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ABSTRACT. Chemoimmunotherapy with chemotherapeutics and immunoadjuvant
inhibits tumor growth by activating cytotoxic T cells. However, this process also upregulates
the expression of PD-1/PD-L1 and consequently leads to immune suppression. To maximize
the anti-tumor immune responses and alleviate immunosuppression, PD-L1 antibody was
combined with paclitaxel (PTX) and the immunoadjuvant o-galactosylceramide (aGC),
which were coencapsulated into pH-sensitive TH peptide-modified liposomes (PTX/aGC/
TH-Lip) to treat melanoma and lung metastasis. Compared to treatment with PD-L1
antibody or PTX/aGC/TH-Lip alone, the combination of PD-L1 antibody and PTX/aGC/
TH-Lip further elevated the tumor-specific cytotoxic T cell responses and promoted
apoptosis in tumor cells, leading to enhanced anti-tumor and anti-metastatic effects. In
adoptive therapy, PD-L1 antibody further alleviated immunosuppression and enhanced the
anti-tumor effect of CD8" T cells. The combination of PD-L1 antibody and
chemoimmunotherapy PTX/aGC/TH-Lip provides a promising strategy for enhancing
treatment for melanoma and lung metastasis.

KEY WORDS: a-galactosylceramide; chemo-immunotherapy; combined strategy; immunosuppression;

PD-L1 antibody.

INTRODUCTION

Although traditional cancer treatments such as chemo-
therapy and surgery suppress the development of tumor cells,
the problems of recurrence and chemoresistance remain great
challenges (1). In recent decades, the combination of
chemotherapy and immunotherapy has shown great potential
for eliminating cancer (2). The direct killing of tumor cells
mediated by chemotherapy such as paclitaxel and doxorubi-
cin produces tumor-associated antigens or immunogentic cell
death (ICD) (3), which is further cross-presented by dendritic
cells and macrophages on MHC class I molecules and initiates
CD8" T cell responses. Various immunoadjuvants have been
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applied in combination with chemotherapy to enhance the
function of antigen-presenting cells (APCs), including Toll-
like receptors (TLR) (4), cytokines such as granulocyte-
macrophage colony-stimulating factor (GM-CSF) and
interleukin-2 (IL-2) (5,6), functional polymers (7,8), and
glycolipid ligands. a-Galactosylceramide («GC), a common
glycolipid ligand presented on CD1d-expressing APCs, is able
to activate natural killer T cells (NK T cells) and consequently
activate CD8" T cells, natural killer (NK) cells, and APCs,
which bridge the innate and adaptive immune response and
exert considerable influence on the outcomes of immuno-
therapy (9). Upon activation of NK T cells, downstream NK
cells and CD8" T cells also lead to massive production of Th
1-type cytokine interferon-y (IFN-v), which is crucial for
aGC-mediated anti-tumor responses as well as antigen
presentation.

Tumor-targeted drug delivery systems have exhibited prom-
ising results in cancer therapy (10). In our previous studies, PTX
and immunoadjuvant «GC were successfully encapsulated in
tumor-targeting liposomes mediated by a charge-reversal cell-
penetrating peptide (AGYLLGHINLHHLAHL(Aib)HHIL-
Cys, TH) (11). The PTX/aGC coloaded liposome (PTX/aGC/
TH-Lip) exhibited good serum stability and enhanced cellular
internalization. After intravenous injection, PTX/aGC/TH-Lip
not only leads to direct tumor killing but also initiates immune
responses by facilitating the NK T cell maturation and antigen
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presentation. Subsequently, the «GC-loaded liposome favors Thl
development via IFN-y secretion, exhibiting a different cytokine
release pattern and stimulating the anti-tumor cellular immunity
mediated by cytotoxic T lymphocytes (CTLs). The combination of
aGC and PTX initiated efficient anti-tumor immune responses.

Nevertheless, the high IFN-y level in the tumor microenvi-
ronment also upregulates immune inhibition signals and impairs
the cytotoxicity of CD8" T cells. Programmed cell death protein 1
(PD-1) or cytotoxic T lymphocyte antigen-4 (CTLA-4) plays a
critical role in the maintenance of peripheral tolerance and limits
the damage to normal tissue during inflammatory responses (12).
Though PD-1 expression is considered the first marker of T cell
activation (13), the PD-1/PD-L1 axis impairs T cell receptor
(TCR) signaling and CD28 costimulation (14), which is associated
with a loss of T cell functions. Moreover, the expression of PD-L1
is regulated by proinflammatory cytokines. The secretion of IFN-y
in the tumor microenvironment upregulated the expression of
immune checkpoints such as PD-L1 or CTLA-4 in tumor cells and
infiltrating immune cells, which generated an immunosuppressive
signal by binding with their ligands and formed an immunosup-
pressive tumor microenvironment (15-17). This phenomenon may
explain the failure of many immunotherapies that aimed to
directly stimulate the anti-tumor immune response. Interestingly,
the inhibition of the PD-1/PD-L1 pathway has shown great
potential in cancer treatment both in clinical studies and in
preclinical studies (18). CTLA-4 antibody and PD-1/PD-L1
antibody have already been proven by the U.S. Food and Drug
Administration (FDA) in the treatment of different types of
cancers such as Hodgkin’s lymphoma, non-small cell lung cancer,
and melanoma (19-21).

Though these checkpoint blockade antibodies showed
excellent clinical yield in cancer treatment, a large number of
patients do not respond to such single-agent therapy (22),
emphasizing the need for combined therapy. The combina-
tion of PD-1/PD-L1 inhibitors with cytotoxic chemotherapy,
radiotherapy, and photodynamic therapy has been reported
(23,24). Facing the problem of enhanced IFN-y levels
induced by PTX and aGC-based chemo-immunotherapy, we
proposed a hypothesis that the combination of PD-L1
antibody and PTX/aGC/TH-Lip could alleviate the immuno-
suppression of cytotoxic T cells and facilitate the anti-tumor
immune response, which would eventually augment the anti-
tumor effect. To prove this concept, B16F10 melanoma-
bearing and melanoma lung metastasis models were
established. The upregulation of IFN-vy after PTX/aGC/TH-
Lip was identified. After intravenous injections of PTX/aGC/
TH-Lip and PD-L1 antibody, the anti-tumor and anti-
metastatic effects were evaluated, and the mechanisms
involved in this process were explored.

MATERIALS AND METHODS

Materials, Cells, and Animals

L-a-phosphatidylcholine from soybean (SPC) was pur-
chased from Shanghai Taiwei Chemical Company (Shanghai,
China). Cholesterol was obtained from Chengdu Kelong
Chemical Company. TH peptide with a terminal cysteine
(AGYLLGHINLHHLAHL(Aib)HHIL-Cys) was synthe-
sized by China Peptides Co. Ltd. (Shanghai, China). DSPE-
PEG;000 and DSPE-PEG;pp-Mal were purchased from
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Avanti Polar Lipids (USA). Paclitaxel was purchased from
Meilun Pharmaceutical Co. Ltd. (Dalian, China). aGC
(KRN7000) was obtained from Cayman Chemical (Ann
Arbor, Michigan, USA). Anti-PD-1 antibody was obtained
from Novus (USA). Mouse IFN-v, IL-6, and IL-17 Ready-
Set-Go! enzyme-linked immunosorbent assay (ELISA) kits
were purchased from eBioscience (USA). B16F10 murine
melanoma cells were obtained from the Cell Bank at the
Chinese Academy of Science (Shanghai, China). Cells were
maintained in Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with 10% fetal bovine serum (FBS; Gibco,
USA), 100 U/mL streptomycin, and 100 U/mL penicillin
(Beyotime, Beijing, China). Female C57BL/6 (6- to 8-week-
old) mice were purchased from Dashuo Biotechnology
(Chengdu, China) and housed in a specific pathogen-free
and temperature-controlled facility. All animal experiments
were performed under the Guidelines for the Care and Use
of Laboratory Animals of Sichuan University and were
approved by the experimental animal administrative commit-
tee of Sichuan University.

Formulation and Characterization of PTX/aGC Coloaded
Liposomes

TH peptide-modified liposomes loaded with PTX and aGC
were formulated as described in previous reports (11). Briefly,
the Cys-TH peptide was conjugated with DSPE-PEG;00-Mal
via the Michael addition reaction. TH-modified liposomes were
prepared with cholesterol/SPC/DSPE-PEG;,/DSPE-PEGy -
TH (molar ratio = 33:59:2:6) by the thin film hydration method.
After evaporation of organic solvent (chloroform/methanol =
2:1), the lipid film was hydrated with HEPES buffer (pH 7.4).
Liposomes loaded with PTX or aGC alone or coloaded with
both PTX and aGC were prepared by adding PTX and/or « GC
before evaporation. The mean particle sizes and ¢ potentials of
PTX/aGC/TH-Lip at pH 7.4 and pH 6.0 were measured by a
Malvern Zetasizer Nano Instrument (Malvern Instruments Ltd.,
UK). The morphology of PTX/aGC/TH-Lip was analyzed by
transmission electron microscopy (TEM, H-600, Hitachi, Ja-
pan). The encapsulation efficiency and release profiles of PTX
at pH 7.4 and pH 6.0 were analyzed by high-performance liquid
chromatography (HPLC, Agilent 1200 series, CA). The stability
of liposomes was determined by analyzing the optical density
after incubation with fetal bovine serum (FBS).

In Vivo Secretion of IFN-y After Treatment with PTX/aGC-
TH-Lip

A B16F10 melanoma-bearing mouse model was
established by subcutaneous injection of B16F10 cells (5 x
10° cells) into C57/BL6 mice. To identify the upregulation of
IFN-vy after treatment with chemoimmunotherapy,
melanoma-bearing mice were randomized into four groups
(n=3) and treated intravenously with PTX/aGC/TH-Lip,
oaGC/TH-Lip, free PTX, and aGC or HEPES buffer when
the tumor volume reached 100 mm®. The doses of PTX and
aGC were 0.3 mg/mL and 25 pg/mL, respectively. Serum was
collected from each mouse at 24 and 48 h after
administration. The IFN-vy level in serum was determined by
ELISA.
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Upregulation of PD-L1 Under the Condition of High IFN-y

The upregulation of PD-L1 in the presence of high
concentrations of IFN-y was tested both in vitro and in vivo.
B16F10 cells were seeded in six-well plates and incubated at
37°C overnight. INF-y (200 U/mL) was added and incubated
for 24 or 48 h. Cells treated without IFN-y were used as a
control. After incubation, the cells were trypsinized and
washed with PBS. Then, the cells were stained with FITC-
labeled anti-PD-L1 antibody. The upregulation of PD-L1 on
B16F10 was analyzed by flow cytometry (Cytomics™ FC 500,
Beckman Coulter, USA).

To determine the in vivo upregulation of PD-L1, C57BL/
6 mice were inoculated with B16F10 cells as mentioned
above. Mice were randomized into four groups when the
tumor volume reached 100 mm® and were administered PTX/
oGC/TH-Lip (PTX 0.3 mg/mL, aGC 25 pg/mL), aGC/TH-
Lip, free PTX, and aGC or HEPES buffer via intravenous
injection. Mice received injections every 2 days for a total of
three injections. Seven days after the last administration, mice
were sacrificed by cervical dislocation. The tumor tissues were
isolated, hydrated, and fixed with 4% paraformaldehyde.
Then, the tissues were embedded in paraffin and sectioned,
followed by immunohistochemical staining with anti-PD-L1
antibody. The upregulation of PD-L1 was observed with an
inverted microscope (Leica, Germany).

The Anti-Tumor Effect of the Combined Treatment with
PTX/aGC-TH-Lip and Anti-PD-L1 Antibody

The anti-tumor effect of combination therapy with PTX/
aGC-TH-Lip and anti-PD-L1 antibody was explored in a
B16F10 melanoma-bearing mouse model. To extensively
analyze the anti-tumor effects, mice were intravenously
administered PTX/aGC-TH-Lip, PD-L1 antibody, PTX/
oGC-TH-Lip+ PD-L1 antibody, or HEPES buffer when the
tumor volume reached 100 mm® (seven mice/group). PD-L1
antibody (5 mg/kg) was injected intravenously 48 h after
administration of PTX/aGC-TH-Lip. All mice received 3
cycles of administrations with intervals of 2 days. The tumor
volumes were monitored every other day. One week after the
last administration, the mice were sacrificed by cervical
dislocation. To determine the apoptosis levels, the tumor
tissues were isolated for paraffin sections followed by
hematoxylin & eosin (H&E) staining or terminal
deoxynucleotidyl transferase dUTP nick end labeling
(TUNEL) staining.

To study the survival of tumor-bearing mice after a combina-
tion of drug-loaded liposomes and PD-L1 antibody, B16F10
melanoma-bearing mice were randomized into seven groups (10
mice/group). Mice were treated with the strategies described above
for 4 cycles. The survival of the mice was monitored every day, and
Kaplan-Meier survival curves were plotted.

The Anti-Metastatic Effects of the Combined Strategy of
PTX/ooGC-TH-Lip and Anti-PD-L1 Antibody

The melanoma lung metastasis model was established on
day 1 by intravenous injection of lung B16F10 melanoma cells
(110100 pL) to analyze the anti-metastatic effect of PTX/
aGC-TH-Lip in combination with PD-L1 antibody. On day 4,

Page 3 of 10 18

mice were randomized into four groups (five mice per group) and
were administered PTX/aGC-TH-Lip, PD-L1 antibody, PTX/
aGC-TH-Lip + PD-L1 antibody, or HEPES buffer as previously
described. After 4 cycles of administration, mice were sacrificed
by cervical dislocation on days 20, 23, and 26 to monitor the lung
metastasis. The lungs were isolated, observed, and weighed.

The Ex Vivo CTL Response of the Combined Therapy

B16F10 melanoma-bearing mice were established, ran-
domized into two groups (three mice/group), and treated
intravenously with PTX/aGC-TH-Lip or HEPES buffer. Two
days later, mice were given a second administration. One
week after the two injections, the splenocytes were obtained
from the mice, and CD8" T cells were isolated using a CD8"
T cell isolation kit (Miltenyi Biotech, Germany) and further
incubated with mitomycin C-treated B16F10 tumor cells or
irrelevant C26 cells in the presence of mouse IL-2 (200 U/
mL). After 72 h of stimulation, viable CD8" T cells were used
as effector cells and added to B16F10 cells or C26 cells
preseeded in 96-well plates, which were used as target cells.
The ratios of the effector cells and the target cells were 20:1,
5:1, and 1:1, respectively. In addition, PD-L1 antibody (50 pg/
mL) was added to effector cells obtained from mice treated
with PTX/aGC-TH-Lip to evaluate the promotion of CTL
cytotoxicity. After 6 h of incubation, the supernatant was
collected and the cytotoxicity of CTL was analyzed using a
lactate dehydrogenase (LDH) assay (Beyotime, China).
Untreated B16F10 cells (or C26 cells) were used as a negative
control. Target cells treated with cell lysis buffer were used as
a positive control. The specific cell lysis ratio was calculated
with the following equation: Specific lysis% = (Asample —
Anegative comrol) / (Apositive control 7Anegative comrol) x100%.

CTL Adoptive Inmunotherapy

The promotion of the cytotoxicity of CD8" T cells by PD-
L1 was also analyzed in vivo in a melanoma model. Tumor-
bearing mice were randomized into two groups (five
mice/group) and given PTX/aGC-TH-Lip or HEPES bulffer.
Effector CD8" T cells were obtained as described above after
two administrations and were intravenously administered into
another group of B16F10 melanoma-bearing mice (1.5 x 10°
cells/mouse). In addition, PD-L1 antibody (5 mg/kg) was
combined with CD8" T cells obtained from PTX/aGC-TH-
Lip-treated mice to analyze the promotion of anti-tumor
responses. The tumor volumes were monitored every other
day, and the overall survival of tumor-bearing mice was
calculated using the Kaplan-Meier method.

Preliminary Safety Analysis of the Combined Strategy

To evaluate the in vivo toxicity of the combined therapy,
the serum levels of chemokines IL-6 and IL-17a in the serum
of mice were determined by ELISA. Tumor-bearing mice
were given PTX/aGC-TH-Lip, PTX/aGC-TH-Lip plus PD-
L1 antibody, or HEPES buffer. Untreated mice were used as
controls. One week after 3 cycles of injections, serum was
obtained by retro-orbital puncture. The levels of IL-6 and IL-
17a were analyzed by ELISA according to the manufacturer’s
instructions. Major organs (heart, liver, spleen, lung, and
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kidney) were isolated for paraffin sections, and the tissue
sections were subjected to H&E staining to evaluate the
toxicity to major organs.

Statistical Analysis

All data are presented as the mean =+ standard deviation
(mean + SD). Experiments were conducted at least in
triplicate unless otherwise noted. Statistical comparisons were
performed by analysis of variance (ANOVA) with the Tukey
post hoc test for multiple groups. P values <0.05 were
considered indicative of statistical significance.

RESULTS AND DISCUSSION

Characterization of PTX/aGC-TH-Lip

In the acidic tumor microenvironment, the protonation effect
of the imidazole ring led to a charge reversal of the TH peptide,
which further facilitated the internalization of PTX/aGC-TH-Lip.
As shown in Fig. 1a, the particle size was 116 + 3.7 nm at pH 7.4 and
118 +2.6 nm at pH 6.0, which indicated that the particle size was
stable at neutral and acidic pH. In contrast, the zeta potential of
PTX/aGC-TH-Lip exhibited obvious changes at different pH
values. At neutral pH, the zeta potential of PTX/aGC-TH-Lip was
—73+19 mV, while at pH 6.0, an obvious charge reversal was
observed and the zeta potential increased to + 3.8 + 0.9 mV. In our
previous reports, the cellular uptake of TH peptide-modified
liposomes was increased compared to pegylated liposomes (11).
The encapsulation efficiency of PTX in TH-modified liposomes
was above 90% at both pH 7.4 and pH 6.0 with a sustained release
profile (Supporting Information Fig. S1). To test whether these
nanoparticles form aggregates in serum, we have analyzed the
serum stability of PTX/aGC-TH-Lip in medium containing 50%
FBS. The results suggested that PTX/aGC-TH-Lip exhibited good
serum stability (Supporting Information Fig. S2).

Histidine has been widely studied for the development of pH-
responsive drug delivery systems since it is a major amino acid
responsible for the buffering capacity of biological systems. TH
peptide (AGYLLGHINLHHLAHL(Aib)HHIL-Cys) is a pH-
sensitive cell-penetrating peptide that can be converted to a positive
charge due to the protonation of the imidazole ring in the acidic
tumor microenvironment. Then, the positively charged TH peptide
dramatically increases the cellular internalization and tumor
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penetration of its payload. In our previous studies, PTX-loaded
TH peptide-modified liposomes exhibited obvious tumor suppres-
sion. This drug delivery system was also proven to be potent in
chemoimmunotherapy by coloading with immunoadjuvants such
as aGC. Owing to the enhanced tumor penetration and cellular
uptake, stronger anti-tumor immune responses were initiated, and
elevated tumor repression was achieved (11).

IFN-y Was Upregulated in PTX/oGC-TH-Lip-Treated
B16F10-Bearing Mice

Chemoimmunotherapy exhibits great potential in sup-
pressing tumor growth. The immunoadjuvant aGC facilitates
anti-tumor responses by activating NK T cells and secreting
IFN-v, which further promotes the activation of CD8" T cells,
NK cells, and dendritic cells. We have analyzed the
maturation of dendritic cells and activation of NK T cells in
tumor-bearing mice after treatment of PTX/aGC-TH-Lip,
oaGC-TH-Lip, free PTX+aGC, and HEPES buffer. The
results showed that PTX/aGC-TH-Lip elicited the highest
amount of activated dendritic cells and NK T cells
(Supporting Information Fig. S3A-3D). Nevertheless, the
secreted IFN-v in turn upregulates the PD-L1 level in tumor
cells. The subsequent binding of PD-L1 to PD-1 helps tumor
cells escape immune surveillance by protecting PD-L1-
positive tumor cells from CD8" T cell-mediated lysis and
inducing the apoptosis and anergy of T cells (25,26). First, to
prove the upregulation of IFN-vy, tumor-bearing mice were
treated with PTX/aGC-TH-Lip by intravenous injections.
Blood serum was obtained at 24 and 48 h after injection. As
shown in Fig. 2a, IFN-y levels in mice were significantly
upregulated as early as 24 h after treatment with free «GC or
aGC loaded in TH liposomes. The high level of IFN-+y lasted
for 48 h. PTX/aGC-TH-Lip, aGC-TH-Lip, or free PTX and
aGC significantly increased the IFN-vy level in serum
compared with HEPES buffer treated mice at both 24 and
48 h after treatment (p <0.005). These observations provide
the basis for the combination of PD-L1 antibody and PTX/
oGC-TH-Lip. Notably, a«GC is an immunoadjuvant that
activates NK T cells, which is responsible for the production
of IFN-y (27). Upon intravenous injections, due to the
existence of NK T cells in the peripheral lymphatic system,
free PTX and aGC could activate NK T cells in the peripheral
blood and induce the production of IFN-vy.
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Fig. 1. Characterization of PTX/aGC-TH-Lip. a Size and morphology of PTX/aGC-TH-Lip at pH
7.4 and pH 6.0. Scale bar =100 nm. b Zeta potential of PTX/aGC-TH-Lip at pH 7.4 and 6.0



The AAPS Journal (2019) 21: 18

a

4000

3000 u24h

w48h
2000

IFN-y (ng/L)

1000

0
R 000 o
o ?»d& Y\Qg

/\*300 «@
<

PTX/aGC-TH-Lip

aGC-TH-Lip

ity

Mean Fluorescence Intensi

Free PTX&aGC

Page 5 of 10 18

15000

€
10000 8
[$)
| ns |
5000
0 0
AN
A g
N A A
X X\Q\% &

Fig. 2. The production of IFN-y and expression of PD-L1 after treatment of different « GC preparations. a Serum
IFN-vy levels in mice at 24 or 48 h after treatment with PTX/aGC-TH-Lip, « GC-TH-Lip, or free PTX plus aGC

+

(n=3, mean

SD, *##p <0.005). b, ¢ The expression of PD-L1 on B16F10 cells in the presence of IFN-y as

analyzed by flow cytometry (n =3, mean + SD, **¥*p <(.005, N.S, nonsignificant). d Immunohistochemical staining
of PD-L1 in paraffin sections of B16F10 tumors after treatment with PTX/aGC-TH-Lip, « GC-TH-Lip, free
PTX+aGC, or HEPES buffer (n=3, scale bar=50 pum). Proliferative cells shown in brown (red star). e
Semiquantitative analysis of immunohistochemical staining of PD-L1. Six to ten random fields were quantified by
the ImageJ software after appropriate thresholding. Data represent the percent of positive staining (n = 6-10, mean

+ SD, *p <0.05)

Based on these observations, IFN-y was increased in PTX/
oGC-TH-Lip-treated mice and consequently upregulated the PD-
L1 expression in tumor cells. To identify the optimal interval of
administration, the upregulation of PD-L1 in tumor cells was
analyzed at 24 or 48 h after incubation with IFN-y by staining with
FITC-labeled PD-L1 antibody. As shown in Fig. 2b, ¢, no significant
upregulation of PD-L1 was observed in tumor cells at 24 h post-
treatment, while PD-L1 expression was three times higher
compared with cells without IFN-y at 48 h (p <0.01), suggesting
that PD-L1 antibody should be given at 48 h post-PTX/aGC-TH-
Lip administration. Furthermore, the in vivo upregulation of PD-
L1 was also assessed in tumor-bearing mice treated with PTX/
aGC-TH-Lip by paraffin sections followed by immunohistochem-
istry staining (Fig. 2d, e). The PD-L1 level was obviously higher in
mice treated with PTX/aGC-TH-Lip than in those treated with
aGC-TH-Lip or free PTX and aGC, probably owing to the higher
activation of T cells and NK cell responses and enhanced IFN-y
levels in PTX/aGC-TH-Lip-treated mice (Fig. 2d). The semiquan-
titative analysis by ImageJ indicated that the percent of positive
area of PTX/aGC-TH-Lip-treated group was significantly higher
than other groups (Fig. 2e). Though PTX/aGC-TH-Lip exhibited
increased tumor inhibition, the upregulation of PD-L1 in tumor
cells might in turn hamper the anti-tumor immune responses.

PD-L1 Enhanced the Anti-Tumor Responses of PTX/aGC-
TH-Lip

Parameters including size, charge, and surface modifica-
tions affect the drug accumulation in tumors. Liposomal drug
delivery systems utilize the enhance permeation and retention
(EPR) effect of tumor tissues to enhance the tumor-targeted

delivery. Moreover, pegylated liposome prolongs the blood
circulation and further enhances the drug accumulation in
tumors (28). In comparison, non-liposomal formulation could
not take advantage of the EPR effect, which yielded poor
tumor targeting. In our previous research, we have analyzed
the biodistribution of TH-Lip and PEG-Lip. The results
indicated that TH-Lip further elevated the drug accumulation
compared with PEG-Lip (11). Tumor cells that escape
immunosurveillance usually express molecules to suppress
the anti-tumor immune responses, such as PD-L1/PD-1 (29),
indoleamine 2,3-dioxygenase (IDO) (30), and transforming
growth factor-p (TGF-p) (31). Generally, PD-1 is expressed
on the surface of various immune cells, including activated T
cells, NK cells, macrophages, dendritic cells, and B cells.
Upon the initiation of immune responses, the activation of T
cells further induced the expression of PD-1 on naive T cells,
impairing the T cell functions in turn and consequently
facilitating tumor escape (32). This process was associated
with the expression of additional inhibitory receptors, such as
T cell immunoglobulin mucin 3 (Tim-3) or lymphocyte
activation gene 3 protein (LAG-3) (33,34). The interaction
between PD-1 and its ligand PD-L1 formed a “check point”
for anti-tumor immune responses. The upregulation of PD-L1
after treatment with PTX/aGC-TH-Lip may compromise the
cytotoxicity of immunotherapy. In our pilot study, the optimal
interval between PTX/aGC-TH-Lip and PD-L1 antibodies
was determined to be 48 h (Supporting Information Fig. S4).
After successful establishment of B16F10 melanoma, mice
received 3 cycles of administration via the tail vein (Fig. 3a),
and the tumor volume was monitored every other day. The
combination of PD-L1 antibody significantly inhibited tumor
growth compared with PTX/aGC-TH-Lip (Fig. 3b, p <0.05).
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tumor experiments. The B16F10 melanoma xenograft mouse model was established on day 0. Mice received PTX/aGC-TH-
Lip by i.v. injection 7 days post-inoculation, followed by PD-L1 antibody administration 48 h later. After 3 cycles of
administration, mice were sacrificed on day 23. b Tumor volume and ¢ representative tumor images of mice receiving
different treatments (n =7, mean + SD, *p <0.05, ***p <0.005). d H&E staining of tumor tissues after different treatments.
Scale bars =50 pm. e TUNEL staining (apoptotic and necrotic cells are shown in red) of tumor tissues from mice treated
with different preparations. f The survival curves of BI6F10 melanoma tumor-bearing mice after different treatments (n =
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10, *%p <0.01)

The tumor growth curve of individual animal was shown in
Supporting Information Fig. S5. The images of tumors
isolated from tumor-bearing mice also confirmed the tumor
inhibition effect of combined therapy (Fig. 3c). Subsequently,
the tumor tissues were subjected to paraffin sectioning
followed by H&E and TUNEL staining. As shown in Fig. 3d,
obvious necrosis and nuclear shrinkage were observed in the
combination therapy group. In comparison, PTX/aGC-TH-Lip-
treated mice or single anti-PD-L1 antibody-treated mice
showed less necrosis, indicating that combined therapy was
superior in inducing tumor cell necrosis. Furthermore,
TUNEL staining also indicated that the combined therapy
induced obvious apoptosis in tumor cells (Fig. 3e). The
semiquantitative results of TUNEL staining were shown in
Supporting Information Fig. S6. The positive area of combined
therapy was significantly higher than that of PTX/aGC-TH-Lip,
anti-PD-L1, and HEPES-treated mice. The enhanced anti-
tumor effects further led to prolonged survival time. As
shown in Fig. 3f, mice receiving combined therapy
exhibited the longest survival time (up to over 50 days,
p <0.01). The combination of PD-L1 antibody significantly
elevated the anti-melanoma effect of PTX/aGC-TH-Lip.
Though PD-L1 inhibition has shown promising results and
has been used as a first-line treatment in various cancers such as
metastatic melanoma, the effectiveness of a single PD-1 or PD-L1
antibody is still not satisfactory. Anti-PD-L1 monotherapy
reportedly remains ineffective in more than 60% of cancer
patients (22). Multiple strategies have been combined with
checkpoint inhibitors, many of which have entered clinical trials
(23,35). Inhibition of regulatory T cells (Tregs) or blocking the

inhibition of NK cells may strengthen the anti-tumor responses of
PD-L1 antibody and improve the duration of response by
stimulating the memory T cells (36,37). In our previous research,
chemotherapy using PTX and immunoadjuvant aGC successfully
initiated anti-tumor immune responses and inhibited tumor
growth. The combination of PD-L1 antibody and PTX/aGC-
TH-Lip not only strengthened the effect of PD-L1 antibody but
also inhibited further tumor growth.

Notably, in the present manuscript, we adopted a therapeutic
chemoimmunotherapy to inhibit the growth of B16F10 xenograft,
which is a highly aggressive tumor model. Complete tumor
elimination is usually observed in preventive strategies such as
tumor vaccination or CAR-T therapies (38,39). Since our
hypothesis is based on an established tumor model, it may be
hard to achieve complete elimination of tumor. Nevertheless,
from the tumor volume results, it can be seen that the tumor
volume of combined therapy was significantly higher than PTX/
aGC-TH-Lip-treated group (Fig. 3b, p <0.05). The combined
therapy also showed a significantly higher positive TUNEL
staining than PTX/aGC/TH-Lip, anti-PD-L1, and HEPES groups
(*p <0.05, ***p < 0.005). The results indicated that the combined
therapy significantly increased the apoptosis of tumor cells. The
anti-tumor experiment was repeated twice to ascertain the results.

PD-L1 Antibody Elevated the Anti-Metastatic Effect of
PTX/oGC-TH-Lip

The initiation of the anti-tumor immune response is capable
of inhibiting the metastasis of tumor cells (40). The anti-metastatic
effect of the combined therapy was analyzed in a B16F10 lung
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Fig. 4. The anti-metastatic effects of PTX/aGC-TH-Lip combined with PD-L1 on the
experimental lung metastasis model of BI6F10 melanoma. The melanoma lung metastasis
mouse model was established by i.v. injection of B16F10 cells. a The metastatic nodules in
the lungs after different treatments. The lung tissues were collected at day 20, day 23, and
day 26. b The weight of lungs collected from each treated group at day 26 (n =3, mean +

SD, #p <0.05, #*¥p < 0.005)

metastasis model. As shown in Fig. 4a, at day 20 and day 23, no
obvious metastasis nodules were observed in the combined
therapy-treated mice. Even at day 26, only slight nodules were
seen. In comparison, mice treated with PTX/aGC-TH-Lip or anti-
PD-L1 antibody alone showed a higher metastasis rate. The lung
weight results showed similar trend. After treatment with
combination therapy, lung metastasis was significantly alleviated
(Fig. 4b, p <0.05).

Previous researches have studied the relationship be-
tween metastasis and PD-L1 expression, and epithelial-to-
mesenchymal transition (EMT) has been reported to be
related to T cell dysfunction. PD-L1 is a downstream target of
the miR-200/ZEB1 axis, and the EMT activator ZEB1
upregulates PD-L1 via the microRNA 200/ZEB1 axis
(41,42). Furthermore, in clinical trials, the blockade of PD-
L1 by antibodies suppresses metastatic diseases in lung cancer
patients (43). In our previous research, the coadministration
of chemotherapy and immunoadjuvant aGC repressed the
lung metastasis of B16F10 melanoma. After combination
therapy with the PD-L1 antibody, the anti-metastatic effect of
PTX/aGC-TH-Lip was further promoted.

PD-L1 Antibody Enhanced the Ex Vivo CTL Response

In vivo anti-tumor and anti-metastasis investigations
have revealed the potency of PTX/aGC-TH-Lip and PD-L1
antibodies, which proved the tumor growth inhibition and
lung metastasis suppression of this combined strategy. These
effects are mainly attributed to the enhanced cytotoxic T cell

responses and the alleviated immunosuppression mediated by
PD-L1 antibody. To prove this concept, we conducted an
ex vivo CTL analysis. CD8" T cells were isolated from mice
that received two administrations dual drug-loaded lipo-
somes. After stimulation with IL-2, the effector cells were
added into preseeded B16F10 or C26 cells at different ratios.
PD-L1 antibody was added to effector cells obtained from
mice treated with PTX/aGC-TH-Lip to evaluate the promo-
tion of CTL cytotoxicity. The cytotoxicity of CTL was
evaluated by an LDH assay. As shown in Fig. 5a, the addition
of PD-L1 antibody significantly promoted the CTL responses
when the E/T ratio was 20:1 (p <0.01) and 5:1 (p <0.05). In
comparison, no significant difference in CTL responses was
observed when the E/T ratio was 1:1, indicating that the PD-
L1 antibody itself could not induce the cytotoxic lysis of CD8"
T cells. The promotion of CTL responses is mainly attributed
to the relief of immunosuppressive signals mediated by PD-
L1 antibody. Irrelevant C26 cells were used as control cells.
CD8" T cells isolated from PTX/aGC-TH-Lip-treated mice
could not induce specific lysis on C26 cells, even after the
addition of PD-L1 antibody. These results suggest that the
cytotoxic T cell responses are antigen-specific (Fig. 5b).

The Combination of PD-L1 Enhances the Adoptive T Cell
Therapy

The ex vivo CTL responses revealed that the PD-L1
antibody was capable of elevating the anti-tumor immune
responses. To confirm the in vivo T cell response promotion

a 100 b 1001
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Fig. 5. The cytotoxicity assay of CD8" T lymphocytes against a BI6F10 cells and b C26 cells (n =3,

mean + SD, *p <0.05, **p <0.01)
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e The survival curves of B16F10 melanoma tumor-bearing mice after different treatments (n =10, *p <0.05)

of PD-L1, adoptive T cell therapy was conducted. CD8" T
cells were isolated from mice treated with PTX/aGC-TH-Lip
or HEPES buffer and were subsequently injected into tumor-
bearing mice. In addition, PD-L1 antibody was combined
with CD8* T cells obtained from PTX/aGC-TH-Lip to
analyze the in vivo promotion of CTL responses. As shown
in Fig. 6a, mice treated with CD8" T cells isolated from PTX/
aGC-TH-Lip-treated mice significantly inhibited tumor
growth; furthermore, the combination of PD-L1 antibody
dramatically suppressed tumor growth (Fig. 6a, p <0.01,
p <0.05). H&E staining of tumor sections indicated that the
combination of PD-L1 antibody and CD8" T cells isolated
from PTX/aGC-TH-Lip-treated mice induced obvious
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% Q
& &
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apoptosis of tumor cells (Fig. 6b). The semiquantitative
analysis by Image] also indicated that PD-L1 antibody
promoted the cytotoxicity of CD8" T cells from PTX/aGC-
TH-Lip-treated mice (Fig. 6¢, p <0.05). The images of tumors
isolated from tumor-bearing mice also reflected the enhanced
anti-tumor immune responses of the combined therapy
(Fig. 6d). In addition, we studied the survival time of mice
treated with adoptive T cell therapy. Consistent with the
above results, PD-L1 antibody plus CD8" T cells from PTX/
aGC-TH-Lip-treated melanoma-bearing mice exhibited a
longer survival (median survival time of over 35 days). In
comparison, the median survival time of mice treated with
CD8" T cells isolated from HEPES-treated mice and PTX/
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Fig. 7. The in vivo secretion of cytokines after treatment with HEPES buffer, PTX/aGC-TH-Lip, or PTX/aGC-TH-
Lip combined with PD-L1 antibody. a IL-6 levels in serum. b IL-17a levels in serum after different treatments (n =5,
mean + SD)
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aGC-TH-Lip-treated mice was 25 and 30 days, respectively
(Fig. 6e, p <0.05). These observations confirmed the promo-
tion of CTL responses by the PD-L1 antibody.

Adoptive T cell therapy, which includes in vitro ex-
panded peripheral blood, tumor-infiltrating T lymphocytes,
and genetically engineered chimeric antigen receptor T cells,
has exhibited great potential in immunotherapy. Neverthe-
less, the PD-1 level in adoptive T cells has been shown to be
upregulated, which may hamper the therapeutic effects
(33,44). Therefore, considering the upregulation of PD-L1
and PD-1 in tumor cells and APCs after immune activation, it
is assumed that concurrent or post-PD pathway blockade in
adoptive T cell therapy may improve the functionality of the
transferred T cells (25). Feldman et al. showed that the
downregulation of PD-L1 on tumor-infiltrating cells increased
the function of effector cells and elevated the polyfunctional
cytokine profile (45). Herein, in our present manuscript, PD-
L1 antibody further improved the anti-tumor effects of CD8"
T cells isolated from PTX/aGC-TH-Lip-treated mice,
supporting the benefit of a combination of adoptive T cell
therapy and PD pathway blockade.

Preliminary Safety Analysis of the Combined Therapy

The activation of non-specific immunity may cause
unwanted side effects or even autoimmune diseases. There-
fore, it is essential to study the production of inflammatory
cytokines and the safety of healthy organs. T helper 17 (Ty
17) cells play important roles in inflammation and autoim-
mune diseases and secrete Ty17 effector cytokines such as IL-
17a, which in turn induce the secretion of proinflammatory
cytokines such as IL-6, thereby regulating tissue inflamma-
tion, and damage (46). After three administrations, the
production of IL-6 and IL-17a in serum was analyzed. As
shown in Fig. 7a, b, cytokines from mice treated with HEPES,
PTX/aGC-TH-Lip, or PTX/aGC-TH-Lip plus PD-L1 anti-
body were at the same level. This result suggested that the
cytokines and immune responses induced by PTX/aGC-TH-
Lip and PD-L1 were antigen-specific and did not cause
obvious inflammation at the given dosage. The preliminary
safety assessment was conducted by the sectioning and H&E
staining of major organs (Supporting Information Fig. S7). No
histological changes were seen in the major organs of tumor-
bearing mice, indicating that the chemoimmunotherapy has
good safety and biocompatibility.

CONCLUSION

In the present study, we designed a tumor-targeted
chemoimmunotherapeutic strategy using a combination of PD-L1
antibody and PTX/aGC coloaded TH peptide-modified liposomes
to relieve the immunosuppressive effects in melanoma treatment.
First, we confirmed that the administration of PTX/aGC-TH-Lip
upregulated the IFN-vy level in the body, which in turn increased
the expression of PD-L1 on tumor cells. The subsequent inhibition
of PD-L1 promoted the anti-tumor effects of PTX/aGC-TH-Lip
by elevating the magnitude of the immune responses. In addition,
PD-L1 antibody also enhanced the anti-metastatic effect of PTX/
oGC-TH-Lip. The in vitro mechanism study revealed that the
elevated anti-tumor and anti-metastatic effects were probably
owing to the enhanced CTL responses. Moreover, the combined
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strategy did not induce obvious side effects. The combination of
PD-L1 antibody and chemoimmunotherapy has proven to be a
promising strategy for metastatic melanoma treatment.
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