-ODN, as an
agonist of TLRY, induce Th1 and tumor-specific CTLs via
endosome uptake and maturation of DCs (21, 22) as well
as the secretion of IL-12 cytokine (23). It was revealed
that co-administration of the electrostatic interacted
complex of CpG-ODN and cationic liposomes consisting
of DOTAP has improved the immune responses with a
prolonged protective period (24). On the other hand,
apart from standard immunogenic features of CpG-
ODN, it was found in preclinical experiments that
incorporation of CpG-ODN in therapeutic strategies
could support anti-ICR immunotherapeutic effects
(25). The Combination of CpG-ODN with anti PD-1 mAb
regime has resulted in prolonged survival time (26)
and increased response to anti PD-1 treatment with the
generation of durable T cell responses (27).

Based on the presented observations, we have
synthesized the covalently linked melanoma antigen,
gp100, with cationic liposomes, as a cancer vaccine co-
administered with CpG-ODN for in vivo delivery to DCs
to improve the immunotherapeutic effect of anti PD-1
therapy. The therapeutic efficacy of this combination
was then evaluated in melanoma tumor-bearing
C57BL/6 mice.

Materials and Methods

Materials

N- [1-(2, 3-Dioleoyloxy) propyl]-N, N,
N-trimethylammoniummethyl-sulfate (DOTAP) and 1,
2-distearoyl-Sn-glycero-3-phosphoethanolamine-N-
[maleimide (polyethylene glycol)-2000] (DSPE-
PEG2000-Maleimide) were obtained from Avanti
Polar Lipid (Alabaster, AL, USA). Cholesterol,
Lipopolysaccharides (LPS) and Hyaluronidase enzyme
were obtained from Sigma-Aldrich (Steinheim,
Germany). Recombinant Mouse GM-CSF and IL-4
were obtained from Biolegend (San Diego, USA).
1,1-Dioctadecyl-3,3,3,3-tetramethylindodicarbocyanine
(DiD), Phytohemagglutinin (PHA), Calcein AM
(AM=acetoxymethyl), were obtained from Invitrogen
(Carlsbad, CA). All the flow cytometry antibodies and
kits were obtained from BD Biosciences (San Diego,
USA). Collagenase Type | enzyme was obtained from
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Gibco (UK). Anti-mouse PD-1 (CD279) monoclonal
antibody was obtained from BioXCell (West Lebanon,
USA). All other solvents and reagents were used as a
chemical grade.

Peptide and oligonucleotide

The synthesis of the murine modified gp100,,
,; beptide containing linker sequence (Ac-
CGGGEGPRNQDWL) and purification (95%)
was performed by China Peptides Co (Shanghai,
China). The synthesis of CpG-ODN 1826 class B
(5’-tccatgacgttcctgacgtt-3')  with phosphorothioated
backbone was performed by Bioneer Co (Korea).

Tumor cell lines and animals

The B16F10 murine melanoma cell line derived
from C57BL/6] mice, which express the gp100 antigen
and the CT26 murine colon carcinoma cell line, were
obtained from the Pasteur Institute (Tehran, Iran), each
cultured respectively in 10% FBS containing DMEM and
RPMI-1640 media.

6 to 8-week old female C57BL/6 mice were obtained
from the Royan Institute (Tehran, Iran). Animal
procedures were conducted in accordance with
guidelines approved by the Ethical Committee and
Research Advisory Committee of Mashhad University of
Medical Sciences.

Conjugation of GP100 peptide to DSPE PEG2000
maleimide

The mixture of gp100 peptide with DSPE-PEG2000-
Maleimide (DMSO: Chloroform 1:1) at 1.2:1 molar
ratio was incubated and stirred for 48 hours at room
temperature (RT) in order to fabricate covalent
conjugates via attaching the pyrrole group to the thiol
group of cysteine amino acid of maleimide and the
linker sequence of the peptide. Following the incubation
time, the linkage of the final product was checked by the
thin-layer chromatography (TLC) method followed by
the evaporation of the solvents (DMSO and chloroform)
using a rotary evaporator and freeze dryer. The obtained
powder re-dissolved in sodium chloride (NaCl), which
was then analyzed with High-performance liquid
chromatography (HPLC) quantifying the percentage of
conjugation by determining the unconjugated amount
of peptide. A Nucleosil C18 column (5pm, 150x4.6mm,
100A2 column, Knauer, Germany) was eluted with the
mobile phase composed of water and acetonitrile each
containing 0.1% TFA (30:70). The flow rate was 1ml/
min and the UV detection wavelength was set at 220 nm.

Synthesis  of
characterization
Liposome was formulated using the lipid film
hydration method. In brief, the prepared lipid film
consisted of DOTAP: Cholesterol with total lipid
concentration of 8mM (5:3 molar ratio) was hydrated
with HEPES buffer (10mM, pH 7.4) containing Sucrose
(9.5 %w/v), sonicated and extruded via 200 and 100 nm
polycarbonate filters in order to form vesicles with ~100
nm diameters. Finally, the post-insertion of conjugated
peptide (GP100-mPEG-DSPE) micelles into the liposome
formulation was carried out by incubation for 2 hr at 55

liposomal  formulation  and
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°C. The final liposomal formulations (with or without
CpG) were analyzed for size, polydispersity index (PDI)
and zeta potential via the dynamic light scattering (DLS)
instrument (Malvern, UK). For liposomal formulation
with CpG, liposome construct and CpG were incubated
30 min prior to analysis, the same was applied for
Peptide+CpG group.

The ability of cationic liposomes and peptide in the
induction of BMDC maturation

BMDCs generated from mouse hematopoietic
progenitor cells reside in bone marrow according to the
protocol used in previous studies (28, 29). Immature
BMDCs were incubated with an optimum, non-toxic
dose of cationic liposomes (12 nmol/ml) (30) and
gp100 peptide (2.5 pg/ml) for 8 h at 37 °C, the same time
used for the control group stimulated with LPS (1 ug/
ml). Following the incubation time, cells were harvested
and marked for DCs specific CD markers (CD11c,
CD80, CD86, CD40, MHC II). The expression level of co-
stimulatory molecules was then assayed using the FACS
Calibur flow cytometer (BD Biosciences).

In vivo tracking of liposomal formulation

To study lymphoid distribution, mice were injected
subcutaneously (SC) in the groin with DiD-labeled (5uM)
nanoliposomes and tracked post-injection, at different
time points. DiD-labeled cationic liposomes were
prepared using the lipid film method as was mentioned
above and post-inserted with GP100-mPEG-DSPE. 100 pl
of labeled liposomes were injected and the fluorescence
was tracked with the excitation at 644 and emission at
665nm using Kodak in vivo imaging system F pro (USA).
Results were analyzed with Kodak molecular imaging
software version 5 (Science park west, New Haven, CT,
USA) and presented as the fluorescence intensity at the
injection site and lymph nodes at different time points.

In vivo therapeutic schedules of liposomal vaccine
and Anti PD-1 mAb

B16F10 tumors were induced in C57BL/6 mice by SC
injection (3x10° cells/mouse) into the right flank. On
day 10 of post tumor transplantation, when the tumor
size reached 0.5 cm (31), mice were divided randomly
into five groups (n=10) and received the priming
dose of vaccines SC in the groin followed by 2 booster
doses on days 17 and 24. The treatment groups were
as follows: Buffer (as control), peptide (alone), Lip-
peptide, Peptide+CpG and Lip-peptide+CpG. All groups
received 50ug/100ul of the peptide in either form of
free or liposomal. For two other groups consisting of
CpG ODN, peptide or liposomal form were mixed with
CpG ODN and left for 30 mins at room temperature
before administration (0.002 pmol of CpG ODN per
0.24 pumol of total lipid) (Table 1). All mice received
combination therapy by IP administration of 4 doses of
the anti-PD-1 mAb (100 pug/100ul PBS) (32) with 3-day
intervals starting on day 11, repeated on days 15, 19
and 23 (33, 34). Tumor volumes and body weight were
measured every 2 days during the experiments. Tumor
volume was calculated according to the formulae as
lengthxwidthxheightxJ/1/6 (35). The therapeutic efficacy
in treated mice was followed for 25 days and mice were
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excluded from the experiment when the tumor volume
exceeded 1000 mm? or mice were ulcerated (36, 37).
TTE, TGD, MST and ILS for each group were calculated
(38, 39). On day 26, the experiment was terminated and
three mice from each group were sacrificed for further
analysis. It was ensured that the number of animals in
each group was sufficient for statistical analysis and
obtaining significant data.

Splenocyte and tumor single-cell suspension
Splenocyte and tumor single-cell suspensions were
prepared from dissected spleen and tumor tissues of
experimental animals initially by mechanical disruption
followed by enzymatic digestion of tumors with
Collagenase type I (2mg/ml) and Hyaluronidase (1mg/
ml) for 2 hr at 37 °C - not for spleens - and afterward,
passing through 70 um cell strainer and lysis of RBCs
with ACK lysis buffer. The obtained single cells were
counted and used for further immunological analysis.

Flow cytometric assessment of antitumor-specific
immune responses

The obtained spleens and tumors single cells at a
density of 10° cells/wells were re-activated with 10pg
of gp100 peptide and also treated with brefeldin A. After
24 h, the activated cells were collected and divided into
different flow cytometry tubes for extra and intracellular
staining to analyze the levels of cell surface markers
and cytokines production of CTL, Th and regulatory
T cells (Treg) using FACS Calibur flowcytometer (BD
Biosciences). The staining procedure was performed
according to the manufacturer’s instructions.

Functional analysis of T cells via Enzyme-linked
Immunospot (ELISpot) assay

Splenocyte and tumor cells were seeded in IFN-y
antibody pre-coated wells to evaluate IFN-y production.
Peptide wells containing 3x10° cells were activated
with 10pg/ml peptide for 24 hours. The secreted I[FN-y
was detected by adding a detection antibody followed
by streptavidin-HRP and finally, the blue precipitate
spots were visualized by adding TMB substrate
solution. PHA (10pg/ml) and media wells containing
105 cells were considered as positive and negative
controls. The visualized spots were counted with Kodak
1D image analysis software (Version 3.5, Eastman
Kodak, Rochester, New York, USA). The normalized
results estimated as Mean#SD in triplicate wells were
expressed as spot-forming units (SFU) per 10° cells.
All the procedure was carried out according to the
manufacturer’s protocol of mouse IFN-y basic ELISpot
kit (Mabtech, Sweden).

In vitro activity of Tc cells (CTL)

The antitumor activity of splenocytes from treated
mice was evaluated against the B16F10 cell line. Briefly,
B16F10 cells labeled with Calcein AM (12.5 uM) (2x10*
cells per well), served as target cells (T), were seeded in
triplicate wells and co-cultured with splenocytes, served
as an effector cell (E), at E:T ratios of 20/1, and 40/1.
After a 4 hr incubation, the killing activity of CTL was
evaluated by analyzing the fluorescence of supernatant
using a fluorescent plate reader with excitation at
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Table 1. The dose of DOTAP, GP100 peptide and CpG adjuvant administered into the mouse with different formulations. Treatment groups were

Peptide+CpG, Lip-peptide, and Lip-peptide+CpG

Treatment groups

DOTAP dose (nmol/mouse)

GP100 dose (ng/mouse) CpG dose (ug/mouse)

Peptide+CpG
Lip-peptide 265 nmol
Lip-peptide+CpG 265 nmol

50 ug 14.05 ug
50 ug
50 ug 14.05 ug

485 nm and emission at 538 nm (FLx800, BioTek
Instruments Inc. USA). The percentage of specific lysis
was calculated as (release of effector cells-minimum
release)/(maximum-minimum release)x100. The target
cells treated with media containing 2% Triton X-100 and
just media were served as a maximum and minimum
release, respectively.

mRNA expression level analysis via quantitative real-
time PCR

Liquid nitrogen-frozen spleen and tumor tissues
of treated mice were used for extraction of total RNA
using the Column RNA isolation kit (Denazist, Iran)
according to the manufacturer’s instructions, and
their concentration was measured using NanoDrop
one¢ (Thermo scientific, USA). Then, total RNA
was used to transcribe into cDNA according to the
manufacturer’s guidelines of cDNA synthesis kit (Yekta
Tajhiz Azma, Iran). The mRNA expression levels of
IFN-y, IL-10 and PD-1 were quantified using a two-
step Sybr Green real-time PCR kit (Yekta Tajhiz Azma,
Iran) and normalized relative to the housekeeping
gene, GAPDH. The real-time PCR was run in triplicate
with 100ng of cDNA using the following primers:

IFN-y (Forward: 5'GCTCTGAGACAATGAACGCTS3’,
Reverse: 5’AAAGAGATAATCTGGCTCTGC3’), IL-
10 (Forward: 5'TGAGAACAGCTGCACCCACTS3’,
Reverse: 5’GGAAACCCAGGTAACCCTTA3"), PD-1
(Forward: 5'TTTCAGGAATGGGTTCCAAG3’, Reverse:
5’ACATCCTACGGTCCCAAGGT?3’) and GAPDH
(Forward: 5'TGCACCACCAACTGCTTAG3’, Reverse:

5’GATGCAGGGATGATGTTC3’) (40, 41). The Rotor gene
Q instrument (QIAGEN Hilden, Germany) was used with
the running program described by the manufacturer as:
3min at 95 °C, followed by 40 cycles 20 sec at 95 °C, 20
secat 60 °Cand 5 secat 72 °C.

Immunohistochemistry assay

Formalin-fixed paraffin-embedded (FFPE) sections
of melanoma tumor samples with 5um thickness were
mounted on activated slides and in order to retrieve
antigen epitopes, were first deparaffinized and then
retrieved using antigen retrieval 10x for 35sec at 98 °C.
Following that, the sections were incubated by H,0, 5%
for 10sec at RT. Afterward, the samples were incubated
with 1/400 concentration of anti PD-1 primary antibody
for 15 min in dark. The Mouse/Rabbit PolyVue Plus™
HRP/DAB Detection System kit (Diagnostic Bio Systems,
Pleasanton, CA, USA) was used to visualize the samples,
and for the final step, tumor sections were also stained
for morphological characterization with Hematoxylin.

Statistical analysis methods

The results were analyzed with a one and two-way
analysis of variance, followed by Tukey post hoc test
using GraphPad Prism software (Version 8) to compare
the difference between multiple groups. The statistical
significance of survival was determined with a log-rank
(Mantel-cox) test. P<0.05 was served as statistically
significant.

Results
Characterization of
conjugation

GP100-mPEG-DSPE  micelles were prepared
by conjugating gp100 peptide to DSPE-PEG2000-
Maleimide through covalent binding. The success of
conjugation was confirmed via the TLC method by
fading the final product solvent spot on silica gel. The
percentage of conjugation was estimated according to
the area ratio of unconjugated peptide peak via HPLC
analysis with a yield of 70% (Figure 1A & B).

gp100-mPEG2000-DSPE

Table 2. The physicochemical characteristics (particle size, polydispersity index (PDI), and zeta potential) of liposomal formulations (Lip-peptide)

with or without CpG (N=3; Mean+SD)

Treatment groups Formulation Particle Size (nm) Pdl Zeta potential (mV)
Peptide+CpG GP100+CpG 166.7+5.42 0.287+0.10 - 6.42+0.00
Lip-peptide DOTAP: Chol: GP100 231.5+3.04 0.315+0.01 6.15+3.09
Lip-peptide+CpG DOTAP: Chol: GP100+CpG 277.7+3.83 0.226+0.06 -3.7616.14
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Figure 1. Confirmation of gp100 peptide conjugation to Maleimide-PEG2000-DSPE via (A) TLC and (B) HPLC methods

(A) The final product of linking reaction was spotted on silica thin-layer plates besides the free peptide and Maleimide-PEG2000-DSPE, for
chromatography in Chloroform: Methanol: Water (45:9:1) mobile phase. (B) Analysis of the final product by High-pressure Liquid Chromatography
(HPLC) using Nucleosil C18 column with elution of ACN: Water (70:30) containing 0.1% TFA at 220 nm. The percentage of conjugation was
determined according to the extent of unconjugated peptide (with retention of ~ 8 mins)

Characterization of liposomal formulations

As shown in Table 2, the diameter of Lip-peptide
formulation was increased due to the presence of PEG
following post-insertion. The Addition of CpG ODN to
the cationic liposome and incubation prior to injection
had increased the diameter of formulation which was
attributed to the electrostatic interaction between the
positive charge of DOTAP containing liposome and
negative charge of CpG ODN, which indicated the proper
absorption of adjuvant to the liposomal formulation.
Interestingly, incubation of CpG ODN with gp100
peptide led to nanoparticle formation via electrostatic
interaction with a desirable size (166 nm) for uptake
by DCs. By considering zeta potential results, in the Lip-
peptide group, the presence of peptides and PEG on the
surface of the liposomes decreased the charge of DOTAP
containing formulation. For liposomal formulation with
CpG ODN, the addition of CpG besides the presence of
peptide and PEG, notably decreased the charge of the
final product.

Table 2 shows the lipid dose, peptide and CpG ODN
that each mouse received per injection. The dose of CpG
for Peptide+CpG group was the same as the liposomal
group, as was determined according to the dose of
DOTAP in each injection.

Both peptide and liposome promoted BMDCs
maturation

We evaluated the effects of cationic liposome and
gp100 peptide on the maturation of BMDCs in vitro by
measuring the expression levels of the co-stimulatory
molecules CD40, CD80, CD86, and MHC II receptor that
indicate the BMDC maturation. As shown in Figure 2,
gp100 peptide could enhance the expression levels
of all three co-stimulators similar to LPS treatment.
Results from treatment with cationic liposomes showed
significantly higher expression levels than treatment
with LPS. Altogether, the presented results confirmed the
immunological potency of both candidate peptide and
cationic liposomes in the induction of DCs maturation.

Trafficking of fluorescent-labeled liposomes to the

tumor-draining lymph nodes (TDLN)
We injected SC DiD-loaded liposomes in the groin of
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Figure 2. Flow cytometric analysis of BMDCs maturation

Immature bone marrow-derived dendritic cells (day 7) were stimulated
with gp100 peptide (2.5 pg/ml) and cationic liposome (12 nmol/ml)
for 8 hours, the same time used for LPS (1pg/ml). Afterward, DCs were
stained for DCs specific marker, CD11c, and then for co-stimulatory
molecules CD40, CD80, CD86 and MHC II molecule. For the analysis,
DCs were gated for CD11c* cells followed by gating for the selected
markers. Immature DCs were analyzed on day 5. The numbers in the
dot plot graph represent the percentages of matured DCs

mice to investigate the trafficking of liposomal peptide
vaccine to tumor-draining lymph nodes (TDLN) and
tracked them in vivo at different time points. As shown
in Figure 3A & C, strong fluorescence signals were
detected in the injection site right after injection and
24 hr then obviously decreased at 48 hr followed by
gradual disappearance from 7 to 21 days post-injection.
On days 7 and 21, post-injection labeled liposomes
were still abundant in the TDLN (Figure 3B & D). All the
data can confirm the successful uptake by resident DCs
and their migration from the injection site toward the
lymphatic sites.

1069



Yazdani et al.

J7-MS

Sensitizing to PD-1 therapy using liposomal gp100

3000000
£ 2000000

1000000

Whole Body

10 days

14 days 21 days

TOLN
400000

300000

nce intensity

& 200000

& 100000

LIS
o

»
W®

N A
YV
& * &

< |

>
)

A S
S N
9" o

Time

Figure 3. In vivo lymphatic trafficking of s.c. administrated nanovaccine by animal imaging

(A) Representative whole-body images of DiD-labeled liposomal vaccine at different time points post-injection. (B) In vitro imaging of TDLNs 7-
and 21-days post-injection. The quantitative fluorescence intensity of the DiD-labeled liposomal vaccine at the whole body (C) and of the signal
emitted from TDLNs (D). The fluorescence intensity scale is displayed on the right side of the images

Enhanced immune responses by combination therapy
The Frequency of T cell subpopulation induced by
therapeutic vaccines

Flow cytometric analysis of antigen-specific immune
responses has revealed that combination therapy
with peptide+CpG or Lip-peptide+CpG vaccines have
significantly (P<0.01) increased T cell population
compared to the control group (just anti PD-1 therapy)
(Figure 4B). By considering CD,* T cells, both liposomal
formulations, with or without CpG, and peptide+CpG
groups have stimulated potent antigen-specific CD,*
T cell responses and IFN-y CD, double-positive T cells

% CDy in D gated T cells
T

D, gated T cells
T

%CD4 in CD,* gated T colls

%PD-1in

% IL10in Fexpy” gated T colls

s
&
4
2
o

% CDJCD5fFoxs T cells

Figure 4. Immunogenicity of liposomal nanovaccine

could be detected significantly in the spleen of treated
mice. As shown in Figure 4C, treatment with a liposomal
form of gp100 peptide significantly expanded antigen-
specific CD," T cells compared to peptide or control
groups (P<0.05 and P<0.01). In the peptide+CpG group,
a significant (P<0.05) increased response was shown
over Lip-peptide or Lip-peptide+CpG groups and over
peptide or control groups. The Lip-peptide+CpG group
also showed a significant difference compared to
peptide or control groups (P<0.01). Results of [FN-y in
CD,'T cells (Figure 4E) have shown that Lip-peptide, Lip-
peptide+CpG, and peptide+CpG groups had a significant

% IFN-yin CD¢*gated T colls

AT
.

E

40

8 8
T 7

in €D, gatod T cells
T

NN\
&g '
% IL4 in CD,* gated T cell

o 1PNy

Immune responses determined with FACS Calibur Cell analyzer and presented in the spleen. (S4A) Representative dot plots demonstrating the
gating strategies for flow cytometric analysis of CD," T cells and regulatory T cells. (B) Frequency of CD,* cells indicating T cells, (C) Frequency of
CD, in CD," gated T cells, (D) Frequency of PD-1in CD,* T cells, (E) Frequency of IFN-y in CD,* T cells. (F) Frequency of CD4 in CD,* gated T cells,
(G) Frequency of PD-11in CD,* T cells, (H) Frequency of IFN-y in CD,* T cells, (I) Frequency of IL-4 in CD,* T cells. (J) Frequency of CD,/CD,./ Foxp,
* T cells, (K) Frequency of IL-10 in Foxp,* gated T cells. Results represented as Mean+SD; N=3. * P<0.05, **P<0.01, ***P<0.001 and ****P<0.0001
indicated as statistically significant differences
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Figure 5. Therapeutic effects of liposomal nanovaccine in combination with anti PD-1 mAb

Immune responses followed combination therapy in TME. (S5A) Representative dot plots demonstrating the gating strategies for flow cytometric
analysis of CD," T cells and regulatory TILs. (B) Frequency of CD,* cells indicating TILs, (C) Frequency of CD, in CD," gated TILs, (D) Frequency of
PD-1in CD,* TILs, (E) Frequency of IFN-y in CD,* TILs. (F) Frequency of CD, in CD," gated TILs, (G) Frequency of PD-1 in CD," TILs, (H) Frequency
of IFN-y in CD,* TILs, (1) Frequency of IL-4 in CD,* TILs. (J) Frequency of CD,/CD,/Foxp,* TILs, (K) Frequency of IL-10 in Foxp,* gated TILs. Results
represented as Mean+SD; N=3. * P<0.05, **P<0.01, ***P<0.001 and ****P<0.0001 indicated as statistically significant differences

difference (P<0.001 and P<0.0001, respectively) in
comparison with the control group. Also, compared to
the peptide group, peptide+CpG or Lip-peptide+CpG
groups significantly increased IFN-y secretion with
P<0.001 while Lip-peptide group did so with P<0.01.
In the results of the CD,* T cell population (Figure 4F),
treatment with a liposomal form of gp100 peptide
markedly increased the number of antigen-specific
CD,'T cells over peptide and control groups (P<0.001).
Both formulations consisting of the CpG adjuvant had a
significant difference with peptide (P<0.01) or control
(P<0.001) groups, as were detected in spleen. The
Analysis of IFN-y secretion by Th1 CD,* T cells showed
that the peptide group had the highest titer of cytokine
compared to buffer (P<0.0001) or other groups
(P<0.05). A Significant difference was also detected for
other groups compared with control groups (P<0.01). In
contrast to IFN-y, the analysis of IL-4 secretion by Th2
CD," T cells showed no significant difference between
vaccinated groups in the spleen (Figure 4H & I). The
Analysis of Treg, as an inhibitory immune cell, revealed
that vaccination with a liposomal form of peptide with/
without CpG or Peptide+CpG groups led to a lower
number of Tregs compared to control groups (P<0.05)
(Figure 4]). In addition, there was a significant decrease
in IL-10 production by regulatory T cells comparing the
control group with the Li-peptide group (P<0.01) and
those groups with CpG adjuvant (P<0.001). Vaccination
with peptide also showed a lower titer of IL-10 than the
control group (P<0.05) (Figure 4K).

The Frequency of TILs followed by combination therapy
In analysis of tumor infiltrated lymphocytes (TILs)
in tumor, we found a significant difference (P<0.05)
between the number of infiltrated lymphocytes of
peptide and Lip-peptide groups (Figure 5B). By
considering CD," TILs, the highest number of TILs
was seen in Lip-peptide or Lip-peptide+CpG groups
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(P<0.0001) compared to control groups and peptide
group (P<0.0001 and P<0.001, respectively). Also, these
groups were superior than Peptide+CpG group (P<0.001
and P<0.01) (Figure 5C).

In TME, both groups consisting of CpG adjuvant had
a significantly higher number of PD-1* CD,* TILs than
the peptide group (P<0.01) (Figure 5D). Although there
was no significant difference between treatment groups,
liposomal or CpG containing groups secreted IFN-y
more than the peptide group (Figure 5E). Furthermore,
although there were no differences in the infiltration of
antigen-specific CD,* PD-1* TILs into TME (Figure 5F
& G), these cells were functional, which was confirmed
by the secreting IFN-y (Figure 5H). The same results
were seen for IL-4 production (Figure 5I). Formulation
of the peptide in liposomal form improved the efficacy
of combination therapy through inhibition of IL-10
secretion over the peptide group and even with anti
PD-1 monotherapy (P<0.01). The liposomal group with
CpG also showed a significant decrease compared to
anti PD-1 monotherapy (P<0.05) (Figure 5K).

The frequency of IFN-y secreting splenocytes and
tumor cells

To assess the stimulatory capacity of different
peptide  formulation vaccines in vivo, we
performed ELISpot analysis of T cells activation via
quantification of extracellular release of IFN-y in
spleen and TME. As shown in Figure 6A, concomitant
administration of CpG with liposomal peptide vaccine
significantly (P<0.0001) induced T cells activation with
a higher release of IFN-y than other groups in the spleen.
A similar trend was observed in the release of IFN-y by
TILs in TME for Lip-peptide+CpG group (P<0.0001).
Moreover, treatment with Peptide+CpG formulation has
also enhanced the functionality of TILs with increased
production of IFN-y over Lip-peptide, peptide or
control groups (Figure 6B). This data confirmed that co-
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Figure 6. In vitro evaluation of the combination therapy efficacy
Extracellular determination of IFN-y production by ELIspot using
splenocytes and tumor cells (A&B). Cytotoxic activity of CTLs of the
treated mice (C). Data represented as Means+SD; N=3. ** P<0.01
***P<0.001 and ****P<0.0001

administration of CpG adjuvant with therapeutic vaccine
formulation could strongly increase the production of
[FN-y in vivo.

Enhanced CTLs activity by combination therapy
Figure 6C showed the ability of different gp100
peptide formulations in combination with anti PD-1
mAb to elicit cytotoxic activity of antigen-specific CD,*
T cells. Vaccination with gp100 conjugated liposomes
showed significant specific lysis of target cells compared
to the peptide group with 20/1 and 40/1 ratios (P<0.01
and P<0.05, respectively), and also compared to the
control group (P<0.01). Treating mice with Peptide+CpG
vaccine have led to a significantly higher cytotoxic
activity than treating them with just anti PD-1 (P<0.05
for 20/1 and P<0.001 for 40/1) and free peptide (P<0.01
for both ratios). In consistent with the results of IFN-y
production by CD,* T cells in figure 4E, concomitant
administration of liposomal peptide with CpG adjuvant

had a significant role in the killing of target cells in anti
PD-1 and peptide groups in both ratios (P<0.0001) and
also in Lip-peptide group in 40/1 ratio (P<0.05).

Determination of mRNA expression level following
combination therapy

Besides the flow cytometric and ELISpot assessment
of cytokine production, we also performed mRNA
expression level analysis via quantitative Real-time PCR
in both spleen and TME. Results of [FN-y analysis have
shown that there was no significant difference between
treatment groups in spleen, but in comparison with
[FN-y expression level in spleen and TME, in peptide
groups with and without CpG, the mRNA expression
in TME was significantly lower than that of spleen
(P<0.0001). In contrast, in both liposomal groups (with/
without CpG), the mRNA expression was upregulated in
TME similar to spleen (P>0.05). Also, in TME these two
groups significantly increased mRNA expression level
over peptide or Peptide+CpG groups with P<0.0001,
which showed the efficacy of liposomal vaccines in
combination with mAb in the infiltration of TILs (Figure
7A). In the analysis of PD-1 expression level, we found
increased expression in Peptide+CpG group compared
to peptide or Lip-peptide groups (P<0.001) and Lip-
peptide+CpG group (P<0.0001). Comparing the two
tissues, the highest expression level was seen in Lip-
peptide+CpG group with the lowest difference than in
spleen (P<0.01). In contrast, a significant (P<0.0001)
low expression level was seen in other groups. These
results also confirmed the efficacy of Lip-peptide+CpG
in infiltration of T cells (Figure 7B). Treatment with
Peptide+CpG or Lip-peptide+CpG resulted in decreased
expression level of IL-10 in spleen compared to
peptide group (P<0.01 and P<0.05, respectively). In
TME, the level of IL-10 expression was downregulated
significantly in these two groups compared to the
peptide group (P<0.0001 and P<0.01) and Lip-peptide
group (P<0.001 and P<0.05). Comparing spleen with
TME, both Peptide+CpG and Lip-peptide+CpG groups
decreased more significantly in TME than in spleen
(P<0.01). In both tissues, even though there was no
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Figure 7. Relative Changes in the mRNA expression followed combination therapy
Expression of IFN-y (A), PD-1 inhibitory receptor (B) and IL-10 (C) cytokines at peripheral sites - Spleen - and TME of the treated mice. Data
were analyzed relative to expression levels of group treated with Buffer in combination with mAb. Data represented as Means+SD; N=3. ** P<0.01

***%P<0.001 and ****P<0.0001
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Figure 8. Inmunohistochemical analysis of TILs in TME after combination therapy
Representative images are shown the infiltration of lymphocytes in the tumor sections obtained from mice received anti-PD-1 mAb in combination
with different vaccines. Arrows illustrated the TILs that were blocked with anti-PD-1 antibody
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Figure 9. Enhanced antitumor effects in the B16F10 melanoma mouse
model followed combination therapy. (A) Experimental schedules of
C57BL/6 tumor-bearing mice combination therapy with vaccines
and anti-PD-1 monoclonal antibody. Tumor growth measurements
started at the same time of first priming, followed every two days and
presented as tumor volume (mm3). Individual tumor growth curves of
animals (B) and Individual tumor volume of B16F10 bearing mice in
the last day of study (C). Overall tumor growth in different groups over
time (D). Data represent Mean + standard error of the mean (SEM);
N=9. Monitoring the body weight of mice in each treatment groups
(E). B16F10 challenged mice were followed for their survival rate up
to 25 days and lack of survival was defined as tumor volume > 1000
mm3 or death (F). Differences in survival were determined by the
Kaplan-Meier method and the P-value was calculated by the log-rank
(Mantel-Cox) test

significant difference (P>0.05) between peptide and
Lip-peptide groups, Lip-peptide group had a lower level
of IL-10 expression than the peptide group (Figure 7C).

Increased tumor infiltrated Ilymphocytes (TILs)
following combination therapy

Immunohistochemical analysis of tumor tissues in
different treatment groups also showed the highest
infiltration of T cells in the group of mice treated with
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Lip-peptide+CpG vaccine in combination with anti PD-1
mAb. As were detected in tumor sections, Lip-peptide
or Peptide+CpG groups showed a similar level of T cells’
infiltration into tumors (Figure 8).

Therapeutic efficacy of combination therapy

The Therapeutic efficacy of different vaccines in
combination with anti PD-1 mAb was evaluated using
the subcutaneous melanoma mouse model (Figure 94).
The data of tumor growth in Fig 9B show an increased
trend in both peptide and control groups with a higher
tumor volume compared to other groups (Figure 9C &
D). The Tumor growth profile of both Lip-peptide and
Peptide+CpG groups have shown a slower tumor growth
similar to Lip-peptide+CpG group till day 19 (Figure 9B)
but this increased in the following days. Figures 9C & D
also shows that these groups similarly have a controlled
tumor progression. Vaccination with Lip-peptide+CpG
formulation provided the greatest inhibition of tumor
progression with mean tumor volumes smaller than
Lip-peptide and Peptide+CpG groups (Figures 9C &
D). Combination therapy with liposomal (44.65 days)
and adjuvant consisting of liposomal forms of peptide
(53.68 days) have delayed the onset of tumor growth
compared to anti PD-1 monotherapy (Table 3). The
Result of body weight showed no significant decrease
in liposomal treated groups (Figure 9E), which revealed
the safe dose of cationic liposome for in vivo study (42).
Interestingly, despite the tumor growth in Peptide+CpG
group, mice treated with this formulation showed the
greatest survival rate with MST of 24 days (Table 3) and
3 mice remained alive till the end of study (Figure 9F).

Discussion

The generation of a robust, long-lasting and
specific immune response is the main goal of
cancer immunotherapy (43). Meanwhile, the
immunosuppressive condition of TME makes malignant
tumors overcome the immune system and tumor
invasion, which subsequently leads to the rapid
growth of tumors and metastasis (43, 44). One way to
overcome this issue is to use the inhibitory receptors
that block antibodies (45). In the present study, we
used the PD-1 receptor blocking antibody to overcome
the immunosuppression of B16F10 melanoma in TME.
Despite the promising benefit of anti PD-1 therapy, its
efficacy is limited due to the induced resistance in the
early phase or during the process of therapy (46). The
potential mechanism of PD-1 monoclonal antibodies is
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Table 3. The antitumor efficacy of different therapeutic vaccine formulations including Buffer, Peptide, Lip-peptide, or Peptide+CpG in combination

with anti PD-1 mAb in B16F10 tumor bearing mice model (N=9)

Treatment groups TTE 2 (Days+SD) TGD ® (%) MST ¢ (Days) ILS 4 (%)
Buffer 19.54+7.75 22

Peptide 18.97+£7.92 -2.89 20 9.1
Lip-peptide 28.26+13.94 44.65 22 0
Peptide+CpG 24.20%3.36 23.85 24 9.09
Lip-peptide+CpG 30.03+12.34 53.68 21 -455

2 Time to reach end point; ® Tumor growth delay; ¢ Median survival time; ¢ Increased life span.

through the inhibition of T cell exhaustion and anergy
in TME (47). Since PD-1 receptors are mainly expressed
on antigen-activated T cells (48), the induction of robust
antigen-specific immune responses would enhance the
efficacy of anti PD-1 immunotherapy (6).

The Combination of anti-cancer vaccines with
immunotherapy has been used as an appealing
therapeutic approach due to its potential in generating
potent and durable antigen-specific immune responses
(49, 50). To this end, we used the liposomal-peptide
vaccine to enhance the immunogenicity of gp100,

melanoma self-antigen and enlarge the antigen-
specific T cells pool. Following that, we investigated its
therapeutic effect in combination with anti PD-1 mAb in
the mouse model of B16F10 tumor.

Herein, we described the utility of cationic
liposomes (CLs) as an antigen delivery system for in
vivo immunization in which dendritic cells, as the main
antigen presenting cells (APCs), have an important role
in initiating antigen-specific T cell responses. Thus,
maturation and activation of DCs are the prerequisites
for the induction of an efficient immunity (15, 16, 51).
As is shown in our results, DOTAP containing liposomes
could markedly promote bone marrow-derived
dendritic cells (BMDCs) maturation and activation as
indicated by the upregulation of CD40, CD80, CD86 and
MHC Il in vitro (15, 52).

Parallel to the role of positive charge of cationic
liposomes in attracting the negatively charged surface
of DCs (53), local depot formation at the injection site
also improves DCs uptake. This has been exhibited
predominantly by cationic liposomes compared to
anionic and neutral ones, which would be sufficient
for the induction of Thl immune responses (54, 55).
Our findings have demonstrated that vaccination with
liposomal-peptide increased the CD,* T cells population,
asone of the important factors in the mediation of potent
antitumor immunity via enhancement of cytotoxic T cell
activity (56). On the other hand, CLs also enhance cross-
presentation by elevation of lysosomal pH, decreasing
antigen degradation which leads to cross-presentation
(57).

Furthermore, the method through which antigen is
associated with the liposomal formulation via either
covalent or non-covalent conjugation to liposome,
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encapsulation in or adsorption onto the surface
liposome, is one of the main parameters that influences
the liposomal-peptide vaccine immunogenicity.
Earlier studies have confirmed the efficacy of both
encapsulation and conjugation methods in the
induction of antigen-specific T cell immunity (58, 59).
In contrast to the presented experimental studies, in
some cases, it was reported that covalent conjugation of
antigen has resulted in improved uptake by phagocytic
cells and superior induction of helper and cytotoxic T
cell responses. As was reported by Chen and Huang,
covalent conjugated E7 into cationic liposome has
resulted in 2-fold increase of CTL responses through
direct intracellular trafficking of antigen and presenting
via MHC I molecules (60). This point was also shown in
our previous studies that the conjugation of HER2 /neu
derived P5 peptide to a different liposomal construct
was effective as a preventive and therapeutic vaccine in
mediating antitumor immunity in TUBO tumor mouse
model (61-64). Our findings have also indicated that
mice treated with liposome conjugated-peptide had
a therapeutic antigen-specific immune response with
an increased number of CD;* T cells producing IFN-y
compared to peptide and control groups, proving the
effective role of covalent conjugation of antigen in CTL
induction.

Another influential parameter is the particle size of
liposomal cancer vaccine which affects the efficacy of
vaccination. It was shown that soluble antigens with
a small size of around 10 nm rapidly diffuse out of the
lymphatic system, which limits its uptake by APCs,
whereas nanoparticles with a larger size, more than 500
nm, will be entrapped within the proteins of extracellular
matrix at the injection site (13, 65). Meanwhile, the
liposomal-peptide construct with an intermediate size
will be either retained at the injection site or drained to
the draining lymph nodes, which in both cases, have a
chance to be uptaken by APCs, as well as presenting and
inducing T cell activation (66). Our in vivo analysis of
the tracking liposomal construct has proved the proper
uptake of covalently conjugated cationic nano-vaccines
with the size of 231 nm by DCs and migration from the
site of injection to TDLNS.

The persistent activation of T cell immune responses
depends on proper uptake and durable presentation of
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antigen by DCs. This way, co-administration of adjuvant
with antigen would be helpful (67). CpG oligonucleotide
(CpG-ODN) adjuvant, as an agonist of TLR9, serves as
a danger signal that could enhance the innate immune
system (68). To activate an adaptive immune response,
the size of exogenous antigen significantly affects the
uptake by DCs (69). Co-administration of TLRs with
antigen will result in particle formation with a desirable
size for uptake by DCs. Moreover, the presence of TLRs
leads to an enhanced presentation of antigen, which
consequently motivates a potent and durable adaptive
immune system (70). Results from earlier studies have
shown the efficacy of antigen and CpG-ODN mixture
in the induction of Th1l based immunity and tumor
rejection (71). We have also shown the efficacy of co-
administration of CpG-ODN adjuvantin the enhancement
of peptide vaccine immunogenicity in HER2 positive
breast cancer model (72-74). In consistent with the
mentioned studies, we have found that the mixture
of gp100 antigen with CpG-ODN resulted in particle
formation with a notable size of 166 nm, which in in
vivo immunization lead to the significant activation of
both antigen-specific CD,* and CD,* T cells producing
[FN-y. Also, it enhanced the cytotoxic activity of CTLs
compared to the peptide group.

Considering the therapeutic role of adjuvant, since
cationic liposome, mainly DOTAP lipid, has an adjuvant
property (15, 16), those groups of mice treated with Lip-
peptide and Peptide+CpG almost had the same results in
the induction of immune responses in spleen and also in
overall control of tumor growth.

Studies of the melanoma mouse model have indicated
that subcutaneous administration of nanoparticles with
CpG adjuvant had resulted in proper accumulation in
draining lymph nodes and was effective as an antitumor
immunotherapeutic approach (75, 76). The same results
were shown in DOTAP containing cationic liposomes
combined with CpG adjuvant as a preventive cancer
vaccine in HER2 positive breast cancer model (72, 77).
In our study, co-delivery of electro static combined
CpG-ODN to gpl00 conjugated cationic liposomes
displayed a potent antigen-specific mediated immunity
in the B16F10 melanoma mouse model. As is shown, the
treatment with Lip-peptide+CpG formulation enhanced
CTL activation and IFN-y production and resulted in
the highest cytotoxic activity over other treated groups.
Treatment with this formulation delayed the tumor
growth and eliminated tumor volume up to 500 mm?3,
although tumor eradication was not achieved.

In combination with anti PD-1 mAb, both peptide
and Lip-peptide consisting of CpG-ODN had a
significant increase in the number of CD;* PD-1* TILs
compared to the peptide group. For Lip-peptide and
Peptide+CpG groups, the number of these cells were at
the same level as were shown in the flow cytometric and
immunohistochemical analysis. Considering the efficacy
of the combination therapy, in all groups that received
the cancer vaccine, the amount of IL-10 production was
decreased by regulatory T cells. Overall, the combination
of Lip-peptide+CpG vaccine with anti PD-1 mAb led to a
significant increase in the number of TILs (as was shown
in [HC graph) IFN-y producing cells.
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Conclusion

In the present study, we have synthetized a peptide
vaccine in liposomal form as a combination therapy with
PD-1 blocker antibody. In vivo administration of gp100
peptide conjugated to cationic liposome promoted
DCs uptake and homing to tumor draining lymph
nodes which enhanced its therapeutic efficacy. Co-
administration of CpG-ODN with liposomal formulation
in combination with anti PD-1 mAb have increased the
number of IFN-y producing CD,* PD-1* TILs and their
antigen-specific cytotoxic activity, which consequently,
inhibited tumor growth progression in an established
B16F10 melanoma tumor. Therefore, the combination
of cationic liposome conjugated gp100 and CpG-ODN
with anti PD-1 monoclonal antibody can be regarded as
a potential therapeutic approach for the enhancement
of immunotherapy in melanoma.
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