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ABSTRACT

Background Immune checkpoint blockade (ICB)
monotherapy provides poor survival benefit in
hepatocellular carcinoma (HCC) due to ICB resistance
caused by immunosuppressive tumor microenvironment
(TME) and drug discontinuation resulting from immune-
related side effects. Thus, novel strategies that can
simultaneously reshape immunosuppressive TME and
ameliorate side effects are urgently needed.

Methods Both in vitro and orthotopic HCC models

were used to explore and demonstrate the new role

of a conventional, clinically used drug, tadalafil (TA), in
conquering immunosuppressive TME. In detail, the effect
of TA on M2 polarization and polyamine metabolism in
tumor-associated macrophages (TAMs) and myeloid-
derived suppressor cells (MDSCs) was identified. After
making clear the aforementioned immune regulatory
effect of TA, we introduced a nanomedicine-based strategy
of tumor-targeted drug delivery to make better use of

TA to reverse immunosuppressive TME and overcome

ICB resistance for HCC immunotherapy. A dual pH-
sensitive nanodrug simultaneously carrying both TA and
programmed cell death receptor 1 antibody (aPD-1) was
developed, and its ability for tumor-targeted drug delivery
and TME-responsive drug release was evaluated in an
orthotopic HCC model. Finally, the immune regulatory
effect, antitumor therapeutic effect, as well as side effects
of our nanodrug combining both TA and aPD-1 were
analyzed.

Results TA exerted a new role in conquering
immunosuppressive TME by inhibiting M2 polarization
and polyamine metabolism in TAMs and MDSCs. A dual
pH-sensitive nanodrug was successfully synthesized to
simultaneously carry both TA and aPD-1. On one hand, the
nanodrug realized tumor-targeted drug delivery by binding
to circulating programmed cell death receptor 1-positive
T cells and following their infiltration into tumor. On the
other hand, the nanodrug facilitated efficient intratumoral
drug release in acidic TME, releasing aPD-1 for ICB and
leaving TA-encapsulated nanodrug to dually regulate TAMs
and MDSCs. By virtue of the combined application of TA
and aPD-1, as well as the efficient tumor-targeted drug

WHAT IS ALREADY KNOWN ON THIS TOPIC

= Immune checkpoint blockade (ICB) monothera-
py provides poor survival benefit in hepatocellular
carcinoma (HCC) due to ICB resistance and drug
discontinuation caused by immune-related side
effects. M2-polarized tumor-associated macro-
phages (TAMs) and myeloid-derived suppressor
cells (MDSCs) play a key role in ICB resistance via
inducing immunosuppressive tumor microenviron-
ment (TME). As MDSCs can constantly transdiffer-
entiate into M2 TAMs, monotherapy targeting M2
TAMs or MDSCs alone failed to efficiently conquer
ICB resistance.

WHAT THIS STUDY ADDS

= Clinically used drug, tadalafil (TA), exerted a new
role in dually regulating TAMs and MDSCs by in-
hibiting M2 polarization and polyamine metabolism
in the HCC TME. Aiming at making better use of TA
to reverse immunosuppressive TME and overcome
ICB resistance for HCC immunotherapy, a dual pH-
sensitive nanodrug was successfully developed to
facilitate T cell-mediated and tumor-targeted deliv-
ery of both TA and programmed cell death receptor
1 antibody. This novel nanodrug achieved remark-
able ICB therapeutic efficacy with minimal side ef-
fects in HCC.

HOW THIS STUDY MIGHT AFFECT RESEARCH,
PRACTICE OR POLICY

= Our study expands the application of TA in re-
shaping immunosuppressive TME and provides
a nanomedicine-based strategy with great po-
tential for breaking the logjam of ICB-based HCC
immunotherapy.

delivery, our nanodrug effectively inhibited M2 polarization
and polyamine metabolism in TAMs and MDSCs to conquer
immunosuppressive TME, which contributed to remarkable
ICB therapeutic efficacy with minimal side effects in HCC.
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Conclusions Our novel tumor-targeted nanodrug expands the application
of TA in tumor therapy and holds great potential to break the logjam of
ICB-based HCC immunotherapy.

BACKGROUND

Hepatocellular carcinoma (HCC) is the second leading
cause of cancer deaths worldwide. Despite the applica-
tion of multimodal treatments involving surgical resec-
tion, local ablation and chemotherapy, the 5-year survival
rates of patients with HCC remain extremely low (18%)."
Recently,immunotherapy, particularly the immune check-
point blockade (ICB) targeting programmed cell death
receptor 1 (PD-1) or programmed death-ligand 1 (PD-
L1), has emerged as a promising breakthrough for tumor
treatment. However, enthusiasm around anti-PD-1-PD-L1
monotherapy for HCC is now becoming tempered with a
relatively low objective response rate (15-20%),?* which
may be primarily attributable to ICB resistance caused
by the immunosuppressive tumor microenvironment
(TME). Besides, adverse events including immune-
related pneumonia, hepatitis, myocarditis, and endocrine
diseases often occur and lead to drug discontinuation.*
Thus, novel strategies that can simultaneously overcome
ICB resistance and ameliorate side effects are desperately
needed for HCC immunotherapy.

Compelling research including our previous study has
suggested that tumor-associated myeloid cells, primarily
including tumor-associated macrophages (TAMs) and
myeloid-derived suppressor cells (MDSCs), induce the
immunosuppressive TME to promote tumor progres-
sion.” Macrophages, specialized immune cells involved
in the phagocytosis of harmful organisms, possess polar-
ization potentials toward M1 or M2 phenotypes. TAMs
more closely resemble the M2-polarized macrophages
under the stimulus of various signaling pathways and
factors in the TME. It is clear that M2 TAMs impair the
T-cell cytotoxicity and promote immunosuppression
through secreting immunosuppressive factors (eg, trans-
forming growth factor beta) and chemokines (eg, C-C
motif chemokine ligand 2 (CCL2)).2? MDSCs are patho-
logically activated myeloid cells derived from the myeloid
progenitor cells in bone marrow, which not only can
produce abundant immunosuppressive factors to impair
T-cell cytotoxicity but also can directly transdifferentiate
into M2 TAMs to be a constant source for M2 TAMs.® '
In addition to the aforementioned immunosuppressive
role of M2 TAMs and MDSCs, it is increasingly recog-
nized that dysregulation of polyamine metabolism in M2
TAMs and MDSCs also plays an important role in facil-
itating immunosuppressive TME."" Polyamines, natural
metabolites composed of positively charged amines, are
essential for both normal and neoplastic cell function.'
M2 TAMs and MDSCs can overexpress arginase-1 (Argl)
to boost polyamine production by metabolizing argi-
nine.”” On one hand, polyamine can not only further
stimulate the polarization of TAMs toward M2 pheno-
types but also activate STAT3 to promote the survival of

MDSCs."* ' On the other hand, polyamine can upregu-
late indoleamine 2,3-dioxygenase 1 (IDO1) expression in
dendritic cells to induce the apoptosis of T cells.'® Even
worse, polyamine can directly promote the proliferation
and survival of tumor cells.'” Taken together, M2 TAMs
and MDSCs promote the immunosuppressive TME and
tumor progression directly by means of secreting immu-
nosuppressive factors to impair T-cell cytotoxicity, as well
as indirectly dependent on the dysregulated polyamine
metabolism. Thus, we speculate that dual regulation of
M2 TAMs and MDSCs to reverse the immunosuppressive
TME may be a promising strategy against ICB resistance.

Tadalafil (TA), a selective inhibitor of phosphodies-
terase type 5 (PDED), was clinically approved for treating
erectile dysfunction and pulmonary hypertension.'® A
recent study reveals that TA can effectively relieve the
immunosuppressive effect of MDSCs in HCC by deacti-
vating Arg1." Consistently, our preliminary investigation
further discovers that TA can repolarize immunosup-
pressive M2 macrophages into immune-active M1 ones.
Thus, the counteraction of TA on immunosuppressive
TME by dually regulating M2 TAMs and MDSCs, as
well as the potential of TA as antitumor drug candidate
for conquering ICB resistance in HCC, deserves to be
explored. Noteworthily, however, expanding the applica-
tion of TA in tumor therapy via systemic administration
may be impeded by its high hydrophobicity, low bioavail-
ability for tumor absorption, and side effects resulting
from the indiscriminate inhibition of physiological
PDE5.*" *' Tumor-targeted drug delivery systems based
on peripheral circulatory cell-driven nanocarriers have
shown great potentials in enhancing the bioavailability
of hydrophobic therapeutic agents, improving the thera-
peutic efficacy and minimizing the side effects.”

In the current study, based on that circulating PD-1+
T cells can bind to programmed cell death receptor 1
antibody (aPD-1) and then navigate toward tumor sites by
chemotaxis as we previously reported,”” we developed a
TA-encapsulated polymeric micelle decorating with aPD-1
on the surface to bind circulating PD-1+ T cells for tumor-
targeted drug delivery. A TME acid cleavable linkage
was introduced between aPD-1 and micelle to endow a
rapid shedding of antibody in TME, releasing aPD-1 for
ICB and leaving residual TA-encapsulated micelle, which
can be easily phagocytized by TAMs and MDSCs.** After
a lysosomal drug release, TA was expected to counteract
the immunosuppressive TME by dually regulating M2
TAMs and MDSCs, as well as ameliorating the disordered
polyamine metabolism, resulting in an enhanced ICB for
HCC immunotherapy combined with aPD-1 (figure 1).

MATERIALS AND METHODS

Reagents

The anti-PD-1 antibody was purchased from Bioxcel
Corp (cat# BE0033). The antibodies including anti-CD3
(APC conjugated, cat# 100236), anti-CD4 (PE-Cy7 conju-
gated, cat# 100422), anti-CD8 (APC-Cy7 conjugated,
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Schematic illustration for the antitumor mechanism of nanodrug in overcoming immune checkpoint blockade

resistance in HCC. @ The nanodrug realizes tumor-targeted drug delivery by binding to circulating PD-1+ T cells and following
their infiltration into the tumor, as well as by traditional EPR effect. @ The weak acidity (pH ~6.5) of TME triggers first-stage
drug release in TME to provide PD-1 antibody for blocking PD-1-PD-L1 axis of cytotoxic T cells. ®-® The first-stage drug
release leads to surface charge reversal, leaving a positively charged TA-encapsulated nanodrug which allows an easier drug
internalization into TAMs and MDSCs. Then the strong acidity of lysosome triggers a second-stage drug release to provide

TA for inhibiting M2 polarization and polyamine production of TAMs and MDSCs to reverse immunosuppressive TME. @-@
Nanodrug counteracts the immunosuppressive role of polyamine in stimulating M2 macrophage polarization, promoting
MDSC survival, inducing T-cell apoptosis and accelerating tumor proliferation. @ and @ MDSCs can be derived from myeloid
progenitor cells in the bone marrow and directly transdifferentiate into M2 TAMs to be a constant source for M2 TAMs. CDM,
2-propionic acid-3-methylmaleic anhydride; EPR, enhanced permeability and retention; HCC, hepatocellular carcinoma; MDSC,
myeloid-derived suppressor cell; PD-1, programmed cell death receptor 1; PD-L1, programmed death-ligand 1; TA, tadalafil;
TAM, tumor-associated macrophage; TME, tumor microenvironment.

cat# 100714), anti-interferon gamma (IFN-y) (PE conju-
gated, cat# 505807), and anti-mouse Foxp3 (Alexa Fluor
488 conjugated, cat# 126405) were purchased from
Biolegend for flow cytometry analyses. Alexa Fluor 647-
labeled anti-CD8 antibody (cat# 100729) was purchased
from Biolegend for immunofluorescence staining.
Other antibodies including CD206 (cat# 18704-1-
AP), CD80 (cat# 66406-1-Ig), Argl (cat# 16001-1-
AP), and tubulin (cat# 66031-1-Ig) were purchased
from Proteintech (Wuhan, China) for western blotting
and immunohistochemical and immunofluorescence
staining. Interleukin (IL)-6 antibody (cat# PB0060) was
purchased from Boster (Wuhan, China). Foxp3 anti-
body (cat# 12653) for immunohistochemical staining
was purchased from Cell Signaling Technology (Beverly,
Massachusetts, USA). o-Allyl-w-azyl poly(ethylene glycol)
(allyl-Polyethylene glycol(PEG)-NH2, Mw=2kDa), acetic
anhydride, 2-mercaptoethanol, 2,2-azobisisobutyronitrile,
2-propionic acid-3-methylmaleic anhydride (CDM),

4-dimethylaminopyridine, anhydrous dimethylforma-
mide, anhydrous dimethyl sulfoxide (DMSO), and acetyl-
acetone manganese were purchased from Sigma-Aldrich.
2-(Azepan-l-yl)ethanamine (AzE) was obtained from J&K
Chemical Reagent Co (Beijing, China).

Preparation of nanodrugs

The amphipathic block polymer of CDM-PEG-PAsp (AzE)
was first synthesized as described in the online supple-
mental materials. Subsequently, 20mg of CDM-PEG-
PAsp(AzE) and 2mg of TA were codissolved into a
mixture solution of CHCI, (1.5 mL) and DMSO (0.5mL).
The resulting solution was emulsified in a 20mL of
phosphate-buffered saline (PBS, pH 7.4) by sonication
(VCX130, Sonics, USA; 20kHz, 30% power level), under
the cooling of ice bath. The emulsified solution was
evaporated to remove CHCI,, dialyzed against water for
24 hours (Molecular welght cut-off (MWCO): 14kDa)
to remove DMSO, and filtered through a syringe filter
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(pore size: 0.22m) to eliminate large polymer or drug
aggregates. The obtained TA loaded micelle was denoted
as TA-PPA (CDM-PEG-PAsp(AzE)). For preparation of
antibody-decorated nanodrug, the aPD-1 was conjugated
to the micellar surface by a reaction of anhydride and
primary amine. TA-PPA solution (2mg/mL) and 350 pL
aPD-1 (2.85mg/mL) were mixed with NHS and EDC as
coupling agent at 4°C for 12 hours. Then the nanodrug
was ultrafiltrated (MWCO: 300kDa), washed with fresh
PBS for three times to remove excess N-hydroxy succin-
imide (NHS),  1-ethyl-3-(3-dimethylaminopropyl) carbo-
diimide hydrochloride (EDC) and free aPD-1, obtaining
the aPD-1@TA-PPA. In addition, the blank micelle of PPA,
Nile red (NR) loaded micelle of aPD-1@NR-PPA, and
DiR loaded micelle of aPD-1@DiR-PPA, were prepared by
using the aforementioned method.

In vitro drug release

The in vitro drug release profile of TA from aPD-1@
TA-PPA was determined at different pH values using the
dialysis method. Briefly, a dialysis bag (MWCO, 14kDa)
containing 3 mL of aPD-1@TA-PPA solution was placed in
30mL of release medium at different pH values (pH 7.4,
6.5, and 5.0) in a constant temperature shaker (37°C at
100rpm). At predetermined time intervals, 3mL of solu-
tion outside the dialysis bag was collected and replaced
with an equal volume of the same fresh medium. The
concentration of TA was measured using Ultraviolet—
visible spectroscopy (UV-vis), and the in vitro release
experiments were performed in triplicate.

T-cell binding in vitro

T cells were isolated from the spleen of C57BL/6 mice
bearing tumor by commercial kit (Miltenyi Biotec,
Germany). T cells were cultured in Roswell Park Memo-
rial Institute (RPMI) 1640 medium (Gibco, USA) supple-
mented with 10% Fetal bovine serum (FBS) at a density
of 1><107cells/mL. T cells were incubated with aPD-1@
NR-PPA at different times (12 and 24 hours) at pH 7.4
to allow binding. To further evaluate the detachment of
nanodrug from T cells, the medium pH was adjusted to
pH 6.5; the T cells were incubated at different times (12
and 24 hours) at pH 6.5 to allow detachment. The T cells
were stained with Alexa Fluor 647 anti-mouse CD8 anti-
body and secondary antibody Alexa Fluor 488 for aPD-1
for 1hour, while the nuclei were stained with Hoechst
33342 for 15min. Finally, the cell images were captured
by Confocal laser scanning microscopy (CLSM) (Zeiss
LSM880, Germany).

Cellular uptake of the nanodrug

Primary macrophages were isolated from the femurs of
C57BL/6 mice bearing tumor and stimulated by 20 nM
macrophage colony-stimulating factor (M-CSF). The
macrophages were further stimulated by 25nM IL-4 to
induce M2 polarization. MDSCs were isolated from the
spleen of C57BL/6 mice bearing tumor by commercial
kit (Miltenyi Biotec). M2 macrophages or MDSCs were

seeded in 35 mm confocal dishes at a density of 1x10* cells
per well and were cultured overnight, followed by incuba-
tion with aPD-1@NR-PPA at pH 7.4 or pH 6.5 for 4hours.
For CLSM observation, the cells were fixed by 4% parafor-
maldehyde and stained by 4’,6-diamidino-2-phenylindole
for cell nucleus location. For flow cytometry analyses, M2
macrophages or MDSCs were seeded in 12-well plates at
a density of 1x10° cells per well and were cultured over-
night, followed by incubation with aPD-1@NR-PPA at
pH 7.4 or 6.5 for 1, 2 and 4hours. Then, the cells were
collected and resuspended in PBS and analyzed by Attune
NxT Acoustic Focusing Cytometer (Thermo Fisher Scien-
tific, USA). The data were analyzed using FlowJo V.10.0.

HCC animal model and treatment

The orthotopic HCC model was established in male
C57BL/6 mice (age: 6 weeks, weight: about 20g) as we
previously described.” Briefly, after performing midline
incision of the mouse abdomen, 1x10° matrigel-mixed
Hepl-6 cells (possessing cell line authentication) were
injected into the liver followed by placing Gelfoam into
the needle track. Finally, the muscle and skin layers of the
abdominal wall were then well closed. Then HCC mice
were divided into different groups according to random-
ization principle: PBS, free TA, TA-PPA, aPD-1@PPA, or
aPD-1@TA-PPA. Free TA was administrated through intra-
peritoneal injection, while other drugs are administrated
through tail vein injection. The aPD-1 and TA doses per
injection, if applied, were 1.2 and 2mg/kg, respectively.

T cell-binding assay in vivo

HCC mice were injected via tail vein with aPD-1@NR-PPA.
The blood of mice was collected at different time points
(0, 12, and 24 hours) and blood T cells were purified
using Ficoll-Hypaque solution (MP Biomedicals, USA).
The T cells were incubated by CD8 antibody and stained
by Hoechst 33342, respectively. Then the T cells were
observed by CLSM. To evaluate the aPD-1-blocked CD8+
T cells in the tumor site, we isolated the tumor-infiltrated
T cells by a commercial T-cell isolation kit. The tumor-
infiltrated T cells were stained with anti-CD8 antibody
and secondary antibody IgG-APC-Cy7 (aPD-1) for 1hour.
Then, the cells were washed and analyzed by Attune NxT
Acoustic Focusing Cytometer (Thermo Fisher Scientific),
and the data were analyzed by FlowJo V.10.0 (Treestar,
USA).

MRI scan in vivo

Before the beginning of treatment and on days 7 and 14
after the first treatment, MRI scans were performed to eval-
uate the growth of tumors in the orthotopic HCC mice.
Orthotopic tumors were detected by MRI (Intera; Philips
Medical Systems, Best, Netherlands) with a clinical 3.0 T
system as we previously described.” Tumor volume was
calculated as follows: tumor volume=0.5xlengthxwidth®.

Statistics
All data were expressed as means+SD. Statistical differ-
ences between two groups were analyzed by unpaired
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Student’s t-test, and differences between multiple groups
were analyzed by one-way analysis of variance with Bonfer-
roni correction (GraphPad Prism V.8.0). A p value of
<0.05 was considered statistically significant.

RESULTS

TA suppressed M2 macrophage polarization

M2 TAMs and MDSCs are known to play a central role in
initiating and perpetuating immunosuppression, which
mediated the pathogenesis of various tumors including
HCC.”” Though the inhibitory effect of TA on the
immunosuppressive function and intratumoral accumu-
lation of MDSCs has been recently revealed in HCC,"
its influence on M2 TAMs remains unclear. Herein, 11.-4-
stimulated macrophages were used as a classical M2-TAM
model. We explored whether TA could modulate M2
polarization in IL-4stimulated Raw264.7 macrophage
cell line and primary macrophages isolated from mice
femur bones. As shown in figure 2A-E, immunofluores-
cence, quantitative real-time PCR, western blotting and
flow cytometry results consistently showed that TA signifi-
cantly suppressed M2 polarization (Argl, CD206, and
IL-6 as markers) and promoted M1 polarization (CD80,
inducible nitric oxide synthase (iNOS), tumour necrosis
factor alpha (TNF-a) as markers) in macrophages. It has
been recently demonstrated that the overexpressed Argl
in M2 TAMs metabolizes arginine to produce abundant
polyamine to mediate immunosuppression and stimulate
tumor proliferation.'*'” We next evaluated whether the
downregulated Argl by TA could decrease the polyamine
production. According to the ELISA results, TA markedly
reduced the generation of polyamine in M2 macrophages
(figure 2C).

Growing evidence are suggesting that M2 TAMs blunt
the efficacy of anti-PD-1-PD-L1 therapy in multiple
tumors via diverse mechanisms.?’ 2® As shown in figure 2B,
compared with TA or aPD-1 monotherapy, the combina-
tion therapy of TA and aPD-1 exerted the most potent
inhibition on M2 macrophage polarization. Meanwhile,
the least polyamine production was also observed in
M2 macrophages receiving the combination therapy
(figure 2C). Taken together, these in vitro results indi-
cated that the effective regulation on M2 macrophages
and Argl/polyamine metabolism by combination therapy
of TA and aPD-1 may serve as a synergistic mechanism for
improved immunotherapy.

TA reactivated CD8+ T cells by dually regulating TAMs and
MDSCs

M2 TAMs and MDSCs can overexpress Argl to boost the
production of polyamine, which has been well demon-
strated to directly stimulate the proliferation and survival
of tumor cells, and also to serve as a crucial immunosup-
pressive factor to inactivate CD8+ T cells, the key execu-
tors for tumor-specific cytotoxicity.'*™” As we have shown
that TA can suppress M2 macrophage polarization while
downregulating the production of polyamine, we next

investigated the impact of TA-treated M2-TAMs/MDSCs
on T-cell activation and tumor growth. The coculture
system of splenic CD8+ T cells isolated from immunocom-
petent mice, MDSCs/M2 macrophages and Hep1-6 HCC
cells was established as previously described.” ?” TFN-y,
a classical cytokine that supports CD8+ T-cell differen-
tiation and initiates antitumor immunity together with
cytotoxic cytokines (eg, granzyme B and perforin), has
been well identified as a key marker of the activation and
tumor-killing ability of T cells.*® The flow cytometry and
ELISA analyses, respectively, revealed that TA pretreat-
ment for M2-TAMs/MDSCs significantly increased the
IFN-y+ proportionand IFN-y secretion of CD8+ T cells
in the coculture system (figure 2G-J]). Then, we further
evaluated the antitumor cytotoxic effect of CD8+ T cells
by CCK-8 and lactate dehydrogenase assay. As shown in
figure 2K,L,, the MDSCs or M2-TAMs severely blunted
the tumor cytotoxic activity of CD8+ T cells, and such
an effect could be efficiently abolished by TA treatment.
Therefore, we demonstrated that TA could rescue the
antitumor cytotoxic effect of CD8+ T cells suppressed by
M2 TAMs and MDSCs.

Synthesis and characterization of pH-sensitive copolymer and
nanodrug

The polymer was synthesized via multisteps as shown
in online supplemental scheme S1 and the successful
synthesis of polymer was verified by proton nuclear
magnetic resonance (*H NMR) and Fourier transform
infrared (FTIR) analysis. o-Allyl poly(ethylene glycol)-
b-poly (B-benzyl L-aspar-tate), namely, allyl-PEG-PBLA,
was first synthesized by a ring opening polymerization
of BLA-NCA using the allyl-PEG-NH, as an initiator. As
shown in online supplemental figures S1,2, the character-
istic peaks of benzyl-aspartate units (7.28, 5.03, 4.60, and
2.51~2.92ppm) and methylene of initiator (3.52 ppm)
were clearly shown, indicating the successful synthesis.
The average degree of polymerization for PBLA was calcu-
lated to be 32, by comparing the characteristic chemical
shift integral of the benzyl group (7.28 ppm) and the
methylene group (8.52 ppm) in the 'H NMR spectra.
Then, 2-mercaptoethanol was reacted with the allyl group
by Michael addition reaction, showing the disappearance
of characteristic peaks for allyl double bond (5.54-5.60
ppm) meanwhile the appearance of characteristic peak
for 2-mercaptoethanol (8.38 ppm) by 'H NMR analysis
(online supplemental figure S3). Subsequently, HO-PEG-
PAsp(AzE) was synthesized by aminolysis of HO-PEG-
PBLA (poly-beta-benzyl-L-aspartate) with 2-(azepan-1-yl)
ethanamine (AzE) as reported.”” After the aminolysis,
the characteristic peaks of benzyl groups (7.28 ppm)
disappeared whereas the characteristic peaks of methy-
lene groups of AzE appeared (1.66, 3.09 ppm) (online
supplemental figure S4). The completed aminolysis was
also verified by FTIR analysis (online supplemental figure
S5), showing the disappearance of characteristic vibra-
tion absorption peaks for benzyl ester in PBLA at 1730
cm™t (v ester), 745cm™ and 696cm™ (8, ). Finally,
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Figure 2 TA significantly suppressed M2 polarization of macrophages in vitro. (A) Morphological transformation and
representative immunofluorescent staining of M1 markers (CD80 and iNOS) and M2 markers (CD206 and Arg1) in M2
macrophages treated with 25uM TA for 48 hours. (B) The mRNA levels of CD206, Arg1, TNF-co, and iNOS in M2 macrophages
were measured by gRT-PCR. n=3. (C) The secretion levels of polyamine were measured by ELISA (n=3). (D,E) Protein
expression levels of CD206, iINOS, CD80, Arg1, and IL-6 in M2 macrophages treated with different concentrations of TA

were determined by western blot. (F) CD206+ macrophages (gated on CD11b+F4/80+ macrophages) were quantitatively
determined by flow cytometry assay. (G) Schematic illustration of coculture system. (H,l) IFN-y+CD8+ T cells in the coculture
system were quantitatively determined by flow cytometry assay. (J) The secretion levels of IFN-y were measured by ELISA
(n=3). (K) Morphological changes and viability of Hep1-6 HCC cells in coculture system with or without TA treatment. Hep1-6
cell viability was evaluated by CCK-8 assays (n=3). (L) T-cell cytotoxicity to tumor cells was evaluated by LDH assay (n=3).
*P<0.05, **P<0.01, **P<0.001, ***P<0.0001. aPD-1, programmed cell death receptor 1 antibody; Arg1, arginase-1; Ctrl, control;
HCC, hepatocellular carcinoma; IFN-v, interferon gamma; IL, interleukin; LDH, lactate dehydrogenase; MDSC, myeloid-derived
suppressor cell; RT-gPCR, real-time quantitative polymerase chain reaction ; TA, tadalafil; TAM, tumor-associated macrophage;
TNF-o, tumour necrosis factor alpha; FSC, forward scatter.
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Figure 3 Characterizations of polymer and nanodrug. (A) "H NMR spectrum of CDM-PEG-PAsp(AZE) in CDCI,. (B) The particle
sizes of nanodrug at pH 7.4 and pH 6.5 determined by DLS (n=3, mean+SD). (C-E) TEM images of nanodrug at various pH
values of 7.4, 6.5, and 5.0, respectively. Scale bar=200nm. (F) The zeta potentials of nanodrug at pH 7.4 and pH 6.5 determined
by DLS (n=3, mean+SD). (G) In vitro aPD-1 release from nanodrug at pH 7.4 and pH 6.5 (n=3, mean+SD). (H) In vitro drug
release from nanodrug at pH 7.4, pH 6.5, and pH 5.0, respectively (n=3, mean+SD). aPD-1, programmed cell death receptor

1 antibody; CDM, 2-propionic acid-3-methylmaleic anhydride; DLS, dynamic light scattering; TEM, Transmission electron

microscopy.

2-propionic acid-3-methyl maleic anhydride (CDM) was
conjugated to the polymer, which resulted in a charac-
teristic peak (2.13 ppm) in the "H NMR spectra of CDM-
PEG-PAsp(AzE) (figure 3A).

The pH-sensitive copolymer was self-assembled into a
micelle with TA encapsulated in the hydrophobic core

(TA-PPA). Then aPD-1 was conjugated to the surface of
as-prepared micelle to obtain final nanodrug (aPD-1@
TA-PPA). The loading content of TA and aPD-1 were
6.4+0.4% and 3.5+0.3%, as detected by UV-vis and ELISA,
respectively. Measurement with dynamic light scattering
(DLS) analysis (figure 3B) showed that the particle sizes
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of aPD-1@TA-PPA was 120.5+8.7nm and 102.1+7.4 at pH
7.4 and 6.5. The decreased particles size of nanodrug
at pH 6.5 might be attributed to the release of aPD-1.
As demonstrated by TEM observation, aPD-1@TA-PPA
exhibited a spherical morphology around 100nm at
pH 7.4 (figure 3C), which was in line with the results of
DLS detection. Additionally, a darker aPD-1 layer on the
nanodrug surface was clearly observed, since the anti-
body is much easier to be stained with uranyl acetate.”
When the pH value changed to 6.5, the nanoparticles
became smaller; meanwhile, the aPD-1 layer disappeared
(figure 3D), implying the antibody was shed from nano-
drug. More pieces of evidence were obtained from the
in vitro aPD-1 release assay, finding nearly 60% aPD-1
was released from nanodrug at pH 6.5 within 4hours
(figure 3G). The results demonstrated that the antibody
could be efficiently released responded to TME acidity,
which was essential for aPD-1 to activate the cytotoxic T
cells. Moreover, the aPD-1 release induced a potential
reversal of nanodrug from -9.5+1.3mV to+3.3 + 0.6 mV
(figure 3F), owing to the shedding of negatively charged
antibody and the protonation of AzE groups,” which
might facilitate the endocytosis of nanodrug by TAMs and
MDSCs. The in vitro release profiles of TA from aPD-1@
TA-PPA at different pH values were shown in figure 3H.
At both pH of 7.4 and pH 6.5 mimicking the blood envi-
ronment and tumor tissue acidity, respectively, less than
15% TA was released in 24 hours. When the pH value
was changed to 5.0, the 24 hour cumulative release of TA
increased to 80%, implying a quick drug release could
be triggered in the lysosomal compartments (pH 5.0) of
TAMs and MDSCs. Based on these results, the nanodrug
was capable of sequentially release aPD-1 in tumor tissue
and TA inside targeted cells by responding to the TME
and lysosomal acidity, respectively.

To evaluate the serum stability of nanodrug, we
detected the particle size of aPD-1@TA-PPA in serum
condition against time, and non-significant size change
was detected over the experimental time range (online
supplemental figure S6a), which implied that our nano-
drug was stable in serum. Additionally, the cytotoxicities
of nanodrug (aPD-1@TA-PPA, figure 4) were evaluated
by CCK-8 assay. As shown in online supplemental figure
S6b, Hepl-6 cells, RAW264.7 cells, and LO2 cells (human
hepatocytes) incubated with aPD-1@TA-PPA exhibited
almost no decrease in viabilities at working concentra-
tion, indicating low cytotoxicity of the nanodrug.

In vitro T-cell binding and cellular uptake of nanodrug

Based on making clear the counteraction of TA against
the immunosuppressive effect of M2-TAMs and MDSCs
as described previously, it is reasonable to assume that TA
may serve as an antitumor drug candidate for conquering
ICB resistance in HCC by regulating immunosuppres-
sive TME. However, we also notice that TA shows a poor
bioavailability in the tumor tissue, as well as unfavorable
side effects due to non-specific inhibition of the physio-
logical PDE5,” *' which may collectively lead to limited

antitumor effect of TA monotherapy™ * and impede its

clinical antitumor translations. Aiming at resolving the
aforementioned issues, we developed a peripheral circu-
latory T cell-driven nanocarrier with dual-pH sensitivities
to facilitate tumor-targeted delivery of TA and aPD-1.

CD8+ T cells (purple Alexa Fluor 647) were selected as
a target in the in vitro binding study in order to show the
activation of nanodrug on antitumor immunity via effec-
tively binding to CD8+ T cells. At pH 7.4 mimicking the
physiological circulating environment, the fluorescence
signals of both aPD-1 (green Alexa Fluor 488) and TA
(represented by hydrophobic red fluorescence of NR)
gradually increased as incubation time went on and were
mainly located on the surface of CD8+ T cells (figure 4A),
which indicated the successful binding of nanodrug to
CD8+ T cells dependent on the PD-1-aPD-1 interaction
rather than cellular internalization. At pH 6.5 mimicking
the tumor extracellular microenvironment, the red fluo-
rescence signals on cell surface rapidly weakened as
incubation time went on, which indicated the separation
of the NR-labeled micelle from CD8+ T cells via CDM
linkage cleavage under slightly acidic environments. The
aforementioned in vitro results laid a foundation for the
potential of our CD8+ T cell-binding nanodrug not only
to realize tumor-targeted drug delivery accompanied with
the intratumoral infiltration of CD8+ T cells, but also to
facilitate first-stage drug release in response to the acidic
TME (pH 6.5), providing aPD-1 to block PD-1 of T cells
and leaving a positively charged TA-PPA to dually regulate
MDSCs and M2 macrophages.

Next, MDSCs and M2 macrophages were selected as
the TA target cells for the in vitro drug uptake study. As
evidenced by CLSM observation, both MDSCs and M2
macrophages showed obvious NR red fluorescence in the
cytoplasm after 4 hours incubation at pH 6.5, which indi-
cated the efficient cellular internalization of nanodrug.
By contrast, cells incubated at pH 7.4 showed little drug
uptake (figure 4B,C). The aforementioned results were
also quantitatively confirmed by flow cytometry analyses
(figure 4D). These results indicated that TA-PPA could be
readily taken up by MDSCs and M2 macrophages, which
could be attributed to the surface charge conversion from
negative to positive after the first-stage aPD-1 release, as
well as to the high endocytic capacities of MDSCs and
macrophages.”*

Tumor accumulation and biodistribution in vivo

In vivo binding of the nanodrug to CD8+PD-1+ T cells
was investigated. Twelve hours after aPD-1@NR-PPA was
injected into mice via tail vein, the blood T cells were
isolated and observed by CLSM. As shown in figure 4E,
most CD8+ T cells (green Alexa Fluor 488) were deco-
rated with red fluorescent NR (red arrow), indicating
an effective binding of aPD-I@NR-PPA to CD8+ T cells.
Moreover, 24 hours after the injection of aPD-1@TA-PPA,
the tumor-infiltrating T cells were also isolated for quan-
titative flow cytometry analysis. As shown in figure 4F,
only 17.1% of the tumor-infiltrating CD8+ T cells in the
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Figure 4 T cell-mediated drug delivery in vitro and in vivo. (A) CD8+ T cells (purple Alexa Fluor 647) were selected as a target
in the in vitro binding study. aPD-1 was labeled with green Alexa Fluor 488, and TA was represented by hydrophobic red
fluorochrome NR for fluorescence visualization. The binding of aPD-1@NR-PPA to PD-1+ T cells at pH 7.4 or 6.5 was revealed
by CLSM imaging. (B-D) Cellular uptake of aPD-1@NR-PPA in M2 macrophages and MDSCs at pH 7.4 or 6.5 was determined
by CLSM imaging and flow cytometry, respectively. (E) All blood lymphocytes were isolated at 12 hours after tail vein injection.
CLSM images showed the binding of aPD-1@NR-PPA to CD8+ T cells. CD8+ T cells were labeled by green Alexa Fluor 488
fluorescence, and TA was replaced by red fluorescence NR for fluorescence visualization. Red arrows show the nanodrug-
bound PD-1+CD8+ T cells, and white arrows show PD-1+CD8- T cells attached with nanodrug. (F) The proportion of tumor-
infiltrating CD8+ T cells blocked by APC-Cy7-labled aPD-1 was analyzed by flow cytometry. (G) Representative fluorescence
imaging of the hepatic tumor and main organs harvested from mice bearing orthotopic HCC at 24 hours after intravenous
injection of Iso@DiR-PPA or aPD-1@DiR-PPA. The near-infrared fluorescent dye DiR instead of TA was loaded into the
nanocarrier for fluorescence imaging in vivo. aPD-1, programmed cell death receptor 1 antibody; DiR, 1,1’-dioctadecyl-3,3,3",3’-
tetramethylindotricarbocyanine iodide; HCC, hepatocellular carcinoma; MDSC, myeloid-derived suppressor cell; NR, Nile red;
PBS, phosphate-buffered saline; PD-1, programmed cell death receptor 1; TA, tadalafil
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mice receiving free aPD-1 were blocked by aPD-1 (APC-  particular, infiltrating CD8+ T cells play a key antitumor
Cy7 positive), while the APC-Cy7-positive cells were raised ~ role by tumor-specific cytotoxicity, whereas M2 TAMs,
to 54.3% when the mice were treated by aPD-1@TA-PPA. MDSCs and regulatory T cells (Tregs) behave as main

This result indicated that our drug delivery strategy effec-  immunosuppressive cells which cause tumor immune
tively blocked the PD-1-PD-L1 axis. escape.” In addition to making clear the inhibitory effect

Next, in vivo fluorescence imaging was performed to of TA on M2 macrophage polarization in vitro (figure 2),
further evaluate the nanodrug biodistribution after injec- our in vivo data of flow cytometry determined that TA

tionintomiceviatailvein. The near-infraredfluorescentdye a5 also capable of suppressing M2 polarization of TAMs
L,"-dioctadecyl-3,3,3",3"-tetramethylindotricarbocyanine - 4nd reducing the proportion of MDSCs (CD11b+Gr+) in
iodide (DiR) instead of TA was loaded into the micelle mice bearing orthotopic HCC (figure 5A,B). Meanwhile,
for ﬂuoresce.nce 1mMaging 1n vivo. .AS ShOWI.l m ﬁgur? 49’ TA administration significantly reduced the polyamine
_bOth ISO@DIR'PPA and ?PD'l @DiR-PPA dlspl.ayed signif- production in the HCC tumor tissues (figure 5). Based
icant hepatic accumulation at 24 hours after intravenous e ed findings confirming the effective

inj'ectilon p(;ol;abl%yldue to tiel\?ntrslpment by t}ée be}?alt]ic inhibition of TA on M2 TAMs, MDSCs and polyamine
reticuloendotnelial system. otably, compared with the production in tumor tissues, we further found that TA

[so@DiR-PPA group, the aPD-1@DiR-PPA group showed 4 i i ration significantly decreased the proportion

more intensive DiR fluorescence in the hepatic tumor of Treg cells (CD4+Foxp3+) (figure 5C,D). Interestingly,

area. Thus, as evidenced by. the in vivo fluorescence CL2, a classical chemokine which is mainly produced by
imaging, aPD-1-decorated micelle possessed favorable . .
both tumor cells and myeloid cells and plays a crucial

tumor-targeting ability for drug delivery in mice bearing ) . ) )
role in promoting the recruitment of immunosuppres-

orthotopic HCC. ) 26 o

sive cells (eg, MDSCs and Treg cells),” was significantly
TA reversed the immunosuppressive TME by regulating M2 reduced in the tumor tissues of the TA-treated group as
TAMs and MDSCs indicated by the ELISA results (figure 5G). Although the

Tumor growth is a complex process affected by the mutual underlying mechanism mediating such an effect of TA
interaction between multiple immune cells in the TME. In remains to be further identified, it suggested that CCL2
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Figure 5 TA regulated M2 TAMs and MDSCs to reverse the immunosuppressive TME. (A-C) M2 macrophages (CD206+, gated
on CD11b+F4/80+ cells), MDSCs (Gr1+, gated on CD11b+ cells) and Treg cells (Foxp3+, gated on CD3+CD4+ cells) in Hep1-6
tumor tissues were quantitatively determined by flow cytometry assay. (D,E) Representative immunohistochemical staining
showed Treg cells (Foxp3+, brown) in Hep1-6 tumor tissues. (F) Expression levels of polyamine in Hep1-6 tumor tissues were
analyzed by ELISA assay. n=3. (G) Expression levels of immunosuppressive chemokine CCL2 in Hep1-6 tumor tissues were
analyzed by ELISA assay (n=3). *P<0.05, **P<0.01, **P<0.001, ***P<0.0001. CCL2, C-C motif chemokine ligand 2; MDSC,
myeloid-derived suppressor cell; PBS, phosphate-buffered saline; TA, tadalafil; TAM, tumor-associated macrophage; TME,
tumor microenvironment.

10 Wang X, et al. J Immunother Cancer 2023;11:2006493. doi:10.1136/jitc-2022-006493



might be a vital mediator involved in the regulation of
TA on the immunosuppressive TME. Moreover, the afore-
mentioned counteraction of TA administration against
the immunosuppressive TME was significantly strength-
ened in the group receiving TA-PPA (figure 5A-E), which
could be attributed to the enhanced cell uptake of nano-
drug facilitated by the TME acidity and also to the lyso-
somal acidity-triggered intracellular TA release. Taken
together, TA delivered by nanocarrier displayed a great
in vivo performance to counteract the immunosuppres-
sive TME of HCC by simultaneously regulating M2 TAMs
and MDSCs, which pushed forward our next investigation
on the previously unknown role of TA in conquering ICB
resistance for HCC treatment.

Nanodrug regulated TME and achieved enhanced therapeutic
outcome in HCC

To verify the role of TA in conquering ICB resistance
for HCC treatment, mice bearing orthotopic HCC were
administrated by different therapies (TA-PPA, aPD-1-
PPA, or the combination of TA and aPD-1, ie, aPD-1@
TA-PPA) via tail vein injection. We appraised the effect
of combination therapy of TA and aPD-1 on the HCC
immune microenvironment by flow cytometry and immu-
nohistological analyses. As expected, the group receiving
aPD-1-PPA alone displayed a slightly increased propor-
tion of M1 TAMs (CD80, iNOS as marker) and CD8+
T cells, and a mildly reduced proportion of M2 TAMs
(Argl, CD206 as marker), Tregs and MDSCs in the tumor
tissues (figure 6A-D), which was consistent with previous
reports demonstrating the promotion of aPD-1 on anti-
tumor immunity.” Inspiringly, the combination therapy
of aPD-1@TA-PPA showed the most effective modulation
on HCC immune microenvironment as evidenced by the
highest proportion of M1 TAMs and CD8+ T cells, and
the lowest proportion of M2 TAMs, Tregs and MDSCs in
the tumor tissues (figure 6A-D). In addition, the highest
INF-y level were also confirmed in the aPD-1@TA-PPA
group (figure 6E). These in vivo results verified that
codelivery of TA and aPD-1 jointly fostered an antitumor
immune microenvironment.

Next, the antitumor effect of different therapies
was further evaluated. On one hand, compared with
the monotherapy of TA-PPA or aPD-1-PPA, the combi-
nation therapy of aPD-1@TA-PPA exhibited the most
potent suppression on tumor growth as determined by
the MRI scan and anatomical observation, and brought
the longest survival for the animals until the end point
of observation (figure 7A-E). Consistent with the afore-
mentioned findings, the combination antitumor effect of
TA and aPD-1 was histologically confirmed by terminal
deoxynucleotidyl transferase-mediated dUTP-biotin nick
end labeling (TUNEL) assay, which showed the highest
level of tumor necrosis in the group receiving aPD-1@
TA-PPA (figure 7F,G). On the other hand, compared with
other groups, only the combination therapy by aPD-1@
TA-PPA showed an effective prevention on lung metas-
tasis in the mice bearing orthotopic HCC (figure 7H).

Furthermore, according to the in vivo MRI imaging and
general view of orthotopic HCC, the group of aPD-1@
TA-PPA nanodrug possessed a significantly better curative
effect against HCC in comparison to the free drugs (free
TA+ free aPD-1) group (online supplemental figure S7).

Side effects in vivo

As shown in figure 7E,H staining showed that aPD-1@
TA-PPA treatment caused no structural damages to the
major organs in HCC mice, indicating low side effects in
vivo. Meanwhile, aPD-1@TA-PPA treatment showed no
damages on the serum markers of liver and renal func-
tions (figure 7I). These results demonstrated that the
combined administration of TA and aPD-1 by nanocarrier
achieved a safe and efficient therapeutic effect against
HCC. Interestingly, aPD-1@TA-PPA treatment mildly
improved the liver function in the orthotopic HCC mice,
whereas such a liver-protective effect of aPD-1@TA-PPA
was not observed in a classical liver injury model induced
by carbon tetrachloride (online supplemental figure S8).
Thus, we speculate that the liver protection of our nano-
drug is likely to be from its antitumor effects, rather than
from the liver-protective effect of the drug itself. Taken
together, we provided convincing evidences which indi-
cated the remarkable therapeutic efficacy with minimal
side effects of our novel nanodrug (aPD-1@TA-PPA) for
HCC immunotherapy.

DISCUSSION

Immunotherapy, particularly the FDA-approved ICB (eg,
PD-1 inhibitor), has shown great potential for treating
various malignant tumors. Nevertheless, PD-1 inhib-
itor obtained poor objective response rates (15%—20%)
in phase I/1I trials and failed to meet the primary end
points in phase III trials for patients with HCC, which was
primarily attributable to ICB resistance induced by the
immunosuppressive TME, as well as to drug discontinua-
tion caused by serious immune-related adverse events.”™
Thus, novel anti-HCC strategies that can simultaneously
overcome ICB resistance and reduce side effects are
urgently needed. Aiming at overcoming the aforemen-
tioned dilemma, we develop a novel tumor-targeted
nanocarrier for the combined delivery of aPD-1 and TA.
We confirmed the formed nanodrug (aPD-1@TA-PPA)
achieved a highly effective therapy and minimal side
effects in vitro and in orthotopic HCC model.

TA, a selective inhibitor of cyclic guanosine
monophosphate-specific PDE5, is a common clinically-
used drug worldwide for treating erectile dysfunction
and pulmonary hypertension.18 Encouragingly, recent
laboratory and clinical studies reveal that TA can effec-
tively antagonize immunosuppression in malignances
including head and neck squamous cell carcinoma and
multiple myeloma.38 3 However, few reports provide
direct evidence referring the immune regulatory effect
of TA in HCC immunotherapy. One important finding
of our study is discovery of the effective intervention of

Wang X, et al. J Immunother Cancer 2023;11:¢006493. doi:10.1136/jitc-2022-006493

11


https://dx.doi.org/10.1136/jitc-2022-006493
https://dx.doi.org/10.1136/jitc-2022-006493

Open access

Figure 6

(a) aPD-1@
PBS TA-PPA aPD-1-PPA TA-PPA

1404%  145%  29.3% | 9.93%

3 oss% |
: A D s S

CD206* >

3

(c) aPD-1@
TA-PPA aPD-1-PPA TA-PPA

(d) aPD-1@

CD8/Nuclei

Yazeu [417% | 284% | 48.9% __PBS TA-PPA aPD-1-PPA TA-PPA
< 3
O 4 : r g
o ] &) o) | ={
CcD8o0* > i
E 4
; - ’ 4 G .
] | | N
I 25.1% 10.2% | 17.6% | 4 86% :
5 @ 2| B <] y
“ Foxp3* > < |
146.8%o 24.5% 110.4% £l
53 ! (e) aPD-1@
Ll TA-PPA
CD11be T ) PBS;} TA-PPA aPD 1- ‘PPA’
$1312% | 84e% | 113% | 14.1%
N . _
0
Q)<= lb D e |, @_
IFN-y*
(b), - ° 0 0
@ 3 3 o 3
+ 50 e g pp———— P SV 7 S P
2 o < E & —
5 40 2 40 g 30 T30 Q 15
L 30 w - o o
5 20 5 5 20 020 % 10
& 10 ézo o:'é:_w S 10 Ls
80 g0 S0 50 £ 0
S LSS = T @ RQV'\'QQ?' L& T FLLILT T P
¥ 0'\ ¥ ¥ 0'\ ¥ <¥ N ¥ ¥ o" ¥ ¥ 03\ ¥
& @ & @ & @ & @ & @
B o o » »
8 & & 8 P

Figure 6 Combined administration of TA and aPD-1 by nanocarrier synergistically regulated TME. (A,B) M1 or M2 TAMs, Tregs,
MDSCs and CD8+ T cells in the Hep1-6 tumor tissue from orthotopic HCC mice receiving various treatments were quantitatively
determined by flow cytometry assay (n=3). (C) Representative immunofluorescent staining showed CD8+ T cells in Hep1-6
tumor tissues. (D,E) The key markers of M2 TAMs (Arg1) and M1 TAMs (iNOS), as well as the IFN-y expression levels in Hep1-6
tumor tissues were revealed by immunohistochemical staining. **P<0.01, ***P<0.0001. aPD-1, programmed cell death receptor
1 antibody; HCC, hepatocellular carcinoma; IFN-v, interferon gamma; MDSC, myeloid-derived suppressor cell; PBS, phosphate-
buffered saline; TA, tadalafil; TAM, tumor-associated macrophage; TME, tumor microenvironment.

TA in the metabolism—immunity crosstalk in the TME as
evidence by the inhibitory role of TA in M2 polarization
and Argl/polyamine metabolism of TAMs both in vitro
and in orthotopic HCC model. It is notorious that tumor
cells reprogram their metabolism to adjust to harsh

environments. For instance, our previous study demon-
strated that heat stress-challenged HCC cells enhanced
aerobic glycolysis metabolism to improve their survival
ability.* Recently, growing research indicate that meta-
bolic reprogramming of the immune cells in TME is vital
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Figure 7 Combined administration of TA and aPD-1 by nanocarrier achieved remarkable therapeutic effect in HCC.

(A) Schematic diagram of nanodrug therapy for mice bearing orthotopic Hep1-6 HCC. (B) Monitoring the tumor growth by T2WiI
at different times. (C) General view of orthotopic HCC in different groups. (D) Tumor growth of the orthotopic HCC measured

by MRI scan. n=5. (e) Survival curves of the orthotopic HCC mice. n=5. (FG) The tumor apoptosis was detected by TUNEL
staining. (H) H&E staining of the tumor, lung, heart, spleen, and kidney tissues harvested from different groups. (i) Serum

levels of ALT, AST, TBIL, albumin and BUN in mice measured at day 15 (n=3). *P<0.05, **P<0.01, ****P<0.0001. ALT, alanine
transaminase; aPD-1, programmed cell death receptor 1 antibody; AST, aspartate aminotransferase; HCC, hepatocellular
carcinoma; ns, no significance. BUN, blood urea nitrogen; PBS, phosphate-buffered saline; T2WI, T2-weighted MRI; TA,
tadalafil; TBIL, total bilirubin.

for immunosuppression and tumor progression. Particu-  to mediate the disability of dendritic cells but also induces
larly, M2 macrophages were found to make use of upreg-  the apoptosis of T cells and natural killer cells, which
ulated Argl to convert arginine into polyamine, thus  collectively contributes to an immunosuppressive TME. !
consuming the arginine required for T-cell function and  After making clear the inhibition of TA on M2 polar-
impairing T-cell cytotoxicity.”” '* Furthermore, the over-  ization and polyamine production of TAMs, the effec-
produced polyamine not only increases IDO1 expression tive regulation of TA on immunosuppressive TME was

Wang X, et al. J Immunother Cancer 2023;11:¢006493. doi:10.1136/jitc-2022-006493 13



further confirmed by our observations that TA was also
capable of inhibiting the immunosuppressive MDSCs
and Tregs, and promoting the proimmune, antitumor
CD8+ T cells. Noteworthily, the direct action of TA on the
proliferation, apoptosis and invasion of tumor cells was
excluded (online supplemental figure S9). These results
make a good pharmacological explanation for the role
of TA in conquering ICB resistance, and for the synergis-
tically improved outcome of the combination therapy of
aPD-1@TA-PPA in orthotopic HCC mice.

For a deeper insight into the previously unknown role
and mechanisms of TA as antitumor drug candidate for
conquering ICB resistance, the dual regulation of M2
TAMs and MDSCs by TA is worthy of attention. MDSCs not
only can produce abundant immunosuppressive factors
to directly impair T cell cytotoxicity, but also can trans-
differentiate into immunosuppressive M2 TAMs to be a
constant source for M2 TAMs,'"” which well explains why
monotherapy targeting the M2 TAMs or MDSCs alone
failed to achieve satisfactory outcomes for conquering
ICB resistance.*! 2 Noteworthily, CCL2, a classical chemo-
kine with potent ability of recruiting immunosuppres-
sive cells including MDSCs and Tregs, was significantly
reduced by TA treatment in the HCC tissues. Although
the mechanism underlying such an effect of TA remains
unclear, we speculate that CCL2 might be a vital medi-
ator involved in the regulation of TA on the immuno-
suppressive TME, which contributes to overcoming ICB
resistance and partially accounts for the synergistically
enhanced efficacy of the aPD-1@TA-PPA combination
therapy for HCC treatment.

Apartfrom the aforementioned pharmacological mech-
anism, in further view to the pharmacokinetics aspect, an
efficient tumor-targeted delivery of aPD-1 and TA by our
workable strategy also plays a crucial role in the improved
efficacy of combination therapy. In present study, based
on our previous work,” we further developed a novel
nanodrug (aPD-1@TA-PPA) carrying aPD-1 on its surface
and encapsulating hydrophobic TA in its hydrophobic
core based on a tailor-made block copolymer with dual
pH sensitivities. On one hand, aPD-1@TA-PPA facilitates
passive tumor targeting via the enhanced permeability
and retention (EPR) effect,”” a previously well-verified
effect through which core-shell structural nanoscale
micelles are capable of accumulating in tumor sites. On
the other hand, aPD-1@TA-PPA can probably bind to
circulating PD-1+ T cells in the blood to realize an uncon-
ventional tumor-targeted delivery via tumor recruitment
of nanodrug-bound T cells. Noteworthily, growing recent
studies have revealed that EPR effect is heterogeneous in
humans and even may not exist in some tumors, leading to
amuch less effective tumor accumulation of nanodrugs.**
Thus, our T cell-mediated targeted strategy provided a
potent supplement to the EPR-driven passive tumor accu-
mulation of the nanodrug. In addition, based on our
previous study, making use of dual-sensitive nanocarrier
to facilitate highly efficient and targeted drug release
in pathological microenvironment,”” we introduced a

tailor-made block copolymer to endow aPD-1@TA-PPA
with the property of dual pH-sensitive drug release. In
response to the TME weak acidity (pH~6.5), aPD-1@
TA-PPA delivered to the tumor tissue by either recruiting
nanodrug-bound PD-1+ T cells or EPR effect triggers
the firststage drug release in TME to provide aPD-1
for blocking THE PD-1-PD-1 axis to activate the tumor-
killing cytotoxic T cells. Meanwhile, the first-stage drug
release also leads to a surface charge reversal from nega-
tive to positive, leaving a positively charged TA-encap-
sulated micelle (TA-PPA) which allows an easier drug
internalization into M2 macrophages and MDSCs. Next,
in response to the strong acidity of lysosomal microen-
vironment, TA-PPA triggers the rapid second-stage drug
release to provide TA for dually inhibiting M2 macro-
phages and MDSCs to reverse immunosuppressive TME.
Taken together, we offered a nanomedicine strategy for
tumor-targeted dual-drug delivery to gain remarkable
efficacy with minimal side effects in HCC treatment.

CONCLUSIONS

In current study, aiming at simultaneously overcoming
ICB resistance and reducing side effects, we develop
a T cell-mediated tumor-targeted nanocarrier for the
combined delivery of aPD-1 and TA. We confirmed the
formed nanodrug (aPD-1@TA-PPA) achieved a highly
effective therapy and minimal side effects in vitro and
in orthotopic HCC model. Our novel nanomedicine
strategy promotes the clinical translational application of
dual-drug combination therapy (eg, ICB and novel immu-
nological adjuvant) for HCC and other refractory tumors.
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