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Multifunctional Immunoliposomes Enhance the
Immunotherapeutic Effects of PD-L1 Antibodies against
Melanoma by Reprogramming Immunosuppressive Tumor

Microenvironment

Yu Hei, Yang Chen, Qian Li, Zi Mei, Jijia Pan, Siqi Zhang, Chunyang Xiong,*

Xiaodong Su,* and Shicheng Wei*

1. Introduction

The immunosuppressive tumor microenvironment (TME) can significantly limit

the immunotherapeutic effects of the PD-L1 antibody (aPDL1) by inhibiting the
infiltration of CD8" cytotoxic T cells (CTLs) into the tumor tissues. However,
how to reprogram the immunosuppressive TME and promote the infiltration the
of CTLs remains a huge challenge for aPDL1 to achieve the maximum benefits.
Herein, the authors design a multifunctional immunoliposome that encapsu-
lates the adrenergic receptor blocker carvedilol (CAR) and connects the “don’t
eat me” signal antibody (aCD47) and aPDL]1 in series via a reactive oxygen spe-
cies (ROS)-sensitive linker on the surface. In ROS-enriched immunosuppres-
sive TME, the multifunctional immunoliposome (CAR@aCD47/aPDL1-SSL) can
first release the outer aCD47 to block the “do not eat me” pathway, promote
the phagocytosis of tumor cells by phagocytic cells, and activate CTLs. Then,
the aPDL1 on the liposome surface is exposed to block the PD-1/PD-L1 sign-
aling pathway, thereby inducing CTLs to kill tumor cells. CAR encapsulated in
CAR@aCD47/aPDL1-SSL can block the adrenergic nerves in the tumor tissues
and reduce their densities, thereby inhibiting angiogenesis in the tumor tissues
and reprogramming the immunosuppressive TME. According to the results,
CAR@aCD47/aPDLI1-SSL holds an effective way to reprogram the immunosup-
pressive TME and significantly enhance immunotherapeutic efficiency of aPDL1

against the primary cancer and metastasis.

The immunosuppressive tumor microen-
vironment (TME) is an essential factor of
the antitumor response. How to reprogram
immunosuppressive TME remains
a huge challenge for immunotherapy to
achieve ideal benefits.') The immuno-
suppressive TME can limit the immuno-
therapeutic effects of immune checkpoint
blockades (ICBs), such as PD-L1 antibodies
(aPDL1) and PD-1 antibodies, by inhibiting
the infiltration of T lymphocytes into the
tumor tissue.?l The immunosuppressive
TME contains excessive amounts of reac-
tive oxygen species (ROS), which are closely
related to immunosuppressive responses
and tumor development and progression.*”)
ROS act as signaling molecules in tumor
tissues, contributing to tumor growth,
metastasis, and resistance to apoptosis.®’
Therefore, ROS scavenging in TME is
expected to reprogram the immunosuppres-
sive TME, promote the infiltration of T lym-
phocytes into tumor tissues, and enhance
the antitumor therapeutic effect of ICBs.
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In addition, the solid TME contains nerve fibers that arise
from the peripheral nervous system.%!! Recent research indi-
cated that newly formed adrenergic nerve fibers could pro-
mote tumor angiogenesis and induce immunosuppression,
thereby promoting tumor growth and metastasis.l'”l Clinical
data indicated that carvedilol (CAR), a blocker of j receptors,
can prolong the survival of patients by inhibiting the neoplastic
adrenergic nerves.> Therefore, CAR may have a synergistic
therapeutic effect with ICBs by blocking the adrenergic nerve
fibers and remodeling the immunosuppressive TME.

The integrin-associated protein CD47, a ligand of signal-
regulatory protein-¢r (SIRP@), is upregulated on the surfaces of
various malignant tumor cells.'>1®) The CD47/SIRP« pathway,
also called the “do not eat me” pathway, has been considered
an important mechanism by which tumor cells evade innate
immune surveillance.”!8) The antibody of CD47 (“don’t eat
me” signal antibody [aCD47]) can activate phagocytic cells to
phagocytize tumor cells and present relevant antigens to acti-
vate T lymphocytes.'>-21l These results have provided a scientific
rationale for investigating the use of aCD47 in enhancing the
immunotherapy effect of CTLA-4 or PD-1/PD-L1 blockades.?2-2¢!

The aPDL1, an ICB, could block the tumor immunosuppres-
sive signaling pathway PD-1/PD-L1 by specifically binding to
the PD-L1 receptor, which is highly expressed on the surfaces
of tumor cells.’’-3% aPDL1 has a good immunotherapy effect
on some cancers in clinical applications, such as nonsmall cell
lung cancer, head and neck cancer, and melanoma.?%3 How-
ever, the application of aPDL1 is limited because of its unsat-
isfactory therapeutic effects and systemic side effects.323% As
mentioned above, excessive ROS and adrenergic nerve fibers
in transmission electron microscopy (TEM) and the “do not eat
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me” pathway may be important limiting factors that cause the
unsatisfactory therapeutic effects of aPDLI1. In addition, the sys-
temic side effects of aPDL1 may be related to its poor targeting
ability in the body.3? Liposomes are ideal drug delivery vehi-
cles, which can deliver a variety of drugs and enhance the tar-
geting ability of drugs to the tumor tissues through the perme-
ability and retention (EPR) effect.l?# In our previous research,
we found that binding aPDL1 to a liposome surface for the
preparation of a immunoliposome can enhance the tumor-tar-
geting ability of aPDL1 through the EPR effect and reduce its
side effects.[?%]

Here, to reprogram the tumor suppressive microenviron-
ment, enhance the antitumor effect of aPDL1, and reduce its
side effects, we constructed a multifunctional immunolipo-
some (CAR@aCD47/aPDL1-SSL) (Figure 1a,b) encapsulating
an adrenergic receptor blocker CAR, and connecting aCD47
and aPDL1 in series via a ROS-sensitive linker (bis-N-hy-
droxy succinimide [NHS]-modified 2,2’-[propane-2,2-diylbis
(thio)] diacetic acid) (Figure S1, Supporting Information) on
the surface. The multifunctional immunoliposome (CAR@
aCD47/aPDLI1-SSL) is expected to induce the ROS-responsive
sequential release in the TME. We hypothesized that in ROS-
enriched the immunosuppressive TME, the multifunctional
immunoliposome (CAR@aCD47/aPDL1-SSL) can first release
the outer aCD47 to block the “do not eat me” pathway, pro-
mote the phagocytosis of tumor cells by phagocytic cells, and
activate T lymphocytes. Then the aPDL1 on the liposome sur-
face is exposed to block the PD-1/PD-L1 signaling pathway,
thereby promoting T lymphocytes to recognize and kill tumor
cells. ROS-sensitive linkers can not only regulate the sequen-
tial release of antibodies on the liposome surface, but also
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Figure 1. a) Schematic diagram of the structure and b) the antitumor mechanism of the multifunctional immunoliposome CAR@aCD47/aPDL1-SSL.
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scavenge ROS in the TME. Moreover, CAR encapsulated in
liposomes can block tumor neoplastic adrenergic nerve fibers,
thereby inhibiting angiogenesis in tumor tissues, reprogram-
ming the immunosuppressive TME, promoting the infiltration
of T lymphocytes into tumor tissues, and enhancing the effect
of aPDLI. Thus, the multifunctional immunoliposome (CAR@
aCD47/aPDL1-SSL) is expected to produce synergistic effects
and enhance antitumor therapeutic effects through the con-
trolled sequential release of aCD47 and aPDL1, downregulation
of ROS signals, and inhibition of neoplastic adrenergic nerves
in the TME.

2. Result and Discussion

2.1. Multifunctional Immunoliposomes Preparation and
Characterization

To achieve the ROS-responsive sequential release of aCD47
and aPDL1, we first synthesized an ROS-sensitive linker
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(bis-N-hydroxy succinimide [NHS]-modified 2,2’-[propane-
2,2-diylbis (thio)] diacetic acid) (Figure S1, Supporting Infor-
mation) and used it to connect aCD47 and aPDL1 in a series.
Then, a multifunctional immunoliposome (CAR@aCD47/
aPDL1-SSL) (Figure 1a,b) with the encapsulated CAR and
tandem antibody in its surface was prepared with the thin
film dispersion/postinsertion method. The average particle
size of CAR@aCD47/aPDL1-SSL determined by dynamic
light scattering (DLS) was 124 nm (PDI: 0.213). CAR@aCD47/
aPDL1-SSL had an approximate spherical structure and good
dispersion capabilities, as indicated by TEM (Figure 2b,e). The
average particle size of CAR@aPDLI-SSL was 98 nm (PDI:
0.221), slightly smaller than that of CAR@aCD47/aPDLI1-
SSL (Figure 2a,d). The average particle size of CAR@aCD47/
aPDL1-SSL was reduced to =101 nm in H,0, solution, which
was close to the particle size of CAR@aPDL1-SSL (Figure 2¢,f).
The possible reason was the release of aCD47 after the reac-
tion of ROS-sensitive linkers with H,0, and the resulting
small liposome particle size. The zeta potentials of aPDLI-
SSL and aCD47-SSL were —18.12 + 0.87 and —22.33 + 0.97 mV,
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Figure 2. Characterization of CAR@aCD47/aPDL1-SSL. a,d) Morphology and particle size distribution of CAR@aPDL1-SSL in PBS, b,e) CAR@aCD47/

aPDL1-SSL in PBS, and ¢,f) in H,0, determined by TEM and DLS (Scale bar: 100 nm).

g,h) The immunofluorescence images of C6@aCD47/aPDLI-

SSL and C6@aCD47-aPDL1-SSL in PBS and H,0,, respectively (liposome [Coumarin-6 [C6] green], aPDL1 [Cy3, orange], aCD47 [Alexa Fluor647, red])
(Scale bar: 200 nm). i) The H,0, scavenging efficiency of aCD47/aPDL1-SSL and aCD47-aPDL1-SSL. j) The release profiles of CAR encapsulated in SSL

and aCD47/aPDL1-SSL.
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respectively (Figure S2, Supporting Information). Compared
with the zeta potential of sterically stabilized liposome (SSL),
the zeta potential of aPDL1-SSL or aCD47-SSL was more nega-
tive (Figure S2, Supporting Information). The possible reason
was the negatively charged aPDL1 or aCD47 that attached
to the surface of the liposome. The zeta potential of aCD47/
aPDL1-SSL was —40.78 £ 0.91 mV, and the electronegativity was
significantly higher than the zeta potential of SSL possible
because of the connection of multiple aPDL1 and aCD47 on
the liposome surface (Figure S2, Supporting Information).
This result also indicated that aPDL1 and aCD47 were suc-
cessfully connected on the surface of aCD47/aPDL1-SSL. In
addition, the zeta potential of CAR@aCD47/aPDL1-SSL was
—-39.12 + 0.76 mV (Figure S2, Supporting Information). There
was no significant difference observed in aCD47/aPDL1-SSL,
indicating that the encapsulation of CAR did not affect the
surface potential of liposomes. To further investigate the anti-
bodies release sequence of aCD47/aPDL1-SSL, we first prepared
a multifunctional immunoliposome (C6@aCD47/aPDLI-
SSL) containing the green fluorescent probe coumarin-6 (C6)
(Figure 2gh). Consistent with the expectations, C6@aCD47/
aPDLI-SSL responded to ROS and controlled the release of
antibodies. In H,0, solution, C6@aCD47/aPDLI-SSL released
aCD47 (Alexa Fluor647, red) first, and then displayed aPDL1
(Cy3, orange) attached to the liposome surface (Figure 2h). But
in PBS solution, the C6@aCD47/aPDL1-SSL did not release
aCD47 (Figure 2g). Both aCD47 and aPDL1 were attached to
the surface of liposomes (Figure 2g). The control immunolipo-
some (C6@aCDA47-aPDL1-SSL), which contained ROS-stable
linkers (bis-N-hydroxy succinimide [NHS]-modified pimelic
acid), did not control the release of antibodies in response to
ROS. It did not release aCD47 in either H,0, solution or PBS
solution (Figure 2gh). In addition, the immunofluorescence
colocalization of liposomes and antibodies also confirmed that
aCD47 and aPDL1 were successfully linked on the surface of
liposomes (Figure 2g). The ROS-sensitive linker on the lipo-
some surface not only controlled the release sequence of anti-
bodies, but also effectively scavenged ROS in the environment.
The aCD47/aPDL1-SSL with ROS-sensitive linkers on the lipo-
some surface significantly scavenged H,0, compared with the
control group aCD47-aPDLI1-SSL, which contained ROS-stable
linkers on the liposome surface (Figure 2i). The encapsulation
efficiency (EE) of CAR was 52.8% * 4.41% and loading content
(DL) was 16.23% = 3.27% determined by UV-spectrometer and
HPLC. The conjugation efficiency rates of aCD47 and aPDL1
detected by the standard bicinchoninic acid (BCA) protein
assay were 43% and 50%, respectively. The cumulative release
rate of aCD47 from the multifunctional immunoliposome in
H,0, solution within 12 h was 98.7%. The CAR encapsulated
in liposomes maintained a sustained release, and the cumula-
tive release rate within 72 h was =68% (Figure 2j). The tandem
antibodies attached to the surface of the liposomes did not
affect the release characteristics of CAR (Figure 2j). In H,0,
solution, the CAR encapsulated in liposomes also maintained
a sustained release (Figure S3, Supporting Information). In
addition, the cumulative release rate of CAR@aCD47/aPDLI-
SSL in a PBS solution containing 10% FBS within 12 h was less
than 10%, and the particle size of CAR@aCD47/aPDL1-SSL
was =120 nm within 48 h, indicating that the multifunctional
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immunoliposomes (CAR@aCD47/aPDL1-SSL) prepared in
this research had good serum stability and ensured a high
stability in physiological environment (Figure S4, Supporting
Information).

2.2. The aCD47-Induced Immune Response

The CD47/SIRP o pathway (“do not eat me” pathway) has been
considered to be an important mechanism by which tumor
cells evade innate immune surveillance.l”8] However, innate
immune cells, including macrophages and dendritic cells
(DCs), play important roles in antigen presentation and T lym-
phocytes activation.l?”:38 In order to determine whether aCD47
can effectively block the “don’t eat me” pathway and whether it
can promote the infiltration of tumor tissues by macrophages
and DCs and activate T lymphocytes, we prepared aCD47-SSL
and injected it into tumor-bearing mice intravenously. Com-
pared with IgG-SSL, aCD47-SSL could significantly promote
the infiltration of phagocytic cells, including macrophages and
DCs into the tumor tissues (Figure 3a). Mature DCs play an
important role in antigen presentation and T lymphocyte acti-
vation. Therefore, in order to further evaluate the effects of
aCD47-SSL treatment, we further investigated the content of
mature DCs in tumor tissues. After aCD47-SSL treatment,
the mature DCs in tumor tissues including CD80*CD86*
DCs and CD103* DCs increased significantly (Figure 3b,c).
Furthermore, CD8" T cells in tumor tissues increased signifi-
cantly after aCD47-SSL treatment (Figure 3d,e). These results
indicated that aCD47 can activate T cells by promoting the
infiltration of phagocytes into tumor tissues and the matura-
tion of DCs.

2.3. aCD47/aPDL1-SSL Scavenges Excessive Reactive Oxygen
Species in Tumor Microenvironment

The immunosuppressive TME contains excessive ROS, which
acts as signaling molecules and contribute to tumor growth,
metastasis, and resistance to apoptosis.*>**1 The ROS-sen-
sitive linker (bis-N-hydroxy succinimide [NHS]-modified
2,2-[propane-2,2-diylbis (thio)] diacetic acid) synthesized in
this study is composed of ROS-sensitive thioketal linkages.[*]
M.S. Shim et al. found that the high levels of ROS in cancer
cells were exploited as a trigger mechanism, which led to the
degradation of the thioketal linkages and to a controlled intra-
cellular release of the encapsulated nucleic acids from the
delivery agent.*!l At the same time, the level of ROS in tumor
tissues was downregulated due to the reaction with the
thioketal linkages.!*!l To verify the ability of aCD47/aPDL1-SSL
with ROS-sensitive linkers connected to its surface to scav-
enge ROS in TME, we investigated the changes in ROS level
in TME and the immune response induced by the changes
in ROS level. A control immunoliposome (aCD47-aPDL1-SSL)
was also synthesized, in which ROS-sensitive linkers were
substituted for ROS-stable linkers. We injected aCD47/aPDL1-
SSL and aCD47-aPDL1-SSL intravenously into tumor-bearing
mice every 3 days. And the ROS level in TME was observed
at Day 21. As expected, the ROS level in TME significantly

© 2021 Wiley-VCH GmbH
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Figure 3. The aCD47-SSL promotes the infiltration of tumor tissues by macrophages and DCs and activates T lymphocytes. a) Flow cytometry detection
and analysis of macrophages and CD11c* DCs in tumor tissue after treatment of IgG-SSL and aCD47-SSL. b,c) Flow cytometry detection and analysis of
CD80*CD86" DCs and CD103* DCs in tumor tissue. d,e) Immunofluorescence images and flow cytometry analysis of T cells in tumor after treatment
of 1gG-SSL and aCD47-SSL (n = 3, p value: *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001, Scale bar: 100 pum)

decreased after aCD47/aPDL1-SSL treatment compared with
that after aCD47-aPDL1-SSL treatment (Figure 4a-d and
Figure S5, Supporting Information). Studies highlighted
the multiple roles of ROS and reactive nitrogen species in
bystander effects.*>*! In addition, Wulf Droge et al. found
that free amino acids, peptides, and proteins can also act as
ROS scavengers.) The ROS-sensitive linkers on the sur-
face of the multifunctional immunoliposome designed in
our study can react with excess ROS in the tumor tissue,
consume excess ROS in TME, and release aCD47. According
to the study of Wulf Droge et al., free aCD47 may play the
role of ROS auxiliary scavenger and have a synergistic effect
with ROS-sensitive linkers. Therefore, the low concentration
of ROS-sensitive linkers in this study can effectively scavenge
ROS in tumor tissues. To further determine the impact of
decrease in ROS level in TME after aCD47/aPDL1-SSL treat-
ment on immune system, we investigated the populations
of different immune cells in tumor tissues including CD45"
cells, F4/80"CD206" M2 type tumor-associated macrophages
(TAMs), CD3*CD4*Foxp3*regulatory T cells (Tregs), and CD8"
cytotoxic T cells (CTLs) (Figure 4e—j and Figure S6, Supporting
Information). A significant reduction in M2-type TAMs and
Tregs was observed in TME after aCD47/aPDL1-SSL treatment
(Figure 4h,i). CTLs were significantly increased in the TME
(Figure 4e,f,j and Figure S6, Supporting Information). Overall,
the ROS-sensitive multifunctional immunoliposome aCD47/
aPDLI1-SSL scavenged ROS in TME, reduced the immunosup-
pressive cells, and promoted the infiltration of CTLs. There-
fore, the effect of aPDL1 can be enhanced by reprogramming
the immunosuppressive TME.

Small 2021, 2105118 2105118

2.4. Blocking Adrenergic Nerve Fibers and Reprogramming the
Immunosuppressive Tumor Microenvironment

The solid TME contains nerve fibers which arise from the
peripheral nervous system.l%l And the newly formed adren-
ergic nerve fibers can promote tumor angiogenesis, growth,
and metastasis.%12 Clinical data indicated that CAR, a blocker
of f3 receptors, can prolong the survival of patients by inhib-
iting neoplastic adrenergic nerves.'>¥l We hypothesized that
CAR can have a synergistic effect with aPDL1 by blocking
tumor adrenergic nerve fibers. To confirm this hypothesis, we
first prepared a multifunctional immunoliposome encapsu-
lating CAR, CAR@aCD47/aPDL1-SSL, and injected it intrave-
nously into tumor-bearing mice. The common nerve markers
MAP2 and NeuN were used in marking nerve fibers in tumor
tissues, and the common blood vessel marker CD31 was used
in marking blood vessels in tumor tissues. According to the
results of immunofluorescence and immunohistochemistry,
the density of nerve fibers in tumor tissues was significantly
reduced after CAR@aCD47/aPDL1-SSL treatment, compared
with PBS and aCD47/aPDLI-SSL group (Figure 5a-d and
Figure S7a, Supporting Information). Then, we further inves-
tigated the effect of decreased nerve fiber density in tumor tis-
sues. We found that after CAR@aCD47/aPDLI-SSL treatment,
the blood vessel density in the tumor tissue also decreased
significantly (Figure 5e—g and Figure S7b, Supporting Informa-
tion). It might be that CAR blocked the adrenergic nerves in
the tumor tissues and reduced their density, thereby inhibiting
angiogenesis in the tumor tissues. In addition, compared with
the PBS group, although the aCD47/aPDL1-SSL group did not

(5 of 13) © 2021 Wiley-VCH GmbH
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Figure 4. The ROS-sensitive immunoliposome aCD47/aPDL1-SSL scavenging ROS and reprogramming the immunosuppressive TME. a-d) Flow
cytometry analysis and immunofluorescence images of ROS signal in TME after aCD47/aPDL1-SSL and aCD47-aPDL1-SSL treatment. g—i) Flow
cytometry detection and analysis of CD45* cells, F4/80*CD206" M2 type tumor-associated macrophages, and CD3*CD4*Foxp3* regulatory T cells in

tumor tissue. e,f,j
#*%p < 0.001; *

**p < 0.0001, Scale bar: 100 um).

significantly reduce the density of the nerve fibers, it inhibited
tumor angiogenesis (Figure 5e—g and Figure S7b, Supporting
Information). This feature may be related to the ability of
aCD47 to efficiently block the proliferation of vascular endothe-
lial cells activated by NO and mediated by cGMP.*! Tumor
angiogenesis is closely related to the tumor immunosuppres-
sive microenvironment formation and tumor cell proliferation
and metastasis.**#] Therefore, we believe that CAR and aCD47,
through indirect or direct processes that inhibit tumor angio-
genesis, have a synergistic effect with aPDL1 to produce ideal
antitumor effects.

2.5. Antitumor Efficacy and Safety of CAR@aCD47/aPDL1-SSL
In Vivo
To demonstrate the antitumor efficiency of the multifunctional

immunoliposomes in vivo, control (PBS), free aCD47/aPDLI,
aPDLI-SSL, aCD47/aPDL1-SSL, and CAR@aCD47/aPDLI-SSL
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) Immunofluorescence images and flow cytometry analysis of CD8" cytotoxic T cells in tumor (n = 3, p value: *p < 0.05; **p < 0.07;

were intravenously injected into B16-F10 tumor-bearing mice
every 3 days (mol,cpgmol,ppr; = 1:1, aPDL1: 1 mg kg!, CAR:
0.1 mg mL™) (Figure 6a). This results in CAR@aCD47/aPDLI-
SSL showing an ideal antitumor effect. Compared with the
other four groups, it significantly inhibited the growth of
tumors and significantly prolonged the survival time of the
tumor-bearing mice (Figure 6b-d). The antitumor effect of
aCD47/aPDL1-SSL and CAR@aCD47/aPDL1-SSL was signifi-
cantly higher than that of free aCD47/aPDL], indicating that
liposomes as nanocarriers enhanced the therapeutic effect of
aCD47/aPDL1, likely due to the EPR effect. In addition, com-
pared with aPDL1-SSL or aCD47/aPDLI-SSL, an obvious syn-
ergistic effect was achieved by CAR@aCD47/aPDLI-SSL.
Furthermore, we investigated the infiltration of CD8* T cells in
tumor tissues after treatment with each group of formulations.
According to the flow cytometry results, the population of CTLs
in the tumor tissues significantly increased after the treatment
of CAR@aCD47/aPDL1-SSL, compared with other four groups
(Figure 6e,f). Immunofluorescence imaging also indicated that
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Figure 5. CAR@aCD47/aPDL1-SSL blocking adrenergic nerve fibers and inhibiting tumor angiogenesis. a—d) Immunofluorescence and immunohisto-
chemistry images of adrenergic nerves (NeuN and MAP2) in TME after PBS, aCD47/aPDL1-SSL, and CAR@aCD47/aPDL1-SSL treatment. e-g) Immu-

nofluorescence and immunohistochemistry images of tumor blood vessels (CD31) (n = 3, p value: *p < 0.05; **p < 0.01; **¥*p < 0.001; *

Scale bar: 100 um).

there were more CTLs inflated into tumor tissue after CAR@
aCD47/aPDL1-SSL treatment (Figure 6g and Figure S8a, Sup-
porting Information). In addition, CAR@aCD47/aPDL1-SSL
treatment could significantly promote tumor cell apoptosis,
according to the results of H&E and TUNEL staining (Figure 6g
and Figure S8b, Supporting Information). To further evaluate
the antitumor immunity evoked by CAR@aCD47/aPDL1-SSL,
we detected the cytokine production of tumor necrosis factor-or
(INF-0), interleukin-12 (IL-12), and interferon-y (IFN-)) in
serum at Day 21. IFN-yand TNF-« plays important roles in the
antitumor immune response of cellular immunity. The IL-12
is the typical inflammatory cytokines and is a predictive factor
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p < 0.0001,

for the immune response. According to the results, the CAR@
aCD47/aPDL1-SSL significantly promoted the release of inflam-
matory cytokines in serum, signifying that multifunctional
immunoliposome studied in this research evoked inflamma-
tion and stimulated immune responses (Figure S9, Supporting
Information).

The expression level of CD47 and PD-L1 in B16F10 cells
were investigated after treatments. The results showed that
the expression levels of CD47 and PD-L1 in BI16F10 cells
were significantly downregulated after CAR@aCD47/aPDLI1-
SSL treatment (Figure S10, Supporting Information). This
result might be related to the reprogramming of the tumor
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Figure 6. Antitumor efficacy of CAR@aCD47/aPDL1-SSL in vivo. a) Schematic illustration of tumor inoculation and the therapeutic schedule for CAR@
aCDA47/aPDL1-SSL-initiated antitumor study in vivo. b) The body weights of BI6F10 tumor-bearing mice after treatment with PBS, aPDL1-SSLs, aCD47/
aPDLI-SSL, and CAR@aCD47/aPDLI1-SSL. c¢) The tumor volume of mice in each group. d) Survival curves of B16F10 tumor-bearing mice after treatment
with each formulation described above. e,f) Flow cytometry detection and analysis of CD8" cytotoxic T cells in tumor tissue after treatment with each
formulation. g) Tumor cell apoptosis level detected by H&E and TUNEL staining and immunofluorescence images of CD8* cytotoxic T cells in tumor

after treated with each formulation (n = 6, p value: *p < 0.05; **p < 0.01; ***p < 0.001; **

immunosuppressive microenvironment after CAR@aCD47/
aPDLI-SSL treatment. Immunosuppressive cells, including
Treg,*¥l MDSCs,*>% and TAM,PY could induce high PD-L1 and
CD47 expression levels in tumor cells and inhibit the activation
of CD8" T cells, which gives the privilege to tumors for escaping
the antitumor immunity.52* The above studies indicated that
CAR@aCD47/aPDL1-SSL can reprogram the immunosup-
pressive TME, by suppressing immunosuppressive cells and
activating CD8" T cells. Therefore, CAR@aCD47/aPDL1-SSL
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*p < 0.0001, Scale bar: 100 um).

can significantly downregulate the expression levels of PD-L1
and CD47 by reprogramming the immunosuppressive TME,
which is expected to enhance subsequent antitumor therapy.
Collectively, these results indicated that the multifunctional
immunoliposome, CAR@aCD47/aPDL1-SSL, can enhance the
immune response mediated by CTLs, promote tumor cells
apoptosis, and enhance the antitumor efficacy.

The safety of CAR@aCD47/aPDLI-SSL was investigated
through H&E staining. According to the results, the morphology
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of the heart, spleen, lungs, liver, and kidneys showed no obvious
pathological abnormalities after different formulations treat-
ments (Figure S11, Supporting Information). Accordingly, CAR@
aCD47/aPDLI-SSL produced superior antitumor efficacy and did
not produce systemic toxicity after continuous administration.

2.6. Suppression of Lung Tumor Metastasis by
CAR@aCD47/aPDL1-SSL In Vivo

Tumor metastasis is considered one of the important causes of
high tumor mortality.>> The above research results indicated
that CAR@aCD47/aPDL1-SSL can simulate a powerful anti-
tumor immune response mediated by CTLs. In order to fur-
ther study its effect on the treatment of metastasis, we then
constructed a B16F10 lung metastasis tumor model. Briefly,
C57BL/6 mice were intravenously injected with B16F10 cells to
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construct the lung metastasis tumor model, and the mice were
treated with the PBS, aPDL1-SSL, and CAR@aCD47/aPDL1-
SSL (Figure 7a). This results in the formation of lung metastasis
being significantly suppressed after CAR@aCD47/aPDL1-SSL
treatment, resulting in only 10.71% and 21.42% of the lung
foci observed in PBS and aPDLI1-SSL groups (Figure 7b,c). Fur-
thermore, a lower degree of tumor invasion was observed in
the lungs after CAR@aCD47/aPDL1-SSL treatment, whereas
more observable damages were detected in aPDL1-SSL group
in the H&E staining assay of the lung tissues (Figure 7b). This
result indicated that an obvious synergistic effect was achieved
by CAR@aCD47/aPDL1-SSL. In addition, a higher frequency
of CTLs was detected in blood after treatment with CAR@
aCD47/aPDLI-SSL (Figure 7d,e). Overall, these results indicated
that CAR@aCD47/aPDL1-SSL can activate systemic immune
response and suppress tumor metastasis, indicating a better
antitumor therapeutic effect.
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3. Conclusion

In conclusion, we have successfully developed a multifunctional
immunoliposome (CAR@aCD47/aPDL1-SSL) encapsulating an
adrenergic receptor blocker CAR, and connecting aCD47 and
aPDLI in series via a ROS-sensitive linker on the surface. This
multifunctional immunoliposome possesses several advan-
tages: 1) the antibodies attached to the surface of liposomes can
be released sequentially in response to ROS signals in TME,
resulting in a synergistic effect. In ROS-enriched the immu-
nosuppressive TME, the multifunctional immunoliposome
(CAR@aCD47/aPDLI1-SSL) can first release the outer aCD47 to
block the “do not eat me” pathway, promote the phagocytosis
of tumor cells by phagocytic cells and activate T lymphocytes.
Then the aPDL1 on the liposome surface is exposed to block
the PD-1/PD-L1 signaling pathway, thereby promoting T lym-
phocytes to recognize tumor cells and kill tumor cells. 2) The
multifunctional immunoliposome could reprogram the immu-
nosuppressive TME and promote the infiltration of CTLs in
tumors. ROS-sensitive linkers on the surface of the CAR@
aCD47/aPDLI1-SSL can not only control the sequential release
of antibodies on the liposome surface, but also scavenge ROS
in the TME, thereby reducing M2-type TAMs and Tregs and
increasing CTLs in TME. CAR encapsulated in CAR@aCD47/
aPDL1-SSL can block the adrenergic nerves in the tumor tissues
and reduce their density, thereby inhibiting angiogenesis in the
tumor tissues and reprogramming the immunosuppressive
TME. 3) CAR@aCD47/aPDL1-SSL can enhance the immune
response mediated by CTLs, promote tumor cells apoptosis,
and enhance the antitumor efficacy. Furthermore, CAR@
aCD47/aPDL1-SSL can induce systemic immune response and
effectively inhibit cancer metastasis. Therefore, this multifunc-
tional immunoliposome established an effective strategy for
delivering antibodies and reprogramming the immunosuppres-
sive TME, providing a potential way for significantly enhancing
immunotherapeutic efficiency against the primary cancer and
metastasis.

4. Experimental Section

Materials: The Lecithin (soy beans) (SPC), cholesterol, 2,2’-[propane-
2,2-diylbis-(thio)] diacetic acid, pimelic acid, 1-ethyl-3-(3-(dimethylamino)
propyl)-carbodiimide (EDC), and N-hydroxy-succinimide (NHS) were all
purchased from Sigma Aldrich (St. Louis, USA). C6 was purchased from
Aladdin Bio-Chem Technology Co. Ltd (Shanghai, China). DSPE-PEG2000
(distearoylphosphatidylethanoloamine-methoxy-polyethylene glycol) and
DSPE-PEG2000-NHS (1,2-distearoyl-sn-glycero-3-phosphoethanolamine-
N-[succini-midy (polyethylene glycol)) were purchased from Corden
Pharm (Eichenweg, Switzerland). aCD47 (Clone: miap301) and antibody
of PDL1 (aPDL1) (Clone: 10F.9G2) were both purchased from Bio X Cell
(West Lebanon, NH, USA).

Cell Lines and Animals: The melanoma cell line of mouse (B16F10)
was purchased from Cell Resource Center, Chinese Academy of
Medical Sciences. The B16F10 cells were cultured at 37 °C in 5% CO,
in Dulbecco’s modified eagle medium (Gibco, Invitrogen, USA)
supplemented with 100 U mL™ penicillin (Invitrogen, USA), 100 U mL™!
streptomycin (Invitrogen, USA), and 10% fetal bovine serum (Invitrogen,
USA). The age-matched (6-8 weeks) female C57BL/6 mice were
purchased from Beijing Vital River Laboratory Animal Technology Co.,
Ltd (Beijing, China). In addition, animal experiments in this research
were conducted following the animal protocols approved by the Ethics
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Committee on Laboratory Animal Welfare of Peking University. And the
assigned approval number of the laboratory in the Experimental Section
of this manuscript was LA2019197.

Preparation of CAR@aCD47/aPDL1-SSL: The synthesis and detection
of DSPE-PEG2000-aPDL1 and preparation of basic SSLs and aPDL1-SSL
were consistent with those reported in previous studies.l*®l aCD47-SSL
was also prepared by the film dispersion/postinsertion method, which
was the same as the preparation method of aPDL1-SSL. First, DSPE-
PEG2000-NHS was mixed with aCD47 (Clone: miap301) (Bio X Cell,
West Lebanon, NH, USA) at a molar ratio of 10:1 to form the leading
compound, DSPE-PEG2000-aCD47. Then DSPE-PEG2000-aCD47 was
incubated with SSL at a ratio of 1:100 for 4 h with continuous stirring
to form aCDA47-SSLs. Excessive aCD47s were removed using a dialysis
membrane with a 300-kDa molecular weight cut off (MWCO) (Mmbio,
China). To prepare multifunctional immunoliposome CAR@aCD47/
aPDL1-SSL, the authors first synthesized the ROS-sensitive linker.
2,2"-[propane-2,2-diylbis (thio)] diacetic acid, EDC, and NHS were
dissolved in 2 mL dimethyl sulfoxide at a molar ratio of 1:2:2 and stirred
for 6 h at room temperature. And then the synthesized ROS-sensitive
linker  (bis-N-hydroxy succinimide [NHS]-modified 2,2"-[propane-
2,2-diylbis (thio)] diacetic acid) was detected by mass spectrometry
(Solarix XR, Bruker, Germany). The ROS-stable linker (bis-N-hydroxy
succinimide [NHS]-modified pimelic acid) was synthesized using
the same method with pimelic acid as raw material. To prepare CAR@
SSL, SPC, cholesterol, and DSPE-PEG2000 were dissolved in 1 mL of
chloroform at a molar ratio of 100:50:8. Then CAR was also added to
the chloroform. Next, the dried lipid was hydrated using 2 mL PBS
solution. DSPE-PEG2000-aPDL1 was then incubated with CAR@
SSL at a ratio of 1:100 for 4 h with continuous stirring to form CAR@
aPDL1-SSL. The ROS-sensitive linker, aCD47 and CAR@aPDLI-SSL
were incubated for 12 h at 4 °C with continuous stirring to form CAR@
aCD47/aPDL1-SSL. The molar ratio of aPDL1 to aCD47 was 1:1 and
concentration of CAR was 0.1 mg mL™". Excessive aPDL1 and aCD47
were removed using a dialysis membrane with 300 kDa MWCO (Mmbio,
China).B®l Excessive CAR was removed using a dialysis membrane with
3500 Da MWCO and the external dialysis fluid was acetic acid solution
(0.06 mol L7"). Cé-loaded immunoliposomes (C6é@aCD47/aPDLI-
SSLs) and CAR@aCD47-aPDLI-SSL, in which ROS-stable linker was
substituted for ROS-sensitive linker, were also prepared using the film
dispersion method mentioned above.

Characterization of CAR@aCD47/aPDL1-SSL: The particle = size,
polydispersity, and zeta potential of CAR@aCD47/aPDL1-SSL were
measured using DLS (Zetasizer Nano ZS90, Malvern, United Kingdom).
And TEM (JEM-1400Plus, JEOL, Tokyo, Japan) was used to observe the
morphology of CAR@aCD47/aPDL1-SSL after the sample was stained
with 2% w/v phosphotungstic acid solution. The EE, loading content
(DL), and cumulative release rate of CAR was measured using the
UV spectrophotometer (UV3600PLUS, Shimadzu, Japan) and HPLC
(Shimadzu, Japan) at 331 nm wavelength. The HPLC analysis was
conducted on a Shimadzu LC-20A system (Shimadzu, Japan) equipped
with a Thermo C18 column (5 um, 4.6 x 250 mm) and UV-vis detector
using methanol/PBS/glacial acetic acid (6:4:0.3 volume ratio) as an
eluent. The flow rate was 1.0 mL min~". EE% was calculated using
formula consistent with previous studies.’®l DL% was calculated using
the following formula:

Weight of the CAR in liposome
O, —_
DL(%) = Weight of liposome

x100% 0

The conjugation efficiency of aCD47 or aPDL1 was determined by
the standard BCA protein assay (Solarbio Science & Technology Co.,
Ltd, China). The optical density value of each well was measured by a
microplate reader with a wavelength of 570 nm.

The in vitro release behavior of CAR from CAR@SSL and CAR@
aCDA47/aPDL1-SSL was investigated using dialysis diffusion method.
Briefly, 2 mL of CAR@SSL or CAR@aCD47/aPDL1-SSL solution was
added into each dialysis bag (MWCO 3500 Da). Then, the dialysis bags
were kept in 10 mL release medium (PBS solution and H,0, solution)
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at 37 £ 0.5 °C with horizontal shaking (100 rpm). At predetermined
time intervals, 1 mL of the release medium outside the dialysis bag was
took out and replaced with isometric fresh medium, and the content
of CAR in harvest sample was detected by the UV spectrophotometer
(UV3600PLUS, Shimadzu, Japan) and HPLC (Shimadzu, Japan) at
331 nm wavelength. The stability of CAR@aCD47/aPDL1-SSL in serum
was also investigated by dialysis diffusion method. The cumulative
release rate of aCD47 from the multifunctional immunoliposome in H,0,
solution with 12 h was also investigated using dialysis diffusion method.
The basic operation was the same as above. The fluorescence-labeled
aCD47 (Alexa Fluor647, red) was also purchased from Bio X Cell (West
Lebanon, NH, USA; Clone: 10F.9G2). The MWCO of the dialysis bag was
300-kDa (Mmbio, China). The content of aCD47 in harvest sample was
detected by fluorescence spectrometer (F7000, HITACHI, Japan).

The H,0; scavenging rate of aCD47-aPDL1-SSL and aCD47/aPDL1-SSL
were measured using the UV spectrophotometer at 230 nm wavelength
and were calculated according to the following formula:

(As - Ab)

H,0; scavenging rate (100%) = [1— A
C

}x 100% @)

where A was defined as the absorbance of H,0, remaining after adding
the sample, A, was defined as the absorbance of sample, and A, was
defined as the absorbance of H,0, remaining after adding after adding
vitamin C.

C6@aCD47/aPDL1-SSL, fluorescence-labeled aCD47 antibodies,
and aPDL1 antibodies (Abcam, Cambridge, UK) were used to confirm
that aPDLT and aCD47 were successfully attached to the surface of the
liposomes in series via a ROS-sensitive linker and had ROS-responsive
release characteristics. C6@aCD47-aPDL1-SSL was used as a control,
in which ROS-sensitive linkers were substituted for ROS-stable linkers.
C6@aCD47/aPDLI-SSL and C6@aCDA47-aPDL1-SSL were incubated in
H,0, and PBS (pH 7.4) for 2 h at room temperature and then observed
using confocal laser scanning microscopy (CLSM) (A1Rsi, Nikon,
Tokyo, Japan).

Reactive Oxygen Species Levels in Tumor Microenvironment: In order
to detect the ROS levels in TME after treated with aCD47/aPDLI-SSL,
the authors first built tumor-bearing animal model. C57BL/6 (6—8 weeks
of age, 20 g b™") mice were injected with B16F10 cells subcutaneously
in the right flank at a density of 1 x 10°. When the tumor volume
reached 100 mm?, the tumor-bearing mice were divided into two
groups. They were then intravenously injected with aCD47/aPDL1-SSL
and aCD47-aPDL1-SSL (control group) (mol,cpg:molppy = 101,
aPDL1: 1 mg kg™). ROS levels in the tumor tissue collected from mice
treated with aCD47/aPDL1-SSL or aCDA47-aPDL1-SSL were detected
via the CellROX deep red reagent (Invitrogen, USA) by flow cytometry
(FACSCalibur, BD Biosciences, San Jose, CA, USA) and CLSM (A1Rsi,
Nikon, Tokyo, Japan).

Infiltration of Immune Cells in Tumor Tissue: To investigate infiltration
of different immune cells in the tumor tissue, tumors collected from
mice after treatment with different formulations were cut into small
pieces and homogenized to form single cells in cold staining buffer.
Immune cells were stained with fluorescence-labeled antibodies CD45
(clone: 30-F11), CD11c (clone: N418), CD11b (clone: M1/70), CD80
(clone: 16-10A1), CD86 (clone: GL-1), CD103 (clone: 2E7), Foxp3 (clone:
MF-14), CD206 (clone: C068C2), F4/80 (clone: BM8), CD3 (clone: 17A2),
CD4 (clone: GK1.5), and CD8 (clone: 53-6.7) following the manufactures’
instructions. All the fluorescence-labeled antibodies were purchased
from Biolegend company (California, USA). Antibodies used here
were diluted 200 times. Then stained immune cells were detected
by flow cytometry (FACSCalibur, BD Biosciences, San Jose, CA, USA)
and analyzed by Flowjo software (version 10.0.7). Further, infiltration
of CTLs in tumor tissue were observed using CLSM. 4’,6-diamidino-2-
phenylindole (DAPI) (Solarbio, China) was used to label the nucleus of
B16F10 cells, and fluorescence-labeled CD4" and CD8" antibodies were
used to label the T lymphocytes in tumor tissue (Biolegend, USA). The
results of immunofluorescence staining were observed using CLSM
(Nikon, A1R-si, Japan).
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Adrenergic Nerve Fibers and Blood Vessels in Tumor Microenvironment:
To investigate adrenergic nerve fibers and blood vessels in the tumor
tissue, tumors were collected from mice after treatment with different
formulations and frozen in optimal cutting temperature medium. Then
tumors were cut via a cryotome and mounted on slides. DAPI (Solarbio,
China) was used to label the nucleus of B16F10 cells. Antibodies NeuN
(Bioss, China) and MAP2 (Bioss, China) were used to label the adrenergic
nerves and CD31 (Invitrogen, USA) was used to label the blood vessels
in tumor. The results were observed by immunofluorescence staining
and immunohistochemical analysis. The quantitative analysis of the
results was analyzed by Image) software (version 1.8.0).

Antitumor Efficacy and Safety Study In Vivo: To evaluate the antitumor
efficacy of immunoliposomes, the tumor-bearing mice were randomly
divided into four groups (n = 6) and intravenously injected with PBS,
free aCDA47/aPDL1, aPDL1-SSL, aCD47/aPDLI-SSL, CAR@aCD47/
aPDL1-SSL (mol,cpa:mol,pprr = 1:1, aPDLIT: 1 mg kg™, CAR: 0.1 mg mL™)
every 3 days. During the treatment period, the weight of the mice
and the volume of tumors were recorded to evaluate the antitumor
efficacy of each formulations. The tumor volumes were calculated by
the formula: Volume = length x width?/2. The survival curve of tumor-
bearing mice was analyzed using GraphPad Prism software (version
8.0.1). After treatment with different formulations, the infiltration of
CTLs in tumor tissues of the mice was investigated by the same method
mentioned above using flow cytometry and CLSM. The apoptosis of
tumor cells after treated with different formulations was investigated
by H&E staining and TUNEL assay kit (Solarbio, China). The cytokines
in serum including TNF-o¢ (4A Biotech Co., Ltd), IL12 (4A Biotech Co.,
Ltd), and IFN-y (4A Biotech Co., Ltd) were detected by enzyme-linked
immunosorbent assay according to the protocol. The CD47 and PD-L1
expression level in B16F10 cells was detected by flow cytometer assay.
Finally, to evaluate the safety of using immunoliposomes in vivo, the
main organs of mice were collected for H&E staining.

Suppression of Lung Tumor Metastasis by CAR@aCD47/aPDL1-SSL
In Vivo: To evaluate the suppression effect of CAR@aCD47/aPDLI-SSL
on metastasis, the authors first built the lung metastatic model of
B16F10 cells. C57BL/6 (6-8 weeks of age, 20 g b™') mice were injected
with B16F10 cells intravenously at a density of 1 x 10°. At 6 day post
injection of cells, the tumor-bearing mice were divided into three groups
(n = 6). They were then intravenously injected with PBS, aPDL1-SSL,
and CAR@aCD47/aPDL1-SSL  (mol,cps:molppyy = 1:1,  aPDLI:
1 mg kg™") every 3 days. On Day 21, the mice were sacrificed, and the
lung tissues were collected. Then the metastatic lung tumor lesions were
photographed and counted visually. Furthermore, the lung tissues were
observed by H&E staining for assessing the metastatic area. In addition,
after treatment with different formulations, the CTLs in blood of the
mice were also investigated by the same method mentioned above using
flow cytometry.

Statistical Analysis: The data were presented as the means + SD. Mean
values were compared using the two-tailed Student’s t-test. p < 0.05(¥),
p < 0.01(**), p < 0.001(***), and p < 0.0001(****) were considered
statistically significant.
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