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Abstract

Immune checkpoint inhibition (ICl) has become the mainstay of immunotherapy for the treatment of renal cell
carcinoma (RCC). However, only a small portion of patients exhibit a positive response to PD-1/PD-L1 blockade
therapy and the key reason is that RCC belongs to a vascular-rich tumor for promoting immunosuppression.
Specifically, the dysfunctional tumor vasculature hinders effector T cell infiltration and induces immunosuppressive
tumor microenvironment via the release of cytokine, which attenuates the therapeutic efficacy of ICl. Therefore,
regulating abnormal tumor vasculature may be a promising strategy to overcome the immunosuppressive
microenvironment and enhance ICI therapy. Here, we propose an NGR peptide-modified actively targeted liposome
(Axi/siIRNAPP@NGR-Lipo) to encapsulate the anti-angiogenic agents Axitinib and PD-L1 siRNA to promote tumor
vasculature normalization and relieve immune evasion for enhanced anti-tumor immunotherapy. With NGR-
mediated tumor homing and active targeting, Axi/siRNA"®""@NGR-Lipo could act on tumor vascular endothelial
cells to inhibit neo-angiogenesis, increase pericyte coverage and vascular perfusion, and normalize the structure
and function of tumor blood vessels. Meanwhile, it also enhanced immune effector T cells and NK cells infiltration
and reduced the proportion of immunosuppressive T cells including MDSC cells and Tregs, thus improving the
tumor immunosuppressive microenvironment. Moreover, Axi/siRNA"®"@NGR-Lipo reduced the expression of
PD-L1 protein in tumor cells, restored the recognition and killing ability of cytotoxic T cells, and relieved immune
evasion. As expected, Axi/siRNATP'@NGR-Lipo displayed superior anti-tumor and anti-metastatic efficacy in mice
bearing RCC. Overall, this study demonstrated the important potential of regulating abnormal tumor vasculature to
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reshape the immunosuppressive microenvironment and boost ICl therapy, which represents a promising avenue for
the synergistic anti-tumor with cancer immunotherapy.
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Introduction

Renal cell carcinoma (RCC) is a malignant cancer com-
monly occurring in the urinary system, with the inci-
dence increasing over the past decade, only preceded
by prostate cancer and bladder cancer [1-3]. Currently,
radical surgery stands as the main effective treatment
for early-stage RCC patients, with more than 90% five-
year survival [4]. However, due to the insidious nature of
the disease and the lack of specific markers, most RCC
patients are often diagnosed at an advanced stage, with
survival rates of only 12% [5]. Patients with advanced
RCC primarily rely on systemic drug therapy, but con-
ventional chemotherapeutic agents are rarely effective in
advanced RCC [6]. Therefore, there is an urgent demand
for a new therapeutic approach to prolong the survival of
patients with advanced RCC.

RCC is a vascular-rich tumor in which angiogen-
esis plays an important role in tumor development and
metastasis [7]. Blood vessels provide oxygen and nutri-
ents for tumor growth and also support the metastasis of
tumor cells from the primary site to distant tissues and
organs [8]. However, the immature neo-vascular system
at the tumor site is usually malformed and dysfunctional,
characterized by a disorganized microvascular network,
defective endothelial cells and sparse pericyte coverage
[9-12]. The abnormal vascular system could lead to a
high-pressure, acidic and hypoxic tumor microenviron-
ment. More and more studies have found that angio-
genesis play an important role in promoting immune

evasion of tumor [13]. On the one hand, the abnormal
structure and function of the neo-vasculatures impede
the infiltration of cytotoxic T lymphocytes (CTL) into
tumors, which is a prerequisite for an efficient anti-
tumor immune response [14]. Meanwhile, neo-vascula-
tures typically suffer from the absence of some adhesion
molecules, such as vascular cell adhesion molecule-1
(VCAM-1), whose down-regulation further impairs T
cell extravasation [14]. On the other hand, VEGF, as a
key stimulator of angiogenesis [15, 16], would interfere
with the immune response by inhibiting the maturation
of dendritic cells (DCs) and increasing the populations
of regulatory T cells (Tregs) and myeloid-derived sup-
pressor cells (MDSCs) within the tumor [17, 18]. VEGF
was also found to suppress T cell formation and function
and promote T cell depletion by upregulating immune
checkpoints [19, 20]. Therefore, the aberrant tumor neo-
vascular system constitutes a primary physical and bio-
chemical barrier to T cell infiltration and function, thus
compromising immunotherapy efficacy [11, 21]. From
this, tumor neo-vasculatures are the potential target for
the treatment of RCC.

Anti-angiogenic therapy is an emerging therapy for
tumors in recent years, which normalizes the tumor
vasculature by inhibiting neo-vascularization, thus
improving TME and increasing drug penetration. Anti-
angiogenic agents (AAs) have become first-line agents
in tumor treatment by blocking the interaction of
angiogenic factors with their receptors to inhibit tumor
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angiogenesis for preventing further cancer progression
[22]. Although FDA-approved AAs, including axitinib,
pazopanib, bevacizumab, sunitinib, and thalidomide,
have exhibited outstanding therapeutic efficacy, there are
still risks of poor efficacy, drug resistance, long treatment
period, and susceptibility to recurrence in solid tumors
[23-25]. Consequently, a single anti-angiogenic therapy
is no longer sufficient for the treatment of malignant
tumors with complex development processes and drug
resistance mechanisms, but the combination of multiple
therapies will be required to achieve much more effective
therapeutic efficacy.

Immunotherapy, represented by immune checkpoint
inhibitors (ICI), has provided unprecedented benefits in
the treatment of a wide range of malignancies [26, 27].
Nevertheless, the low immunogenicity of tumor cells and
the individual variability of the immune system lead to
the fact that usually only a small proportion of patients
benefit from ICI [28—30]. The intrinsic nature of ICI ther-
apies only relieves the immune evasion of tumor cells, so
even if PD-1/PD-L1 binding is blocked, less CTL infiltra-
tion arising from the abnormal vascular system in tumors
may result in weak immune response activation. From
this perspective, the combination of anti-angiogenic
therapy and ICI seems to be a match made in heaven,
where AAs normalize the vasculature and increase CTL
infiltration, in parallel with ICI that disarms the immune
evasion of tumor cells, with both therapies potentiating
the immune response synergistically. Furthermore, it has
also been shown that ICI can enhance the efficacy of AAs
by promoting vascular changes [11]. For example, Tian et
al. found that depletion or deactivation of CD4* T cells
reduced vascular normalization, whereas ICI activation
improved tumor vascular normalization [31]. Hence,
anti-angiogenic therapies and ICI are complementary
and mutually reinforcing in their mechanisms of action,
and have great potential for combined application in
RCC treatments.

In this study, we designed NGR peptide-modified
actively targeted liposomes (Axi/siRNAPP11@NGR-
Lipo) to co-encapsulate Axitinib (Axi) and siRNAPP-H
for the synergism of anti-angiogenic therapies and ICI
for the treatment of RCC (Scheme 1). NGR peptide could
provide tumor-homing and active targeting effects by
binding to CD31 overexpressed in the surface of tumor
cells and tumor neo-vasculature. After specific accumula-
tion in the tumor tissue, Axi/siRNA’P M1 @NGR-Lipo was
endocytosed by tumor cells and tumor vascular endothe-
lial cells to release Axi and siRNAFP~'1, On the one hand,
the anti-angiogenic drug Axi inhibited the generation of
tumor neo-vasculatures and normalized the tumor vas-
cular system to promote CTL infiltration. On the other
hand, the released siRNAPP™M suppressed the PD-L1
gene to reduce the expression of the PD-L1 proteins on
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the surface of tumor cells, thus relieving the immune eva-
sion of tumor cells. During the research, it was shocking
to find that Axi alone induced an elevation of the PD-L1
protein on the surface of tumor cells, which could lead
to severe immune evasion. Nevertheless, it also provides
additional imperative and rationale for the combination
of Axi with siRNAPP as Axi/siRNAPP-M@NGR-Lipo
significantly reduced PD-L1 proteins on the surface of
tumor cells and improved anti-tumor immune efficacy.
Overall, this study provides a novel approach for the
application of the combination of anti-angiogenic ther-
apy and ICI in the treatment of RCC, with potential clini-
cal translation and application.

Results and discussion

Preparation and characterization of Axi/siRNAPD-L1@
NGR-Lipo

Firstly, DSPE-PEG2000-NGR was obtained by the thiol-
ene “click” reaction of the maleimide group in DSPE-
PEG2000-MAL and the sulfhydryl group on the cysteine
at the end of the NGR peptide (Fig. S1). The "H-NMR
spectrum demonstrated that the characteristic peak of
maleimide at 6.8 ppm was present in the spectrum of
DSPE-PEG2000-MAL, while disappearing in DSPE-
PEG2000-NGR (Fig. S2), indicating the successful conju-
gation of the maleimide group to sulthydryl group. The
MALDI-TOF results presented that the major peaks of
DSPE-PEG2000-MAL, NGR and DSPE-PEG2000-NGR
were 2275.4, 783.31 and 2872.8, respectively, which were
substantially consistent with the theoretical molecular
weights, thus further indicating the successful synthesis
of DSPE-PEG2000-NGR (Fig. S3).

Subsequently, Pro-siRNAPP-'!  complexes  were
formed by self-assembly via the charge interaction of
protamine with siRNAPP™!, The results of agarose gel
electrophoresis revealed that siRNAPPM could be com-
pletely solidified when the mass ratio of protamine to
siRNAPP-M exceeded 3:1 (Fig. 2A). As the mass ratio
increased, although siRNAPP~ was fully consolidated,
the particle size of the Pro-siRNAPP! complexes also
became too large to satisfy the size of nanocore (Fig. 2B).
Hence, the mass ratio of protamine to siRNAP~L! was
3:1 as the optimum ratio for the preparation of Pro-siR-
NAPP-L complexes.

Next, Axi was encapsulated in liposomes by thin-film
dispersion, and eventually, Axi/siRNAPP1!@NGR-
Lipo was obtained by co-extruding liposomes with
Pro- siRNAPPM complexes using a lipid extruder. The
average size and particle size distribution of the prepared
nanoparticles were measured by dynamic light scattering
(DLS). The average particle sizes of Pro-siRNAP~11, Axi/
siRNAPPM@Lipo and Axi/siRNAPL!@NGR-Lipo were
120.1 nm, 159.8 nm and 156.2 nm, with PDI of 0.260,
0.109 and 0.156, respectively (Fig. 2C). Additionally, DLS
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Fig. 1 Construction of NGR peptide-modified actively targeted liposomes Axi/siRNA"PY'@NGR-Lipo co-encapsulating Axi and siRNAPP" and mecha-
nism of combining anti-angiogenic and ICI therapies to enhance anti-tumor immunotherapy for the treatment of renal cell carcinoma

measurements of zeta potential displayed that the sur-
face potentials of Pro-siRNAPP™M, Axi/siRNAPPM@Lipo
and Axi/siRNAPPM@NGR-Lipo were 13.53 mV, -7.88
mV and -14.13 mV, respectively (Fig. 2E). The encapsula-
tion of Pro-siRNAPPM by liposomes shifted the surface
charge from positive to negative but with little change in

particle size, which enabled remarkable stability in vivo
and prolonged the period of circulation. To more intui-
tively identify the microstructure of the nanoparticles,
transmission electron microscopy (TEM) was adopted to
observe their surface morphology. Pro-siRNA"PM dis-
played irregular spheres, whereas Axi/siRNAPP-1@Lipo
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Fig. 2 Characterization of various preparations. (A) Agarose gel electrophoresis assays of Pro-siRNAPP™ at different mass ratios. (B) Particle sizes of
Pro-siRNAPPL! at different mass ratios. (C) Particle size distribution (D) Transmission electron microscopy (TEM) images and (E) Zeta potential of Pro-

SIRNAPPH Axi/siRNAPP Y @Lipo and Axi/siRNAPPH'@NGR-Lipo. (F) Storage stability of Axi/siRNAPP~N'@NGR-Lipo in water, PBS, 5% glucose and RPMI-
1640 for 7 days. (n=3)

and Axi/siRNAPP1' @NGR-Lipo presented a distinct stability of Axi/siRNAPP'@NGR-Lipo was character-
“core-shell” structure (Fig. 2D). The above results com- ized by investigating the change of particle size during
prehensively demonstrated the successful preparation of 7 days of storage in water, PBS, 5% glucose and RPMI-
Axi/siRNAPPM@NGR-Lipo. Consequently, the colloidal ~ 1640. As shown in Fig. 2F and Fig. S4, the nanoparticles
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are well stabilized as the particle size is below 200 nm
for 7 days in different media and the particle size was no
apparent change, with the rate of change within a 20%
range. These results indicated outstanding storage stabil-
ity of the nanoparticles.

In vitro cellular uptake assays

The effective cellular uptake is the prerequisite for
therapeutic efficacy of agents. As such, Cou-6 as a fluo-
rescent reagent was encapsulated in liposomes instead
of Axi to investigate the efficiency of cellular uptake by
HUVEC cells and Renca cells. As shown in Figs. S5 and
S6, the cellular uptake of Axi/siRNAPPM@NGR-Lipo by
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HUVEC cells and Renca cells both gradually increased
with the extension of incubation time, presenting a time-
dependent pattern. Then, the cellular uptake of different
formulations by HUVEC cells was visualized by CLSM.
As shown in Fig. 3A, Cou-6@NGR-Lipo displayed a more
intense green fluorescence signal than free Cou-6 and
Cou-6@Lipo, suggesting that NGR promoted the cellular
uptake of nanoparticles by CD13-overexpressing HUVEC
cells. However, after pre-incubation with free NGR pep-
tide to saturate the receptor, an obvious decrease of green
fluorescence was observed in the Cou-6@NGR-Lipo
group, whereas Cou-6@Lipo exhibited no significant
alteration, evidencing the mechanism that nanoparticles
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Fig. 3 Cellular uptakes in HUVEC cells and Renca cells. Confocal microscopy images of cellular uptakes of various formulations in HUVEC cells (A) and
Renca cells (B). (C) Flow cytometry analysis and (D) Quantitative analysis of cellular uptakes of various formulations in HUVEC cells. (E) Flow cytom-
etry analysis and (F) Quantitative analysis of cellular uptakes of various formulations in Renca cells. Data were present as mean+SD (n=3). **p<0.01,

***p<0.001



Liu et al. Journal of Nanobiotechnology (2025) 23:194

are engaged into the cell via an endocytosis pathway
mediated by NGR binding to the CD13 receptor. Quan-
titative analysis by flow cytometry followed the same
trend as CLSM, with the mean fluorescence intensity of
Cou-6@NGR-Lipo in HUVEC cells appearing 40.4-fold,
2.15-fold and 5.53-fold higher than that of free Cou-6,
Cou-6@Lipo and Cou-6@NGR-Lipo + NGR, respectively
(Fig. 3C and D). Moreover, when investigating the cellu-
lar uptake of nanoparticles by Renca cells, CLSM images
revealed the similar phenomenon appeared in HUVEC
cellular uptake assays, with Cou-6@NGR-Lipo displaying
a more intense fluorescent signal than any other groups
(Fig. 3B). Quantitative analysis by flow cytometry dis-
played that the mean fluorescence intensity of Renca cells
treated with Cou-6@NGR-Lipo was 5.05-fold, 3.06-fold
and 1.48-fold higher than that of free Cou-6, Cou-6@
Lipo and Cou-6@NGR-Lipo + NGR, respectively (Fig. 3E
and F). The above results suggested that NGR-modified
liposomes could significantly enhance cellular uptake by
HUVEC cells and Renca cells by binding to the overex-
pressed CD13 receptor.

In vitro gene silencing and anti-tumor efficiency
It has been reported that PD-L1 protein could inhibit T
cell-mediated immune response, promote the exhaustion
of effector T cells and cause immune evasion of tumor
cells through binding to PD-1 expressed on activated T
cells [32, 33]. PD-L1 expression is regarded as a predic-
tive biomarker of response to ICI therapies. Here, we
carried out western blot assays to explore whether the
treatments of the anti-angiogenic drug Axi alone influ-
ence the PD-L1 expression on the surface of Renca cells.
Astonishingly, from Fig. 4A, we found that the expression
of PD-L1 protein on the surface of Renca cells was gradu-
ally elevated with the concentrations of Axi increasing.
The enhanced tumor PD-L1 expression could potentially
be used to sensitize tumors to ICI therapies, which pro-
vided a strong rationale for the combination of Axi with
siRNAPP-M, This similar phenomenon was also found in
the previously reported studies [34]. Subsequently, we
investigated the effects of different preparations includ-
ing Control, Axi, siRNAPP™M, Axi/siRNAPP@Lipo
and Axi/siRNA’PM!@NGR-Lipo on PD-L1 proteins on
the surface of Renca cells (Fig. 4B). Similar to the above
results, free Axi caused a slight increase in the expres-
sion of PD-L1 protein. Compared with free siRNA, both
Axi/siRNA™PM@Lipo and Axi/siRNAPM@NGR-Lipo
decreased the expression of PD-L1 protein as expected,
with Axi/siRNAPPM@NGR-Lipo silencing PD-L1 pro-
tein most efficiently. Thus, Axi/siRNAPM@NGR-Lipo
provided potent efficacy and substantial advantages in
reducing PD-L1 protein on the surface of Renca cells.
Next, we investigated the toxicity and growth inhibition
of different agents on HUVEC cells and Renca cells. The
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IC50 values of free Axi, Axi/siRNAPP@Lipo and Axi/
siRNAPPM@NGR-Lipo were 24.36 pg/mL, 17.37 pg/
mL and 6.60 pg/mL for HUVEC cells and 39.47 pg/mL,
2545 pg/mL and 10.95 pg/mL for Renca cells, respec-
tively, as determined by CCK-8 assay, and all of them
presented a dose-dependent toxicity (Fig. 4C and D).
Axi/siRNAPP11@NGR-Lipo displayed the highest cyto-
toxicity for HUVEC cells and Renca cells, which may be
attributed to the higher NGR-mediated cellular uptake.
Additionally, Annexin V-FITC/PI staining was performed
to examine the induction of apoptosis in HUVEC cells
and Renca cells by different preparations. For HUVEC
cells, Axi/siRNAPPM@NGR-Lipo induced the most
apoptosis, with the percentage of apoptotic cells in free
Axi, Axi/siRNAPPM@Lipo and Axi/siRNAPP@NGR-
Lipo reaching 33.77%, 45.22% and 66.4%, respectively
(Fig. 4E and F). A similar trend also occurred on Renca
cells, where the percentage of apoptotic cells induced by
free Axi, Axi/siRNA’P@Lipo and Axi/siRNATP-l@
NGR-Lipo was 6.58%, 28.27% and 33.5%, respectively
(Fig. 4G and H). Furthermore, in live/dead cell staining
assays, cells treated with Axi/siRNAPPM@NGR-Lipo
appeared to exhibit substantial red fluorescence (dead
cells) in HUVEC cells (Fig. 4I) and Renca cells (Fig. 4]).
Taken together, Axi/siRNAPPM@NGR-Lipo demon-
strated elevated cytotoxicity and excellent capacity to
induce apoptosis on both HUVEC and Renca cells, which
gave confidence for subsequent in vivo efficacy studies.

Penetration and growth inhibition of 3D spheroids in vitro

Although the above results have demonstrated that Axi/
siRNAPPM@NGR-Lipo could enhance cytotoxicity on
Renca cells and effectively induce apoptosis, the 2D cell
culture could not actually mimic the tumor tissue [35,
36]. Thus, we constructed 3D tumor spheres with Renca
cells to more accurately mimic tumor tissue, which were
subsequently taken to study the penetration and growth
inhibition of NGR-modified liposomes. After 12 h of co-
incubation with 3D tumor spheres, the Cou-6@NGR-
Lipo group displayed much more intense fluorescence
intensity and deeper penetration compared with free
Cou-6 and Cou-6@Lipo group, which may be related to
the NGR-mediated targeting capacity and endocytosis
(Fig. 5A). Subsequently, within 7 days of investigating
growth inhibition on tumor spheres, compared to free
Axi group, tumor spheres in the liposome group both
became remarkably smaller and even collapsed, with
the most severe disintegration occurring in Axi/siR-
NAPP-L1@NGR-Lipo group (Fig. 5B). This phenomenon
would probably be attributed to the elevated cytotoxicity
of Axi/siRNAPPM@NGR-Lipo due to increased cellular
uptake mediated by NGR, which leads to apoptosis of the
outer cells, gradually shrinking the tumor spheres or even
failing to maintain the sphere morphology.
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(1) and Renca cells (J) after various treatments. Data were present as mean +SD. *p < 0.05, **p < 0.01, ***p <0.001
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Fig.5 Penetration and growth inhibition of 3D spheroids in vitro. (A) Tumor spheroid uptake after various treatments. (B) Representative images of tumor

spheroids treated with various preparations within 7 days

In vivo biodistribution and tumor accumulation

The crucial factor for agents to achieve therapeutic effi-
cacy lies in the specific targeting and aggregation at the
tumor site in vivo. Subsequently, we explored the biodis-
tribution and tumor aggregation of liposomes through
an in vivo imaging system. Mice-bearing subcutane-
ous Renca tumor were imaged under an in vivo imaging

system to observe the fluorescence intensity of tumor tis-
sues at 1 h, 2 h, 4 h, 6 h, 8 h and 24 h after injection of
free DiR, DiR@Lipo and DiR@NGR-Lipo, respectively.
With the prolongation of time, no fluorescent signals
were observed at the tumor site in free DiR group, while
the fluorescent signals in the liposome group gradually
increased, with DiR@NGR-Lipo group displaying the
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strongest fluorescent signal intensity (Fig. 6A). Subse-
quently, we carried out a quantification of the fluores-
cence intensity in the tumor. The results demonstrated
that the same trend was observed, with the fluorescence
intensity at the tumor site in the DIR@NGR-Lipo group
being significantly higher than that in the Free DiR and
DiR@Lipo groups (Fig. 6C). The results were related to
the NGR-mediated tumor homing and active targeting
capacity. At 24 h post-injection, major organs (heart,
liver, spleen, lungs and kidneys) and tumors of mice were
excised for ex vivo organ fluorescence imaging. Tumor
tissues of DiIR@NGR-Lipo group possessed the strongest
fluorescence signals, indicating an elevated aggregation
of tumor site (Fig. 6B). Quantitative analysis revealed a
similar trend, with the fluorescence intensity in tumor
of DiIR@NGR-Lipo and DiR@Lipo being 5.42-fold and
4.45-fold higher than that of free DIiR, respectively
(Fig. 6D). To better assess the accumulation efficiency of

A
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nanomaterials in various organs and tumors, we calcu-
lated the fluorescence intensity of specific organs relative
to the total fluorescence. The results demonstrated that
the distribution proportion of DiIR@NGR-Lipo in tumor
tissues is significantly higher than in other tissues, rank-
ing second only to the liver (Fig. S7). Moreover, compared
with Free DiR and DiR@Lipo, DiR@NGR-Lipo treatment
improved its accumulation in tumor tissues and reduced
its distribution in the liver. Taken together, NGR modifi-
cation enhances the targeting of liposomes to tumor tis-
sue, allowing more liposomes to accumulate at the tumor
site rather than in normal tissues which holds promise
for subsequent exploration of anti-tumor efficacy in vivo.

In vivo anti-tumor efficacy and biosafety

Encouraged by the superior anti-tumor efficacy in vitro
and tumor-specific aggregation in vivo, we proceeded to
investigate the anti-tumor efficacy of Axi/siRNAPP M@
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Fig. 6 Biodistribution and tumor accumulation in vivo. (A) In vivo fluorescence images of Renca-bearing mice at 1 h, 2 h,4 h, 6 h, 8 h and 24 h after injec-
tion. (B) Ex vivo fluorescence images of major organs and tumors at 24 h after injection. (C) Quantitative analysis of fluorescence intensity at tumor (n=3).
(D) Quantitative analysis of major organs and tumors (n=3). Data were present as mean +SD. *p < 0.05, **p <0.01, ***p < 0.001
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Lipo in a mouse model with subcutaneous renal tumors.
Mice bearing Renca tumor were treated with various
preparations for 5 administrations, according to the treat-
ment schedule shown in Fig. 7A. As shown in Fig. 7B and
D, during the treatment, tumors in Control group and
free Axi group grew rapidly, while Axi@NGR-Lipo group
and Axi/siRNAPP 1 @Lipo group displayed slightly slow
growth of tumors, indicating that they have anti-tumor
efficacy. In contrast, Axi/siRNA"PM@NGR-Lipo sig-
nificantly and effectively controlled tumor growth, sug-
gesting an enhanced anti-tumor effect. At the end of
the treatment, the extracted tumor was photographed
and weighed (Fig. 7C and E), where the smallest size and
lightest weight further validated the superior anti-tumor
effect of Axi/siRNAPPM@NGR-Lipo. Furthermore, to
investigate the effect of liposomes on the survival of mice,
another 50 mice with tumors were treated as described
above, and the survival of the mice was observed for 60
days. As shown in Fig. 7F, more than half of mice in Axi/
siRNAPPM@NGR-Lipo group were still alive at 60 days,
while all the mice in other groups gradually died, suggest-
ing that Axi/siRNAPP1!@NGR-Lipo significantly pro-
longed the survival period of mice bearing tumors.

To further validate the anti-tumor effect of Axi/siR-
NAPP-L1@NGR-Lipo, hematoxylin and eosin (HE) stain-
ing and TdT-mediated dUTP nick-end labelling (TUNEL)
staining were performed to evaluate pathological sec-
tions of tumors. Axi/siRNAPPM@NGR-Lipo exhibited
severe nuclear crumpling and deletion, and the most
intense apoptotic green fluorescent signals (Fig. 7G),
suggesting the potent killing effects on tumor cells. The
efficacy of anti-angiogenic agents is not only reflected in
the inhibition effect of tumors, but also prevention of the
occurrence of tumor metastasis. Hence, lung tissues of
mice were excised to observe tumor nodules and perform
HE staining for the investigation of tumor metastasis.
As can be seen from Fig. 7H, substantial tumor nodules
appeared in the lungs of Control group, which were only
slightly attenuated in free Axi group. In contrast, the pul-
monary metastasis of tumors in the liposome group was
significantly reduced, with almost no metastatic tumor
nodules found in the lungs of Axi/siRNAPP1!@NGR-
Lipo group, and similar results were also apparent in HE
staining of lungs. Consequently, Axi/siRNAPP11@NGR-
Lipo possessed excellent anti-tumor metastasis capa-
bility, which could potentially owe to the outstanding
anti-angiogenic properties.

In the case of therapeutic agents, it is not only excel-
lent therapeutic efficacy that is required, but also opti-
mum biosafety. Subsequently, the biosafety of mice in
each group was assessed during the treatment. The body
weights of the mice in each group experienced no obvi-
ous changes during the treatment (Fig. S8). At the end
of treatment, serum was collected from the mice for
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assessment of liver and kidney indices. Serum biochemi-
cal levels including ALT, AST, BUN and CRE, were not
significantly altered in the treated groups as compared
to Control group, indicating no hepatotoxicity or neph-
rotoxicity (Fig. S9). Moreover, the major organs of the
mice (heart, liver, spleen and kidney) were extracted for
HE staining. Compared with Control group, there were
no abnormal changes in the pathological sections of the
other treated groups, indicating that the preparation does
not cause significant toxicity and damage to other organs
(Fig. S10). Thus, the prepared liposomes have excellent
biocompatibility and biosafety, with great potential for
the treatment of renal cancer.

Tumor vascular remodeling in vivo

RCC is a vascular-rich tumor, characterized by aber-
rant structure and function. The abnormal blood ves-
sel network could limit immune cell infiltration into
tumors, endogenous immune surveillance and immune
cell function, resulting in immune suppressive micro-
environment. Regulating tumor vascular has become a
promising strategy for improving the efficacy of immu-
notherapy. Therefore, we would like to investigate Axi/
siRNAPM@NGR-Lipo whether could improve the
structure and function of the vascular system in the
tumor. Treated with various preparations, tumors were
extracted for CD31 staining, as a marker of vascular
endothelium, and for a-smooth muscle actin (ax-SMA)
staining, as a marker of pericytes, where pericyte cov-
erage are commonly served as an indicator of vascu-
lar function and integrity to identify vessel maturity
[37]. Tumors in Control group showed abundant CD31
red fluorescence signals but weak green fluorescence
of a-SMA, which indicated that the tumors contained
extensive immature microvessels but lacked pericyte
coverage around the endothelial walls, with abnormal
vascular structure and function (Fig. 8A). The abnormal
and chaotic vascular system in the tumor could aggravate
the acidic and hypoxic microenvironment, which would
promote the invasion, generation, metastasis and immu-
nosuppressive microenvironment of the tumor [7]. In
contrast, tumors of Axi/siRNAPP1'@NGR-Lipo group
exhibited significantly reduced CD31 red fluorescence of
microvessels and increased a-SMA green fluorescence of
pericytes. In particular, there was more co-localization of
red CD31 fluorescence and green a-SMA fluorescence,
indicating the presence of normal structured and func-
tioning blood vessels. Quantitative analysis also revealed
similar results, with 11.3-fold decrease of microvessel
density and 7.04-fold elevation of pericyte coverage in
tumors of Axi/siRNA’PM!@NGR-Lipo group as com-
pared to Control group (Fig. 8D and E). The above results
indicated that Axi/siRNAPPM@NGR-Lipo could effec-
tively remodel and normalize the tumor vascular.
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Liu et al. Journal of Nanobiotechnology (2025) 23:194

Page 13 of 22

A Control Axi@NGR-Lipo Axi/siRNAPPL' @Lipo Axi/siRNAPP-H'@NGR-Lipo
<
=
P
L
®
a
Q
o
g 100—um

w

DAPI/CD31/Lectin

@)

DAPI/CD31/Dextran

O

G

zw = 100 £ 100 . ©
2 *kok g, 80 g 80 g ko
@ 60 » © 4 ok £ — 301
T = kK *kk P . ® + © 32 . [
] 2 60 v « 607 oz n)c:
0 404 o « c 8 204
Lo o 401 & g 40 “ | g8 -
~— 2 =
o 209 3 20- . - £ 20 = 3 10 27
L e ; = i =y I . =5 (=] .
Sl ——FF = S ol -+ — 1 8 oleeZm 7 o
o 4 e L o > P L L L o p L e L > 4 o e .P
& S o F & ¥ e & K oF oF & o
[ & » & I3 & 2@ & [ & o & [ & o &
?‘*} g.‘;?' & ?“p 'e.\;?' Qo" V"P ) &‘;V' & v..,.\ \QS\?' Qo”
A® \g \? \ad R4 \g N \d
¢ & ¢ & ¢ & ¢ &
A2 ‘6'\\9 .‘_\\G) +‘\
L ¥ L v

Fig. 8 Tumor vascular remodeling. (A) Representative images of tumor microvasculature (CD31, red) and pericytes (a-SMA, green) after various treat-
ments. (B) Representative images of tumor vascular perfusion by FITC-lectin (green) after various treatments. (C) Representative images of tumor vascular
permeability by FITC-dextran (green) after various treatments. (D) Microvessel density in the tumors after various treatments. Microvessel density was
estimated by calculating the number of CD31* vessels on five fields from the tumor sections. (E) Pericyte coverage in the tumors after various treatments.
Pericyte coverage was estimated by calculating a-SMA area (green) in a percent per total area on five fields from the tumor sections. (F) Quantitative
analysis of tumor vascular perfusion areas after various treatments. The tumor vascular perfusion area was estimated by calculating lectin®™ area (green)
in a percent per CD317 area (red) on five fields from the tumor sections. (G) Quantitative analysis of tumor vascular permeability areas after various treat-
ments. The tumor vascular leakage area was estimated by calculating dextran® area (green) in a percent per total area on five fields from the tumor sec-
tions. Data were present as mean £ SD. ***p <0.001

Afterward, to further validate the improvement of siRNA’P@NGR-Lipo group (Fig. 8B), suggesting

vascular function, vascular perfusion was assessed by
intravenous injection of FITC-labelled lectin [38]. After
treatment, FITC-labelled lectin was injected into the
mice through the tail vein and the tumor was harvested
after ten minutes. Compared with Control group, the
fluorescence signal of FITC-labelled lectin (green fluo-
rescence) was significantly increased in tumors in Axi/

higher vascular perfusion, and Axi/siRNAPPM@NGR-
Lipo improved vascular perfusion by 31.50-fold over the
Control group (Fig. 8F). Furthermore, the improvement
in vascular structural integrity was explored by injecting
70-kDa FITC-labelled dextran into the mice by tail vein
after treatment. Tumor sections of Control group pre-
sented abundant leaking FITC-labelled dextran (green
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fluorescence), while in the Axi/siRNAPM@NGR-Lipo
group, little leaking dextran was detected, indicating
reduced vascular permeability (Fig. 8C). Meanwhile, Axi/
siRNAPP M @NGR-Lipo treatment decreased vascular
permeability by 87.56% over the Control group (Fig. 8G),
implying a remarkable improvement of vascular struc-
tural integrity. These studies indicated that Axi/siR-
NAPP-L1@NGR-Lipo could effectively improve vascular
perfusion and decrease vascular permeability after nor-
malizing the tumor vasculature, which would provide a
favorable factor for enhancing the infiltration of immune
cells into tumor tissue.

Mechanisms of immunotherapy in vivo

We initially elucidated the factors accounting for the
excellent anti-tumor efficacy of Axi/siRNAPP11@NGR-
Lipo in terms of tumor vascular remodeling, and then
attempted to proceed with the elucidation from the per-
spective of immune activation in vivo. It has been pro-
posed that anti-angiogenic therapy can induce systemic
immune modulation, with downregulation of myeloid-
derived suppressor (MDSC) cells and regulatory T cells
(Tregs), as well as the significant increase of cytotoxic T
cells expressing PD-1 and natural killer (NK) cells [39].
Therefore, we investigated the proportion of different
immune-associated cells in tumors by flow cytometry
analysis of the tumor tissues after various treatments.
Cytotoxic T lymphocytes (CTL, CD8*) are the main
force of the anti-tumor immune response and play a role
in killing tumor cells. As expected, Axi/siRNA’P@
NGR-Lipo significantly increased the infiltration of CD8*
T cells (CD45"CD3*CD8") in the tumor (Fig. 9A), with
about 5.04-fold higher than the Control group (Fig. 9B).
Similar results were also revealed in immunofluores-
cence, where more red fluorescent signals of CD8" T cells
were presented in tumors of Axi/siRNAPP@NGR-
Lipo (Fig. 9] and Fig. S11). In addition, NK cells exer-
cise an immune surveillance function in the body and
are also the backbone of eliminating tumor cells. Flow
cytometry analysis revealed that Axi/siRNA"™" M @NGR-
Lipo significantly increased the proportion of NK cells
(CD45*CD3°CD49b") in tumors by 1.69-fold over the
Control group (Fig. 9C and D). The substantially higher
proportion of CD8" T cells and NK cells infiltrating the
tumor could support the excellent anti-tumor effect of
Axi/siRNAPP-L1@NGR-Lipo.

Nevertheless, immunosuppressive cells, including
Tregs and MDSCs, would significantly inhibit the activa-
tion of CD8* T cells and impede the anti-tumor immune
response [40]. Next, we examined the proportion of
Tregs and MDSCs within the tumor by flow cytometry
assay. Encouragingly, Axi/siRNAPP1'@NGR-Lipo sig-
nificantly reduced the proportion of infiltrating Tregs
(CD45*CD3*CD4*CD25*FOXP3") to 5.97% compared

Page 14 of 22

to the Control group with the Tregs infiltration of 33.1%
(Fig. 9E and F). Similarly, Axi/siRNA’P"'@NGR-Lipo
brought down the proportion of MDSCs (CD45"CD11c*
CD11b*Gr-1*) within the tumor considerably, with only
8.22% compared to 33.9% in the Control group (Fig. 9G
and H). Immunofluorescence also showed a familiar
trend, with the green fluorescent signals of FOXP3* Tregs
(Fig. 9K and Fig. S12) and CD11b" MDSCs (Fig. 9L and
Fig. S13) almost invisible in the Axi/siRNA"@NGR-
Lipo group. Therefore, we consider that the immunosup-
pressive microenvironment of tumors could be effectively
reversed by Axi/siRNAPP1!@NGR-Lipo.

Although CD8" T cells infiltrated within the tumor
were greatly increased, high expression of PD-L1 pro-
tein on the surface of the tumor cells prevented CD8* T
cells from recognizing tumor cells, resulting in immune
evasion and reduced anti-tumor efficacy. Additionally,
in vitro cellular experiments have demonstrated that the
treatment with Axi alone caused elevated PD-L1 protein
expression on the surface of tumor cells, which exacer-
bated the immune evasion of tumor cells. However, it has
been reported that the increasing tumor PD-L1 expres-
sion could potentially sensitize tumors to ICI therapies.
Subsequently, we performed immunohistochemistry
(IHC) to examine the silencing efficiency of PD-L1 pro-
tein in vivo experiments. As shown in Fig. 91 and Fig. S14,
Axi/siRNAPP11@NGR-Lipo could effectively silence the
PD-L1 genes and decrease the expression of PD-L1 pro-
teins. As a result, Axi/siRNAPP!@NGR-Lipo not only
effectively exerts anti-tumor effects, but also reduces
the side effects of elevated PD-L1 protein caused by Axi
alone, achieving a match made in heaven between the
two agents.

Transcriptome sequencing analysis

To further explore the molecular mechanisms of remod-
eling the tumor vascular system and immunotherapy, we
performed transcriptome sequencing analysis of tumors
from Control and Axi/siRNAPP1!@NGR-Lipo groups.
As shown in the volcano plot (Fig. 10A), 237 differential
genes were detected after Axi/siRNAPP'@NGR-Lipo
treatment compared with Control, with 107 up-regu-
lated genes (red dots) and 130 down-regulated genes
(blue dots). Venn diagram illustrates the amount of all
genes detected in Control group and Axi/siRNAPP @
NGR-Lipo group (Fig. 10B). Gene ontology (GO) enrich-
ment analysis showed that after Axi/siRNA"P"@NGR-
Lipo treatment, differential genes were mainly enriched
in immune response and tumor vascular system-related
pathways (Fig. 10C). Immune response-related signaling
pathways were significantly upregulated after Axi/siR-
NAPP-LI@NGR-Lipo treatment, including NK cytokine
production and mediated immune, innate and adaptive
immune response, cell killing and T cell differentiation.
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In contrast, angiogenesis-related signaling pathways were
significantly downregulated, including vasculature devel-
opment, vascular endothelial cell growth factor stimu-
lus, and endothelial cell proliferation and development.

Subsequently, we analyzed the expression levels of genes
associated with the angiogenic system and found that
genes related to vasculature development (Fig. 10D),
blood vessel endothelial cell migration (Fig. S15),
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endothelial cell proliferation (Fig. S16), and establishment
of endothelial barriers (Fig. S17) were all significantly
downregulated in Axi/siRNA’PM@NGR-Lipo group.
On the contrary, heat maps show that gene expression
levels of immune-related signaling pathways in Axi/siR-
NAPP-L1@NGR-Lipo group displayed an elevated trend,
including adaptive immune response (Fig. 10E), innate
immune response (Fig. $18), NK cell-mediated immunity
(Fig. S19), T cell differentiation (Fig. S20) and regulation
of immune response processes (Fig. 521). Meanwhile,
Protein-protein interaction (PPI) network indicated that
genes of angiogenesis-related pathways and immunity-
related pathways were closely associated with each other
(Fig. 10F).

To validate the therapeutic mechanism of Axi/siR-
NAPP-M@NGR-Lipo, we further explored the down-
stream signaling pathways. As shown in Fig. 10G, the
binding of VEGF to the VEGF receptor (VEGFR) could
activate RAS/RAF/MEK/ERK signaling pathway and
PI3K/AKT signaling pathway, consequently promoting
neoangiogenesis. Axitinib, as a multi-targeted tyrosine
kinase inhibitor, can efficiently and selectively inhibit the
activity of VEGFR. The results of western blot analysis
(Fig. 10H) clearly demonstrated that after treatment with
Axi/siRNAPP-11@NGR-Lipo, the expression of VEGFR
protein in mouse tumors was significantly reduced.
Simultaneously, the downregulated expression of pERK
and pAKT proteins provided compelling evidence for the
inhibition of RAS/RAF/MEK/ERK and PI3K/AKT sig-
naling pathways. Upon inhibiting the activity of VEGFR
and subsequent blocking of the downstream pathway,
Axi/siRNAPP11@NGR-Lipo could normalize the tumor
vascular structure, thereby leading to an improvement
in vascular perfusion and permeability. The normalized
vascular endothelial cells expressed certain specific adhe-
sion molecules and chemokines, including ICAM-1 and
VCAM-1, as shown in Fig. 10H. These molecules played
a crucial role in guiding T cells to migrate from the cir-
culation and adhere to the tumor vascular endothelium
through binding to the receptors on T cell surface, sub-
sequently facilitating the infiltration of T cells into the
tumor tissue. In summary, transcriptome sequencing
and western blot analysis further confirmed the posi-
tive role of Axi/siRNA"PM@NGR-Lipo in inhibiting
tumor angiogenesis and remodeling the vascular system,
thereby promoting T and NK cell infiltration, initiating
innate and adaptive immunity, and potentiating anti-
tumor immunotherapeutic efficacy.

Conclusion

In conclusion, we successfully constructed NGR peptide-
modified actively targeted liposomes for co-encapsulat-
ing the anti-angiogenic drugs Axi and PD-L1 siRNA. This
well-designed  Axi/siRNAPP1 @NGR-Lipo liposome
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remarkably inhibited the generation of microvessels
in tumor tissues, increased the percentage of pericyte
coverage, and normalized the structure and function of
the tumor vascular system, which resulted in a striking
increase of the infiltrating CTLs and NK cells proportion,
thus obtaining surprising anti-tumor immune therapeu-
tic effects. Meanwhile, the normalized tumor vascula-
ture gave rise to a decrease of immunosuppressive cells
including MDSCs and Tregs. Axi/siRNA"PM@NGR-
Lipo also effectively inhibited pulmonary metastases. We
found that the co-loaded liposome system circumvented
the risk of reduced immunotherapeutic efficacy arising
from elevated PD-L1 protein on the surface of tumor
cells caused by Axi. The novel liposomes proposed herein
offer a promising paradigm for combining anti-angio-
genic therapies and ICI in treating RCC and enhancing
the immunotherapeutic efficacy of various solid tumors.

Materials and methods

Materials

Axitinib was brought from Shanghai Macklin Bio-
chemical Co., Ltd. (Shanghai, China). PD-L1 siRNA was
obtained from Suzhou GenePharma Co., Ltd. (Suzhou,
China). NGR peptides (CYGGRGNG) were brought from
DGpeptides Co., Ltd. (Wuhan, China). Protamine was
purchased from Sigma Aldrich (Beijing, China). Cho-
lesterol and 1,2-dioleoyl-sn-glycero-3-phosphocholine
(DOPC) were bought from AVT Shanghai Pharmaceuti-
cal Tech Co., Ltd (Shanghai, China). DSPE-PEG2000-Mal
was purchased from Aladdin Biochemical Technology
Co., Ltd. (Shanghai, China). Coumarin-6 (Cou-6) was
obtained from J&K Scientific Co., Ltd. (Beijing, China).
Lectin, FITC-dextran and 4',6-diamidino-2-phenylindole
(DAPI) were brought from Solarbio Life Sciences Co.,
Ltd. (Beijing, China). The Annexin V-FITC Apoptosis Kit
(K2003) was brought from APExBIO (Houston, USA).
Cell-Counting Kit-8 (CCK-8) was brought from Dojindo
Laboratories (Kumamoto, Japan). Calcein-AM and prop-
idium iodide (PI) were brought from Shanghai Beyo-
time Biotechnology Inc. (Shanghai, China). Anti-PD-L1
antibodies were purchased from Wuhan Servicebio
Technology Co., Ltd (Wuhan, China). FITC-anti-CD45,
anti-CD3, anti-CD4, anti-CD8, PE-anti-CD49b, anti-
CD11b, anti-Ly-6G/Ly-6 C (Gr-1), APC anti-CD25 and
PE anti-FOXP3 antibodies were brought from Biolegend.
Anti-a-SMA (Ab124964) and anti-CD31 antibodies were
brought from Abcam Ltd. (Cambridge, UK).

Synthesis of DSPE-PEG2000-NGR

The synthesis of DSPE-PEG2000-NGR was carried out
according to previous research with slight modifica-
tions [41]. Briefly, 50 mg of NGR peptides and 154 mg of
DSPE-PEG2000-MAL were fully dissolved in 10 mL of
HEPEs solution (pH 8.0) and stirred at room temperature
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for 24 h in N, atmosphere for protection. After the reac-
tion, free peptides were removed using the dialysis bag
(MWCO 2500) and the final product was obtained by
lyophilization. The structure and molecular weight of
DSPE-PEG2000-NGR were corroborated by 'H NMR
spectroscopy and MALDI-TOF MS, respectively.

Preparation and characterization of Axi/siRNAPP"'@NGR-
Lipo

Firstly, Pro-siRNAPP~" was prepared by the charge inter-
action of protamine with siRNAPP~L!, In brief, protamine
and siRNAPP-! were mixed in the same volume with
different mass ratios (5:1, 4:1, 3:1, 2:1, 1:1) and vortexed
for 5 min. Pro-siRNAFP~'! was obtained after incuba-
tion. Subsequently, Axi/siRNAPM@NGR-Lipo was
prepared by film dispersion method. In particular, 1 mg
Axitinib was fully dissolved in methanol and then added
to the methylene chloride solution containing 4 mg cho-
lesterol, 20 mg DOPC and 4 mg DSPE-PEG2000-NGR.
The mixture was passed through a rotary evaporator to
form a phospholipid film at 40 °C under reduced pressure
and remove the residual organic solvent. Subsequently,
the phospholipid films were hydrated with water at 40 °C
for 30 min. AxXi@NGR-Lipo was obtained after sonica-
tion in ice water at 60 W for 20 min under probe sonica-
tion. Afterward, Pro-siRNA"P~ was thoroughly mixed
with  Axi@NGR-Lipo.  Axi/siRNA"PM@NGR-Lipo
was obtained by extruding 20 times through a 0.22 pm
polycarbonate membrane filters using a lipid extruder
(Avanti Polar Lipids). The preparation procedure of Axi/
siRNAPPM@Lipo was similar to that described above,
except that DSPE-PEG2000-NGR was replaced with
DSPE-PEG2000.

The particle size distribution and surface zeta potential
of Pro-siRNAPP-LL Axi/siRNAPD'Ll@Lipo and Axi/siR-
NAPP-L1@NGR-Lipo were determined by dynamic light
scattering analyzer (DLS, Zetasizer Nano ZS90; Mal-
vern Instruments Ltd., UK). The morphology of Pro-siR-
NAPP-LL Axi/siRNAPD‘Ll@Lipo and Axi/siRNA’PM@g
NGR-Lipo were characterized with transmission electron
microscopy (JEM-1400PLUS; JEOL Ltd., Tokyo, Japan).
The colloidal stability of Axi/siRNAPPM@NGR-Lipo was
investigated by measuring the change of particle size in
water, PBS, RPMI-1640 and 5% glucose.

Agarose gel retardation assay

The encapsulation of Pro-siRN. complexes formed
by different mass ratios of protamine and siRNAPP-M
(5:1, 4:1, 3:1, 2:1, 1:1) was evaluated by 1% agarose gel
electrophoresis. Specifically, the Pro-siRNAPPM com-
plexes was incorporated into the agarose gel according to
the protocol, separated in an electrophoresis apparatus at
120 V for 10 min, and then photographed in a UV imager.

APD—LI
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Cell culture

Mouse renal cancer cells (Renca cells) and human umbil-
ical vein endothelial cells (HUVEC cells) were acquired
from the Cell Culture Center of the Institute of Basic
Medical Sciences at the Chinese Academy of Medi-
cal Sciences (CAMS, China). Renca cells were cultured
with 1640 complete medium containing 10% fetal bovine
serum (FBS), 1% penicillin and streptomycin, and 1%
glutamine in an incubator at 37 °C and 5% CO,. HUVEC
cells were cultured with DMEM complete medium con-
taining 10% fetal bovine serum (FBS), 1% penicillin and
streptomycin, and 1% glutamine in an incubator at 37 °C
and 5% CO,. All experiments were conducted when the
cells were in the logarithmic growth phase.

Cellular uptake assay

For more visual observation, Cou-6 was employed instead
of Axi to investigate the uptake of liposomes by HUVEC
cells and Renca cells, respectively. In detail, HUVEC cells
or Renca cells were seeded in 12-well plates (20x10* cells
per well) pre-positioned with cell crawlers. After incu-
bation overnight, cells were divided into 5 groups and
given various preparations: free Cou-6, Cou-6@Lipo,
Cou-6@Lipo+ NGR, Cou-6@NGR-Lipo, Cou-6@NGR-
Lipo+NGR, at an equivalent Cou-6 concentration of
5 ug/mL, where Cou-6@Lipo+NGR and Cou-6@NGR-
Lipo+NGR groups were supplemented in advance with
an excess of free NGR peptide (1 mg/mL) to saturate the
receptor. After incubation for 4 h, cells were fixed with
paraformaldehyde and nuclei were stained with DAPIL
The cellular uptake of liposomes was observed by a con-
focal laser scanning microscopy (CLSM, TCS SP2; Leica,
Germany). For quantitative analysis, flow cytometry
(FCM, Becton Dickinson, Franklin Lake, NJ, USA) was
employed to investigate the efficiency of liposome uptake
by HUVEC cells and Renca cells.

Western blot

Western blot was performed to examine the effect of
Axi on the expression of PD-L1 protein on the surface of
Renca cells. In short, Renca cells were seeded in 6-well
plates (30x10* cells/well) and incubated with Control,
Axi (0.4 pg/mL) and Axi (4 pg/mL) for 24 h, respectively.
Cells are lysed with a cocktail of protease inhibitors and
RIPA solution for 30 min on ice. The protein concentra-
tion of the supernatant was determined using the BCA
Protein Concentration Assay Kit. After separation by
SDS-PAGE electrophoresis, proteins were transferred
to a 0.45 um PVDF membrane. The PVDF membrane
was incubated with the primary antibody on a shaker at
4°C overnight after blocking. Then, the membrane was
incubated with the secondary antibody and blotted with
Enhanced Chemiluminescence (ECL) luminescent solu-
tion to be imaged in an ECL system. Furthermore, the
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efficiency of silencing of PD-L1 protein on the surface of
Renca cells by various preparations in vitro was assessed.
In particular, Renca cells were seeded in 6-well plates
(30x10* cells/well) and incubated with Control, Axi, siR-
NAPP-LL Axi/siRNAPD‘Ll@Lipo and Axi/siRNAPPH@g
NGR-Lipo (siRNAPP7M: 100nM) for 24 h, respectively.
Subsequent imaging of the PD-L1 protein was performed
following similar procedures as above.

Cell viability assay

The inhibition of proliferation of Renca cells and HUVEC
cells by various preparations was studied using CCK-8
assays. In brief, Renca cells or HUVEC cells were seeded
in 96-well plates (5000 cells/well) and incubated for 24 h.
Then, the medium containing different concentrations of
free Axi, Axi/siRNAP@Lipo and Axi/siRNA’PLl@
NGR-Lipo were added, with the concentrations ranging
from 2.5 pg/mL, 5 pg/mL, 10 pg/mL, 20 pg/mL, 40 pg/
mL, 60 pg/mL and 80 pg/mL. After continuing cultur-
ing for 24 h, each well was supplemented with 100 pL of
serum-free medium containing CCK-8 (0.5 mg/mL). The
absorbance value at 450 nm was measured using a micro-
plate reader (BioTek, Dallas, TX, USA). Cell viability was
calculated by the following formula.

Cell viability (%) = —2Dtest = ODblank

= x 100%
ODcontrol - ODblank ’

Cell apoptosis assay

The apoptosis induced by various preparations on Renca
cells and HUVEC cells was assayed by Annexin V-FITC/
PI staining method. Renca cells or HUVEC cells were
inoculated in 6-well plates (30x10* cells/well) and cul-
tured for 24 h. Then, the cells were treated with free Axi,
Axi/siRNAP M @Lipo and Axi/siRNAPPM@NGR-Lipo,
where the concentration of Axi was 30 pg/mL. After
incubating for 24 h, cell suspensions were collected and
stained with FITC and PI for 15 min, respectively. The
percentage of apoptosis was detected and analyzed by a
FACSCalibur flow cytometry (Becton Dickinson, Frank-
lin Lakes, NJ, USA).

Live/dead cell staining

Calcein-AM and Propidium Iodide (PI) kits were applied
to investigate the live/dead cell staining of Renca and
HUVEC cells by different preparations. Renca cells or
HUVEC cells were inoculated in 12-well plates (20x10*
cells/well) and treated with free Axi, Axi/siRNAP M@
Lipo and Axi/siRNAPP@NGR-Lipo (Axi: 20 pg/mL)
for 12 h. Subsequently, the samples were stained with
Calcein-AM and PI for 30 min and then the fluorescence
of live and dead cells was observed under an inverted flu-
orescence microscope.
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In vitro penetration and growth inhibition assays of tumor
spheres
In vitro 3D tumor sphere models were constructed to
investigate the penetration and growth inhibition of
tumors by various agents [42]. To construct 3D tumor
spheres, 100 pL of suspension containing Renca cells was
added to a 96-well plate covered with a 1.5% (weight/
volume) agarose gel. When the tumor spheres grew to
about 300 pm of diameter, free Cou-6, Cou-6@Lipo and
Cou-6@NGR-Lipo (Cou-6: 5 ug/mL) were added, respec-
tively. After 12 h of incubation, the tumor spheres were
removed and placed in confocal dishes to observe the
penetration under CLSM, where images were captured
tomographically from the top of the spheres every 10 pm.
In the assay investigating the growth inhibition of
tumor spheres by liposomes, 3D tumor spheres were
constructed in accordance with the above method. Sub-
sequently, free Axi, Axi/siRNAPP'@Lipo and Axi/
siRNAPM@NGR-Lipo (Axi: 30 pg/mL) were added
and untreated wells were set up as Control group. The
growth and images of tumor spheres were observed and
recorded every two days over a period of 7 days using a
microscope.

Establishment of subcutaneous renal tumor model

The subcutaneous renal tumor models were constructed
by injection of 200 pL of suspension containing 1x 10°
Renca cells subcutaneously into the left intercostal space
of male BALB/c mice (6—8 weeks old). The mice were
brought from Gempharmatech Co., Ltd (Beijing, China).
All animal experiments were performed under the guid-
ance of the Laboratory Animal Ethics Committee of the
Institute of Materia Medica in CAMS and PUMC.

Biodistribution of liposomes in vivo

The biodistribution of liposomes in mice was investi-
gated by an in vivo imaging system. In order to observe
the distribution of liposomes in different tissues visually,
DiR was encapsulated in liposomes instead of Axi and
prepared in a similar way. Mice (n=3) bearing subcuta-
neous renal tumors were intravenously injected with free
DiR, DiR@Lipo and DiR@NGR-Lipo (0.25 mg/kg) when
the tumor volume reached 300 mm?. The distribution
of fluorescent signals in vivo was observed by an in vivo
imaging system (IVIS, Caliper Life Sciences Inc., Moun-
tain View, CA, USA) at the scheduled time point after
injection. At 24 h post-injection, major organs of mice,
including heart, liver, spleen, lungs and kidneys, as well
as tumors, were dissected and removed to detect the ex
vivo fluorescence signals of different tissues. Finally, the
fluorescence signal intensity was quantitatively analyzed
using in vivo imaging software (version 4.3.1; Caliper Life
Sciences Inc.).
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Evaluation of anti-tumor activity in subcutaneous renal
tumor model

After subcutaneous implantation of Renca cells and 7
days of tumor growth, tumor-bearing mice were ran-
domly divided into 5 groups and injected intravenously
with saline, Axi, AXi@NGR-Lipo, Axi/siRNA"®M@Lipo
and Axi/siRNAPM@NGR-Lipo (Axi: 25 mg/kg, siRNA:
1 mg/kg), respectively, for 5 consecutive injections every
three days. During the treatments, body weights and
tumor volumes of the mice were measured and recorded.
On the third day after the last administration, mice
were dissected and major organs, including heart, liver,
spleen, lungs and kidneys, were removed for hematoxy-
lin and eosin (HE) staining. The removed tumors were
photographed and weighed and sectioned for terminal
deoxynucleotidyltransferase mediated nick end labeling
(TUNEL) staining and HE staining. Mice serum sam-
ples were collected for ALT, AST, BUN and CRE assays.
Moreover, other tumor-bearing mice were treated by
injecting various agents (n=10) and the survival of the
mice was monitored and survival curves were plotted.

Tumor vascular remodeling in vivo

Three days after the last treatment, the mouse tumors
were removed for sectioning and staining. The vascular
function was assessed by immunohistochemical (IHC)
staining of pericytes using «a-SMA (1:100) and vascular
morphology was assessed by IHC staining tumor vessels
with CD31, according to the manufacturer’s instructions.

On the third day after the above treatment, mice with
Renca cells were studied for vascular perfusion function
by intravenous injection of FITC-labelled lectin (100 uL
1 mg/mL). Ten minutes post-injection, mice tumors were
collected for frozen sections. Tumor blood vessels were
stained with anti-CD31 antibody and nuclei were stained
with DAPI. The area of perfusion was determined by cal-
culating the area of the lectin in percentage of the area of
CD31.

On the third day after the above treatment, mice bear-
ing Renca cells were studied for vascular leakage by intra-
venous injection of FITC-labelled dextran (70 kDa, 100
uL 20 mg/mL). Half an hour after injection, mice tumors
were collected for frozen sections. Tumor blood vessels
were stained with anti-CD31 antibody and nuclei were
stained with DAPI. The leakage area within the tumor
was estimated by calculating the area of FITC-dextran in
a percent per total area.

Mechanisms of the in vivo immunotherapy

To investigate the mechanism of immunotherapy in vivo,
mice bearing tumors were treated according to the above
treatment protocol. On the third day after treatment, the
tumors of the mice were removed for flow analysis. The
proportion of CD4* T cells and CD8" T cells infiltrated in
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the tumors was determined by staining with FITC-anti-
CD45, anti-CD3, anti-CD4, and anti-CD8 antibodies,
respectively. The proportion of Tregs cells in the tumor
was determined by FITC-anti-CD45, anti-CD3, anti-
CD4, APC anti-CD25 and PE-anti-FOXP3 antibod-
ies. To investigate the infiltrated NK cells in the tumor,
FITC-anti-CD45, anti-CD3 and PE-anti-CD49b were
taken for staining. Also, MDSCs cells in tumors were
detected by staining with FITC-anti-CD45, anti-CD11b
and anti-Ly-6G/Ly-6 C (Gr-1) antibodies. Finally, all
samples were analyzed by flow cytometry. Furthermore,
the expression of PD-L1 protein on the surface of tumor
cells was detected by immunohistochemistry. CD8" T
cells, Tregs cells and MDSCs cells in tumor tissues were
also visualized by immunofluorescence staining for CDS,
FOXP3 and CD11b.

Transcriptome sequencing analysis

After treatment with saline and Axi/siRNA’PM@NGR-
Lipo, tumors were collected for RNA sequencing analy-
sis on Illumina NovaSeq 6000 platform. Differentially
expressed genes (DEGs) were screened using DESeq2
software, with Log2(Fold Change)>1 and FDR<0.05 as
the screening criteria.

Statistical analysis

All results are expressed as mean *standard deviation
(SD). Data analysis between different groups was per-
formed by one-way ANOVA. Statistical significance
between groups was expressed by *P<0.05, **P<0.01,
**#*P<0.001.
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