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Abstract

Immune checkpoint blockade (ICB) therapy for cancer has achieved great success both in clinical results and on the
market. At the same time, success drives more attention from scientists to improve it. However, only a small portion of
patients are responsive to this therapy, and it comes with a unique spectrum of side effects termed immune-related
adverse events (irAEs). The use of nanotechnology could improve ICBs' delivery to the tumor, assist them in penetrat-
ing deeper into tumor tissues and alleviate their irAEs. Liposomal nanomedicine has been investigated and used for
decades, and is well-recognized as the most successful nano-drug delivery system. The successful combination of ICB
with liposomal nanomedicine could help improve the efficacy of ICB therapy. In this review, we highlighted recent
studies using liposomal nanomedicine (including new emerging exosomes and their inspired nano-vesicles) in associ-

ating ICB therapy.
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Background

Cancer has been one of the leading causes of death for
decades, and though the fight against cancer has never
stopped, an estimated 10 million cancer deaths occurred
in 2020 [1]. Many immune checkpoint blockades (ICBs),
like ipilimumab, nivolumab, pembrolizumab, atezoli-
zuma, durvalumab, and avelumab, have been approved
by the Food and Drug Administration (FDA) for the
treatment of cancer [2]. For example, pembrolizumab
(Keytruda), the first anti-programmed cell death protein
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1 (PD-1) agent approved by FDA, can bind to PD-1 on
T cells to block its interaction with programmed cell
death ligand 1 (PD-L1). Because PD-L1 is up-regu-
lated in certain types of tumor, and when it is bound to
PD-1, as an immune checkpoint, it inhibits the immune
response of cytotoxic T cells. Thus, blocking the PD-1/
PD-L1 pathway could restore the immune response
[3-5]. However, traditional ICBs are usually monoclo-
nal antibodies (mAbs), which have some drawbacks such
as insufficient tumor penetration, inactivation, elimi-
nation due to cleavage by protease in vivo [6-10], and
immune-related adverse events (irAEs) [2, 11]. Deveuve
et al. [12] studied the cleavage of human immunoglobu-
lin G (IgG)1 (trastuzumab, rituximab, cetuximab, inflixi-
mab, and ipilimumab), IgG2 (panitumumab), and IgG4
(nivolumab and pembrolizumab) structure based thera-
peutic mAbs in the presence of matrix metalloprotein-
ase (MMP)-12 and immunoglobulin-degrading enzyme
from Streptococcus pyogenes. Their results showed that
IgG1 and IgG4 formats are sensitive to MMP-12 and
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immunoglobulin-degrading enzyme from Streptococ-
cus pyogenes. The most common adverse events include
colitis, diarrhea, dermatitis, hypophysitis, thyroiditis,
and hepatitis [13-17]. Approximately 12% of patients
on nivolumab monotherapy and 43% of patients on ipili-
mumab plus nivolumab faced treatment discontinuation
due to adverse effects [15]. Those adverse events can also
be life-threatening. In a report, 613 of the 19,217 regis-
tered patients died as a consequence of treatment with
immune checkpoint inhibitors. Toxicity-related fatal-
ity rates were 0.36% for anti-PD-1, 0.38% for anti-PD-
L1, 1.08% for anti-cytotoxic T-lymphocyte-associated
antigen 4 (CTLA-4), and 1.23% for PD-1/PD-L1 plus
CTLA-4 [17]. Also, resistance to treatment is a big chal-
lenge. Up to 50% of PD-L1 positive patients show resist-
ance or relapse post-ICB treatment [18—20]. Liposomal
drug delivery systems have been successful in improv-
ing the therapeutic efficacy in cancer treatment [21-23].
Combining ICB and the advantages of liposomal drug
delivery systems would potentially improve its therapeu-
tic efficacy. In this review, we focus on studies that ICBs
are encapsulated into/coated onto a liposomal delivery
system, which will show its benefits directly compared
to free ICB in the past 5 years. In addition, exosomes
and exosome-inspired nanovesicles, new emerging drug
delivery systems, which are composed of lipids, were
also reviewed when combined with immune checkpoints
blocking therapies.

Liposomal nanomedicine and immune checkpoint
in cancer therapy

Liposomal nanomedicine in cancer therapy

Conventional chemotherapeutic drugs usually have low
aqueous solubility, poor pharmacokinetic parameters,
and severe systemic toxicity due to the unbiased killing
of cells. To reduce the drawbacks of these conventional
drugs, nanomedicine was brought to the spot. Among
them, liposomes, vesicular structures consisting of one
or more phospholipid bilayers that formed impulsively
in water, have attracted much attention due to their
tunable nanometer size, facile loading for both hydro-
philic and hydrophobic drugs, and high biocompatibil-
ity. Liposomes were first reported in the 1960s [24—26],
and Doxil® was the first FDA-approved nano-drug in
1995 [a liposomal formulation of doxorubicin (DOX)]
[21, 27]. Since then, many liposome-based nanomedi-
cines have been developed and undergone clinical trials
[21, 28]. Besides the improved solubility and bioavailabil-
ity, they could also prevent the rapid clearance of drugs
and improve the accumulation of drugs at the tumor site
[29, 30]. One of the basic ideas behind the thriving of the
nano-drug delivery system is the increased permeability
of nanoparticles in solid tumors due to their aberrant
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vasculature, which is called the enhanced permeability
and retention (EPR) effect (Fig. 1la). It is reported that
nanoparticles with a diameter between 10 and 200 nm
would have the most efficient therapeutic effect [31].
The extravasation mechanism could be both via the gaps
between endothelial cells in the tumor vasculature and
transcellular pathways by vesiculo-vacuolar organelles
[32]. Though the EPR effect could improve the accumula-
tion of encapsulated drugs at the tumor site, the encap-
sulation could also lead to decreased cytotoxicity [32].
Therefore, in addition to EPR resulted passive targeting,
researchers have designed many tumor active targeting
[33-37] and responsive [38—41] nano-drug delivery sys-
tems to enhance their therapeutic efficacy. For example,
vascular endothelial growth factor was highly expressed
on tumor cells’ surfaces, associated with their fast growth.
Anti-vascular endothelial growth factor antibodies have
been modified to the liposomes to improve the drug’s
pharmacokinetics and tumor accumulation [42]. Zhou
et al. [43] reported y-glutamyl transpeptidase-respon-
sive camptothecin—zwitterionic polymer conjugate that
actively penetrates tumors via transcytosis to achieve
enhanced anticancer efficacy. Such zwitterionic conju-
gate turns into positively charged polymers via cleaving
with y-glutamyl transpeptidase overexpressed on the cell
membrane of luminal endothelial cells. This bio-respon-
sive drug delivery system enables a uniform distribution
throughout the tumor and significantly extends the sur-
vival rate of mice bearing pancreatic tumors. As a power-
ful delivery system, liposomes are not only successful in
delivering chemotherapeutic drugs, but also are essential
tools in developing new imaging modalities, theranostics,
and vaccines, which have been extensively reviewed [22,
44-48).

Immune checkpoint in cancer therapy

Though many drugs have entered clinical trials, and many
of them have been approved by the FDA, many chal-
lenges remain to be tackled in curing cancers. The immu-
nosuppressive tumor microenvironment (TME) is one of
the trickiest challenges, posing a major barrier to cancer
immunity. During tumor growth, numerous cancer anti-
gens were released, which were then phagocytosed, pro-
cessed, and presented by antigen-presenting cells (APCs)
through the major histocompatibility complex. APCs,
such as dendritic cells (DCs), migrate to draining lymph
nodes, where the presented antigen can be recognized by
T cells via T cell receptor, and initiate T cell activation
(Fig. 1b) [49]. Following the T cell activation, T cells can
also be regulated through antigen-independent co-inhibi-
tory [CTLA-4, PD-1, V-domain Ig-containing suppressor
of T-cell activation, and T cell immunoglobulin domain
and mucin domain 3 (TIM-3), etc.] and co-stimulatory
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Fig. 1 Summary of liposomal drug delivery system and immune checkpoint blockades. a EPR effect associated with liposomal drug delivery,
liposomes with a diameter between 10 and 200 nm would preferably accumulate at the tumor site. b The process of T cell activated by APCs, and
T cells led to cancer cell death. ¢ T cells are inhibited by immune checkpoints, which leads to tumor immune escape. d ICB-modified liposomes
reactivated T cells, and the reactivated T cell, together with tumor locally released drugs, led to cancer cell death. e Immune checkpoints’ligand
and receptors. PD-1/programmed cell death ligand 1 or 2 (PD-L1/2), CTLA-4/CD80/CD86, TIM-3/galectin-9 (GAL-9), lymphocyte-activation gene 3
(LAG-3)/major histocompatibility complex class Il (MHC II), B and T lymphocyte attenuator (BTLA)/Herpes virus entry mediator (HVEM), V-domain
Ig-containing suppressor of T-cell activation (VISTA)/V-set and immunoglobulin domain containing 3 (VSIG-3). f Representative structures of
liposomal drug delivery system (liposomes, exosomes, and exosome mimetics). It was created with BioRender.com. EPR enhanced permeability and
retention, APCs antigen-presenting cells, TCRT cell receptor, IFN interferon, TNF tumor necrosis factor, ICBs immune checkpoint blockades, PD-1
programmed cell death protein 1, CTLA-4 cytotoxic T-lymphocyte-associated antigen 4, TIM-3 T cell immunoglobulin domain and mucin domain 3,
TME tumor microenvironment, DNA deoxyribonucleic acid, RNA ribonucleic acid

[CD28, inducible T cell co-stimulator (CD278), CD137
(41BB), and OX40, etc.] signals [5]. The co-inhibitory sig-
nals protect the body from excessive immune response,
and co-stimulatory signals enhance T cell activation [2].
The co-inhibitory ligands/receptors, known as immune
checkpoints, play a crucial role in maintaining immune
homeostasis, minimizing the possibility of autoimmune
inflammation. However, tumors can escape immune
attack by the upregulation of the immune inhibitory
mechanism (Fig. 1c) [20, 50]. Tumors can utilize specific
immune-checkpoint pathways to achieve immune resist-
ance, particularly against tumor antigen-specific T cells.
Scientists have managed to block the ligand-receptor
interaction to enhance cancer therapies (Fig. 1d). Among
the commonly studied immune checkpoints (Fig. le),
CTLA-4/CD80/CD86 and PD-1/PD-L1 are studied the
most.

Liposomal nanomedicine mediated ICB

Since liposomal nanomedicine has been successful in
drug delivery, it would be beneficial to take advantage
of the liposomal delivery system to improve the efficacy
of ICBs (Fig. 1f). Liposomes with polyethylene glycol
(PEG)ylation could shield them from reticuloendothe-
lial system clearance, therefore having a longer circula-
tion time. Formulated with TME-responsive lipids, such
as pH, temperature, and redox, liposomes could give a
burst release of payloads and minimize systemic toxic-
ity. ICBs can usually be either encapsulated in the core of
liposomes or modified onto the surface, along with other
agents like a photosensitizer, and iron oxide, to have a
combinatory therapy with external stimuli (Fig. 2a). The
encapsulated ICBs can be protected from proteolytic
cleavage, and surface modified ICB was also proved to
maintain their binding affinity (Fig. 2b). Also, ICB asso-
ciated with liposomal delivery could induce a better
effective T cells tumor filtration and tumor inhibition
compared to free ICB (Fig. 2¢, d). In a recent study, CD25
antibody-modified pH-sensitive liposomes were used to
transmigrate the endothelial barrier, infiltrate the TME,

and release the encapsulated drugs (including ICBs) [51].
Also, a liposomal delivery system would allow multiple
ICBs to be delivered simultaneously for combinatorial
therapies [52].

There are also reports about remodeling the TME with
a liposomal drug delivery system to sensitize tumors to
checkpoint inhibitors, combined with the administra-
tion of free ICBs to achieve a better therapeutic effect
[53-56]. For example, in treatment metastasis, cancer
cells that spread to surrounding tissues from the origi-
nal tumor and the major cause of treatment failure and
tumor recurrence, Huang et al. [56] first loaded indo-
cyanine green as a photothermal agent into liposome for
photothermal therapy (PTT). PTT alone can efficiently
eradicate the primary tumor, meanwhile having mini-
mal effect on the inhibition of distant tumors, which is
caused by the compensatory upregulation of immune
checkpoints after PTT. When PTT was combined with
free anti-PD-1 and anti-TIM-3 antibodies administration,
the growth of distant tumor was successfully inhibited
while the primary tumor was cleared. These are also good
strategies for improving therapeutic efficacy. Cremo-
lini et al. [57] and Lahori et al. [58] reviewed enhanced
ICBs, either delivered by or in combination with differ-
ent nanocarriers. Gu et al. [49] reviewed the liposome
systems developed for cancer immunotherapy, in which
many immunomodulatory molecules, like stimulatory
molecules and ICBs, are discussed.

Liposomal nanomedicine mediated immune
checkpoint inhibition

Liposomal nanomedicine mediated CTLA-4 blockade
CTLA-4 is a member of the CD28-B7 immunoglobulin
superfamily and expresses on both activated T and regu-
latory T (Treg) cells. In the early stage of T cell activa-
tion, CTLA-4 is up-regulated, and it negatively regulates
T cell activation by competing with the CD28 receptor
for binding CD80/CD86 ligands on APCs. CTLA-4 has
higher affinity and avidity compared to CD28 and leads
to the inhibition of antigen presentation by APCs, T cell
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Fig. 2 Liposome-associated immune checkpoint inhibition. a lllustration of multipurpose liposome delivery. b Anti-PD-1 modified liposome’s
binding affinity to CD8™ T cells. Statistical analysis was performed by un-paired two-tail Student’s t-test, differences were considered significant at
P<0.05. ¢ The increased tumor infiltrated CD4 1 and CD8™ T cells in treatment with liposomal delivery associated ICB{BM@BL: blank micelle (BM)
loaded hybrid liposome; BM@TL: BM/thioridazine (THZ)-loaded hybrid liposome; Taxol: commercial injection of paclitaxel (PTX); PM: PTX loaded
poleyethylene glycol-block-poly[(1,4-butanediol)-diacrylate-3-N,N-diisopropylethylenediamine] (PDB) micelle; PM@BL: PM loaded hybrid liposome;
PM +THZ 4+ HY: PM together with free THZ and free PD-1/PD-L1 inhibitor HY19991 (HY); PM@TL: PM/THZ-loaded hybrid liposome; PM@THL: PM/
THX/HY-loaded hybrid liposome. 4 mg/kg PTX, 16 mg/kg THZ, 4 mg/kg HY?}. Statistical analysis was performed by one-way ANOVA and corrected by
Bonferroni test for multiple comparison. d Growth curves of CT26 tumor inoculated subcutaneously in BALB/c mice and intravenously injected with
PBS (Group 1, control, black dots), free DOX (Group 2, 2 mg/kg, red dots), anti-PD1 mAb (Group 3, 2.5 mg/kg, blue diamonds), mLTSL (DOX) (Group
4, DOX: 2 mg/kg, Fe: 3 mg/kg, light green triangles), mLTSL (DOX) + anti-PD1-LTSL (Group 5, DOX: 2 mg/kg, Fe: 3 mg/kg, anti-PD1 mAb: 2.5 mg/

kg, dark green triangles), LTSL (DOX) (Group 6, DOX: 2 mg/kg, grey squares), and LTSL (DOX) + anti-PD1-LTSL (Group 7, DOX: 2 mg/kg, anti-PD1

mAb: 2.5 mg/kg, purple squares). Statistical analysis was performed by one-way ANOVA. "P<0.05, "P<0.01, ""P<0.001, ""P<0.0001. a was created
with BioRender.com. b and d are adapted from ref. [75], published by Elsevier. ¢ is adapted from ref. [90], published by Wiley. PEG polyethylene
glycol, ICBs immune checkpoint blockades, IFN interferon, TNF tumor necrosis factor, LTSL low temperature-sensitive liposomes, anti-PD-1
anti-programmed cell death protein 1

proliferation, and reduced cytokine secretion [2, 59, 60].
However, ipilimumab is the first and only CTLA-4 inhibi-
tor approved by the FDA in 2011 for the treatment of
melanoma (a type of skin cancer) [61]. Despite the rapid
approval of anti-PD-1/PD-L1 ICB, anti-CTLA-4 ICB
failed in multiple phase III clinical trials, and CTLA-4
monotherapy showed more irAEs [62]. As CTLA-4 is
important in preventing autoimmunity, the unselective

blockade of CTLA-4 could be the major cause of its
related irAEs [60, 62].

To reduce CTLA-4 blockade’s irAEs, and improve its
therapeutic efficacy, Nikpoor et al. [63] encapsulated
CTLA-4 blocking antibodies into both PEGylated (PEG
modified) and non-PEGylated liposomes. The CTLA-4
blocking antibody encapsulated liposomes had good
encapsulation efficacy and stability. At the same time, the
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PEGylated one showed longer blood half-lives and tumor
accumulation compared to non-PEGylated liposomes
and free CTLA-4. Though no significant difference in
tumor infiltrated lymphocytes between different groups
was observed, the CTLA-4 blocking antibody encapsu-
lated PEGylated liposomes group showed the highest
CD8" T cells, T effector to Treg ratio, the best tumor
inhibition, and the highest survival rate in CT26 colon
carcinoma tumor models. Later in the same group, Ali-
mohammadi et al. [11] combined chemotherapy (Doxil)
and immunotherapy (anti-CTLA-4 antibody, free or
PEGylated liposome-encapsulated) in treatment of well-
established B16 mouse melanoma model. In this study,
they assessed the effect on tumor inhibition of injection
sequence, which showed that administration of free anti-
CTLA-4 antibodies before Doxil had a better response
compared to reversed order or concomitant with Doxil.
Comparing to free anti-CTLA-4 antibody+ Doxil,
CTLA-4 PEG-liposomes (modification of liposomes by
covalent conjugation with PEG)+Doxil showed even
better tumor inhibition and survival rate. These results
indicated that encapsulating anti-CTLA-4 antibodies
into liposomes has good potential for tumor treatment,
and this may be a new strategy for anti-CTIL-4 anti-
body development. However, complete in vivo toxicity
investigation and stability studies are needed for further
development.

Liposomal nanomedicine mediated PD-1/PD-L1 blockade

Similar to CTLA-4, PD-1 is also expressed in T cells, B
cells, DCs, and natural killer cells in the process of T cell
activation [64]. But different from CTLA-4, which mainly
enhances the immunosuppressive activity of Treg cells
during T cell priming and activation, the PD-1 check-
point works on cytotoxic CD8' T cells [65]. There are
two ligands of PD-1, PD-L1, and PD-L2. PD-L1 is up-
regulated on activated T cells, B cells, DCs, macrophages,
other hematopoietic cells, and many tumor cells. PD-L2
is mainly up-regulated on activated T cells, B cells, and
other tissue-derived immune cells [2, 61, 64]. The PD-1/
PD-L1/PD-L2 pathway plays a vital role in prevent-
ing autoimmune disease. However, this would suppress
the immunological function and lead to tumor immune
escape [2]. As many studies have reported that PD-L1 is
overexpressed on tumor cells, which leads to the inhibi-
tion of the cytotoxicity of T cells and therefore acceler-
ates tumor progression [66]. The design of ICB to inhibit
this signaling pathway attracted scientists’ attention.
Many ICBs have been approved by FDA either by block-
ing PD-1 (nivolumab, pembrolizumab) or PD-L1 (atezoli-
zumab, durvalumab, avelumab). The direct role of PD-L2
in cancer progression and immune-TME regulation is
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not as well studied as the role of PD-L1. To our knowl-
edge, there is no FDA-approved inhibitor for PD-L2 yet.

PD-1/PD-L1 blockade with chemotherapy
Nonetheless, only a small portion of patients are respon-
sive to this ICB. Therefore, it’s also essential to improve
its therapeutic efficacy in combination with other tech-
niques. ICB can be combined with chemotherapy using
liposomal drug delivery systems. As liposomes were
first introduced to improve the pharmacokinetics and
safety of chemotherapy, these could also be applied to
ICB. Merino et al. [67] prepared liposomes composed
of lipids including anti-PD-L1 monovalent variable frag-
ment (Fab’) conjugated 1,2-distearoyl-sn-glycero-3-phos-
phoethanolamine-N-[amino (polyethylene glycol)-2000]
(DSPE-PEG2000). Then the liposomes were loaded with
DOX (LPF). Both non-anti-PD-L1 liposome (LPD) and
LPF showed slow release in 100% FBS at 37 °C (less than
10% in 1 h) which indicated its stability in the biological
environment, and no morphology change up to 3 months
in N-2-hydroxyethylpiperazine-N-2-ethane sulfonic acid
saline (pH 6.7) at 4 °C. LPF showed faster uptake in a
PD-L1 expressing cell line, and higher toxicity than con-
ventional LPD. Though the authors reported no statistical
CD8™ cells difference in tumor, they found the anti-PD-
L1 modified liposomes promoted a significant incre-
ment of specific and active tumor-infiltrating T cells. LPF
showed the best tumor inhibition among all the groups,
including free DOX, LPD, and LPD" free anti-PD-L1.
Irinotecan (IRI) is a type of chemotherapy that can
block topoisomerase I, which is needed by cells for divid-
ing and growing, and it can also induce immunogenic cell
death (ICD) [68]. ICD is dying cells’ exposure to damage-
associated molecular patterns in the TME, which stimu-
lates the antitumor immune system [69, 70]. JQ1, a small
molecule inhibitor that could competitively bind to bro-
modomain, has been reported to show anti-proliferative
effects in many types of cancers, and also has been used
as a PD-L1 suppressor [68, 71]. He et al. [68] designed an
IRI and JQ1 co-delivery liposomal system (Lipo), com-
bining chemotherapeutic efficacy with JQ1-based PD-L1
suppression. Of note, they also conjugated anti-PD-L1
antibodies to the surface of the liposomes (P-Lipo), and
they claimed the modification is for targeting purpose,
not for blocking the PD-1/PD-L1 pathway, as the amount
of anti-PD-L1 is less than 10% of the effective dose. The
data showed that chemotherapeutic IRI up-regulated
PD-L1 expression in tumor cells, confirming the impor-
tance of combination treatment with a PD-L1 inhibitor.
The population of interferon (IFN)-y"CD8" T cells in the
tumor treated with P-Lipo is 13.6%, higher than saline
(1.1%) or free JQ1 (3.6%). Furthermore, the population
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of Tregs in the tumor is decreased from 18.2% (saline),
about 13% (free JQ1) to 6.8% (P-Lipo).

PD-L1 can recycle back to the cell membrane after
internalization with mAbs binding, which will affect the
T cell-mediated antitumor immunity [72]. Yang et al
[73] designed PD-L1 multivalent binding liposomes to
bias the PD-L1 toward lysosomes for degradation instead
of recycling endosomes, which will lead to the decrease
of PD-L1 level. They conjugated anti-PD-L1 peptide to
DSPE-PEG (aPD-L1-Lipo) and prepared liposomes with
different ratios. 10 mol% PD-L1 binding peptide (10-PD-
L1-Lipo) promoted PD-L1 multivalent binding on the
tumor cell membrane and led to lysosomal degradation
instead of endosomal recycling. This alone showed better
tumor inhibition than free anti-PD-L1 antibody and free
anti-PD-L1 peptide. They further synergized the system
by loading DOX in liposomes for immunogenic chemo-
therapy and showed significantly enhanced antitumor
efficacy and immune responses in colon tumor models.

PD-1/PD-L1 blockade with external stimuli-responsive
liposomal nanomedicine

To improve its therapeutic efficacy even further, external
stimuli are often applied to achieve better results. Local
mild hyperthermia (HT) has been used to enhance tis-
sue perfusion and local drug release in tumor treatment.
ThermoDox® (Celsion Corporation), a low temperature-
sensitive liposomes (LTSL) formulation, has completed
its phase III clinical study in combination with stand-
ardized radiofrequency ablation in primary liver cancer.
However, some recent studies have shown that HT will
up-regulate the PD-L1 expression on tumor cells, thereby
making the TME immunosuppressive [74]. As a result,
blocking the PD-1 on the surface of T cells while applying
mild HT would also give a promising development. Based
on this, Ma et al. [75] combined mild HT with anti-PD-1
ICB. They first embedded iron oxide into the bilayer of
LTSL (mLTSL), then loaded with DOX [mLTSL (DOX)].
In the meantime, anti-PD-1 antibodies were conjugated
to the surface of LTSL (anti-PD-1-LTSL), while main-
taining their binding capacity to CD8" T cells (Fig. 2b).
DOX as an anticancer agent that induces ICD, was fast
released from mLTSL (DOX) locally when applied with
near-infrared (NIR) laser. The mild HT would also sen-
sitize the tumor for immunotherapy. At the same time,
infiltrated T cells with anti-PD-1-LTSL accumulated at
the tumor site, leading to colon tumor inhibition. Their
results showed a significantly higher level of IFN-y in
the serum and better tumor inhibition compared to free
anti-PD-1 antibodies, which confirmed the advantage of
using a liposomal delivery system. At the same time, the
embedded iron oxide made this system a good platform
for magnetic resonance imaging.
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Though the ICB can reverse the immunosuppressive
TME, the tumor infiltration of lymphocytes in many
tumors is limited. To turn the immunologically “cold”
tumors into “hot” and synergize with ICB, Huang et al.
[74] co-loaded a photothermal agent (IR820) and an anti-
PD-L1 antibody into a lipid mixture which will undergo
a reversible gel-to-sol transition with the application
of NIR laser. They successfully increased the level of
matured DCs in inguinal lymph nodes, and CD8" and
CD4" T cells infiltrated into 4T1 tumors. As expected,
this led to significant tumor inhibition. In addition, it also
inhibited the distal tumor’s growth and rechallenged lung
metastasis. They also demonstrated the broad applicabil-
ity of this system by investigating its B16F10 melanoma
tumor inhibition, which also showed enhanced tumor
inhibition and prolonged survival rate.

As mentioned above, ICD also plays an important role
in cancer treatment [70]. However, the extensive tumor
stroma and dense extracellular matrix limit ICD-induc-
ing agents’ tumor penetration, and the immunosup-
pressive TME inhibits the immune system’s antitumor
immunity [76]. Combining ICD and ICB with a liposo-
mal drug delivery system could ideally solve the problem.
Yu et al. [76] tried to combine ICB, immunogenic death,
PTT, and tumor targeting at one go in a liposomal sys-
tem. They integrated IR780 (photothermal agent), folic
acid (FA) linked oxaliplatin (OXA) prodrug (tumor tar-
geting+ICD), BMS-1 (PD-L1 inhibitor), and lipids to
form thermosensitive liposomes using lipid film hydra-
tion method. The liposomes allow the tumor accumula-
tion via the EPR effect, and upon NIR laser irradiation,
OXA prodrug and BMS-1 were fast released in a few min-
utes. FOIB@Lip (including IR780, FA-OXA, and BMS-1)
with laser irradiation showed better immunogenicity and
tumor inhibition compared to FOIB@Lip without laser
irradiation, indicating the importance of PTT in this sys-
tem. The better tumor inhibition of FOIB@Lip with laser
irradiation compared to FOI@Lip (including IR780, FA-
OXA, but not BMS-1) with laser irradiation proved the
importance of PD-L1 ICB.

Similar to using NIR laser as an external stimulus, ultra-
sound is also a good choice due to its deep penetration
and non-invasiveness [77]. To achieve a high anti-PD-1
antibody loading, controllable drug [paclitaxel (PTX)]
release, and precise optical imaging formulation, Li et al.
[77] first used TiO, shell (sonosensitizer) to encapsulate
ZnGa,0,:Cr*" (ZGO for luminescence imaging) and
anti-PD-1, then this was loaded into the core of PTX
loaded liposomes during the hydration process. Sec-
ond, neutrophils (NEs) as the carriers were loaded with
the prepared formulation, because NEs are believed to
adhere to and migrate across endothelial vessels into the
tumor site via an intercellular route. NE transportation
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enabled efficient blood-brain-barrier penetration of
delivery vehicles for glioblastoma (a tumor of the central
nervous system) treatment. Ultrasound-triggered local—
regional chemotherapy and immunotherapy eradicated
the primary tumor and inhibited the formation of metas-
tasis, which led to a significant increase in survival with-
out off-target systemic toxicity.

PD-1/PD-L1 blockade with tumor environment responsive
liposomal nanomedicine

Besides the synergetic therapy of ICB and PTT/photody-
namic therapy (PDT) (external stimuli), researchers also
utilize ICB with chemotherapy in responsive liposomal
drug delivery systems. As PD-1/PD-L1 is essential in pre-
venting autoimmunity, improving the ICB accumulation
at the tumor site is very important. The aberrant behavior
of cancer cells could be advantageous to have a safer ICB
therapy. The weak acidic microenvironment of tumors
(pH 5.6-6.8) is a typical characteristic of malignant
tumor cells. It is due to increased fermentative metabo-
lism and insufficient blood perfusion, which is a target
for intelligent cancer nano-theranostics [78-80]. Gu
et al. [81] used anti-PD-L1 and docetaxel encapsulated
pH-sensitive liposome (PDL) to synergize chemother-
apy with ICB. Much faster drug release was obtained at
acidic pH in vitro. PDL showed higher tumor cell apop-
tosis compared to a free combo of docetaxel and anti-
PD-L1, as well as a significant delay of tumor growth.
Such liposomes may modulate targeted delivery and
active drug accumulation in tumor sites, and diminish
unwanted adverse effects on normal organs. An elevated
level of reactive oxygen species (ROS) has been observed
in cancers for various reasons, such as increased meta-
bolic activity, mitochondrial dysfunction, and increased
cellular receptor signaling [82-84]. To overcome the low
bioavailability and drug resistance of the hydrophobic
drug PTX, Wang et al. [85] co-loaded BMS-202 (a small
molecule that acts as a PD-1/PD-L1 inhibitor) and PTX
derivative into a ROS-responsive liposome through a
remote-loading method with a high drug loading. The
ROS-responsive thioether bond in PTX-derivative allows
a burst release of PTX in the tumor site without prema-
ture release, together with a sustained BMS-202 release
to achieve a highly efficient chemo-immunotherapy.
MMPs are a large family of zinc-dependent proteolytic
enzymes that are important in the degradation of extra-
cellular matrix, and more and more evidence has shown
that they are related to the tumor invasion and metas-
tasis [86, 87]. MMPs are often up-regulated and overex-
pressed in cancer, utilizing this could provide a localized
controlled release in tumor tissues [88]. Zhang et al. [89]
grafted synthetic PD-L1 peptide antagonists (P pep-
tide) to mannose-modified liposomes through MMPs
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cleavable octapeptide. Afterward, the liposomes were
coated with hyaluronic acid and loaded with oligode-
oxynucleotides containing unmethylated cytosine and
guanine motifs (to stimulate macrophages for continu-
ous release of cytokines). In their study, P peptide grafted
liposomes (monotherapy) showed more obvious tumor
inhibition compared to non-P peptide grafted liposomes,
and this provided a new way of investigating safer ICBs
delivery. Though the combination of ICBs with chemo-
therapy could effectively kill cancer cells, cancer stem
cells (CSCs) may still lead to recurrence and increased
resistance in some circumstances [90-92]. In this case,
anti-CSC treatment should also be included. Due to the
multiple-agents co-loading capabilities of the liposomal
drug delivery system, Lang et al. [90] reported a cocktail
strategy of loading PTX, thioridazine (TDZ, anti-CSC
agent), and HY19991 (HY, PD-1/PD-L1 inhibitor) into an
enzyme/pH dual sensitive liposomal structured nanopar-
ticles. They first prepared pH-responsive micelles loaded
with PTX (named PMs), then PMs were co-encapsulated
along with HY and TDZ, into MMP cleavable liposomes.
The MMP in the tumor environment could lead to the
release of PMs, HY, and TDZ. Then the released PMs,
which have a particle size of around 50 nm, could pen-
etrate cancer cells more efficiently than free PTX. The
uptaken PMs would release their cargoes once they were
endocytosed and transported to endosomes/lysosomes.
This strategy showed more tumor accumulation, longer
blood circulation, and effective T cell penetration into
tumors (Fig. 2c) when compared to injecting the free
agents. As a result, significantly improved tumor inhibi-
tion and decreased metastasis were observed.

PD-1/PD-L1 blockade with gene delivery liposomal
nanomedicine

Gene delivery has rapidly emerged as a powerful tool in
the treatment of cancers. Different from classic PD-1/
PD-L1 antibodies or antagonists, knockout of either
PD-1 or PD-L1 using gene delivery technology could also
bring new insight into ICB therapy. Lu et al. [93] encap-
sulated clustered regularly interspaced short palindromic
repeats/clustered regularly interspaced short palindromic
repeats-associated protein 9 into liposome to specifically
knockout PD-1 gene from T cells. Similarly, as CD47 and
PD-L1 are critical innate and adaptive checkpoints, Lian
et al. [94] designed high-epithelial cell adhesion molecule
cancer cells targeting cationic liposome (LPP-P4-Ep) that
contains si-CD47 and si-PD-L1, which could knockdown
both CD47 and PD-L1 proteins. With the same idea,
Barati et al. [95] prepared liposomes with PD-1 silencing
small interfering RNA (siRNA) to enhance anti-tumor
immune responses.
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Liposomal delivery system associated with other ICBs
Along with the extensive studies on CTLA-4 and PD-1/
PD-L1 immune checkpoints, more and more immune
checkpoints that can be blocked to associate with the
therapeutic treatment of cancer have been found. Such
as TIM-3 [2, 65, 96-99], lymphocyte-activation gene 3
[2, 65, 96-99], human endogenous retrovirus-H long
terminal repeat-associating 2 [2], B7 homolog 3 protein
[2, 65, 96], B7 homolog 4 protein [2, 96], V-domain Ig-
containing suppressor of T-cell activation [97-100], B
and T lymphocyte attenuator [101, 102], and CD37 [103].
But to our knowledge, there is no liposomal delivery sys-
tem designed for these ICB yet. Besides these immune
checkpoints, some other receptors or mediators can be
targeted in the TME [49].

C-X-C chemokine receptor type 4 is a chemokine
receptor, and its upregulation in tumor tissues (both
on the cell surface and cytoplasm) is associated with
increased immunosuppression in TME [104-106]. As
the insufficient T cell infiltration in triple-negative breast
cancer limited its response to normal ICB, Lu et al. [107]
incorporated and modified plerixafor (AMD3100, a
C-X-C chemokine receptor type 4 antagonist) into the
aqueous core and on the surface of liposomal nanopar-
ticles. Their results showed that liposomal-AMD3100
had higher CD3* T cells and fewer Tregs infiltrated into
4T1 tumors than free AMD3100. Also, the data showed
that liposomal-AMD3100 has more significant tumor-
suppressive cytokines (INF-y, IL-12a) upregulation and
immunosuppressive cytokines [IL-10, transforming
growth factor-p (TGF-B)] downregulation compared to
free AMD3100.

Indoleamine-2.3-dioxygenase 1 (IDO1) is a cytosolic
enzyme that catalyzes essential amino acid tryptophan
to kynurenine, whose metabolites will lead to the sup-
pression of T cells and are responsible for tumor immune
escape. It is also associated with poor prognosis in vari-
ous cancer [108-110]. To improve biocompatibility and
tumor accumulation, Huang et al. [111] prepared a con-
jugate of protoporphyrin IX as a photosensitizer and
NLG919 as an IDOL1 inhibitor, and it was encapsulated
into liposomes. The combined PDT and ICB achieved
both primary and distant tumor inhibition. The results
showed that combining PDT with ICB had better tumor
inhibition than PDT alone and much better than ICB
alone. Tumor-responsive liposomal delivery is always
a good choice for reducing off-target toxicity. The high
level of glutathione in tumors has been utilized to design
a redox-active delivery system. Liu et al. [112] designed
a redox-active liposome with a photosensitizer conju-
gated lipid with a reduction-sensitive link. This allowed
the ROS generation of photodynamic triggered ICD, and
along with the release of encapsulated IDO1 inhibitor,
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the further systemic antitumor immune response was
augmented.

Exosomes and exosome-inspired nanovesicles
mediated ICBs

Exosomes are one of the main classes of extracellular
vesicles (EVs), which are membrane-derived vesicles
released by cells, and play an important role in cell—cell
communication [113-117]. Like small unilamellar vesi-
cle (SUV)-type liposomes, exosome-inspired nanovesi-
cles are vesicular structures, made up of one lipid bilayer,
which have a typical size ranging from 30 to 150 nm.
The significant difference between SUV-liposomes
and exosomes is the complicated surface structure of
exosomes, with the high specificity of membrane pro-
teins. At the same time, SUV-liposomes don’t have pro-
teins on the lipid bilayers. Exosomes mediate intercellular
crosstalk by transferring cargos, such as proteins, RNAs,
DNAs, lipids, etc., to neighboring or distant cells. It also
displays specific organotropic behaviour, biocompatibil-
ity, ability to communicate across biological barriers, and
less immunogenicity [118-121]. Hence, exosomes have
gained trending interest as a class of nano-drug delivery
platforms in the past two decades [122-124]. Exosomes
with modification can be acquired by modifying the pro-
genitor cells, and isolated by ultracentrifugation, followed
by further purification [113] (Fig. 3a). However, the low
production and yield, composition complexity, and low
drug loading efficacy inhibit its clinical translation [115].
Recently, new approaches to construct exosome-inspired
nanovesicles, such as exosome mimetics and exosome
mimetic hybrids, have been reported, which improved
the yield and drug loading efficacy [114, 116], while
maintaining their major characteristics. Exosome mimet-
ics can be prepared by extruding cells. Exosome mimetic
hybrids can be prepared by hydrating the lipid film with
exosome/cell buffers (Fig. 3a). The prepared nanovesi-
cles are also nano-sized particles (Fig. 3b). Though no
exosome-based therapeutic has been approved by FDA,
there are some exosome-based therapeutics have gone
into clinical trials for antitumor vaccine and therapeutics.
Some are in phases II-III [116]. The resource of exosomes
could be genetically modified DCs, plants, tumor cells,
etc.. Luetal. [116] and Antimisiaris et al. [114] have made
good reviews about exosomes and exosome-inspired ves-
icles as delivery systems. This part will discuss exosomes
and exosome-inspired nanovesicles associated with ICB.

Exosome mediated ICBs

As we mentioned above, ICB faces challenges such as less
efficiency in tumor penetrating, systemic toxicity, etc., so
people have tried to combine ICB with nanomedicines.
Compared with liposomes or other nanomedicines,
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Fig. 3 Exosome-inspired nanovesicles associated with immune checkpoint inhibition. a Schematic of ICB-modified exosomes and
exosome-inspired nanovesicles. b Transmission electron microscopy images and size distributions of (a) exosome-inspired nanovesicles, and (b)
ICB modified exosome inspired nanovesicles. € Median survival of mice treated with free ICBs or exosome inspired nanovesicles associated ICBs
(PBS: Dulbecco’s phosphate-buffered saline; EMVs: exosome-mimetic nanovesicles; AB680: free CD73 inhibitor; AB680@EMVs: AB680 encapsulated
EMVs; aPD-L1: free anti-PD-L1; EMVs-aPD-L1: EMVs conjugated with anti-PD-L1; AB680 + aPD-L1: free AB680 together with free anti-PD-L1; AB680@
EMVs-aPD-L1: AB680 encapsulated EMVs conjugated with anti-PD-L1 on the surface). d Improved CD81/CD4™ ratio in tumor tissues with treatment
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of exosome inspired nanovesicles associated ICBs. ‘P<0.05, "P<0.01,

P<0.0001. a was created with BioRender.com, b-d are adapted from ref.

[129], published by American Chemical Society. ICB immune checkpoint blockade, EMVs exosome-mimetic nanovesicles

naturally secreted, cell-derived membranous structured
exosomes have low reticuloendothelial system clearance,
low immunogenicity, homing ability, and the ability to
cross the blood—brain barrier and deeper tissue penetra-
tion [118, 119]. Therefore, the combination of ICB and
exosomes would bring some new insights into the treat-
ment of cancer.

DC-derived exosomes have shown the capability of
augmenting antitumor CD4" and CD8" T cell responses,
but the immunosuppressive environment limited their
efficacy. Phung et al. [59] designed exosomes from oval-
bumin (OVA) (antigen)-pulsed, activated DCs, and
modified them with anti-CTLA-4 antibody, exosome
(EXO)-OVA-mAD to synergize cancer vaccination with

ICB against tumor. EXO-OVA-mAb induced strong T
cell activation and proliferation in vitro, and fast migra-
tion to tumor-draining lymph nodes post subcutaneous
administration in vivo. Increased migration of CD4™,
CD8*' T cells, and cytotoxic T lymphocytes/Treg ratio
at the tumor site was observed, and inhibited tumor
progression.

Though the drug delivery system could reduce the
proteolytic cleavage of ICB antibodies, improve their
pharmacokinetics, and mitigate their off-target toxicity,
the process of loading ICB into the delivery system, the
production and storage of ICB are still challenging and
costly. To solve these, Chen et al. [6] constructed a PD-L1
knockout MDA-MB-231 cell line which in the meantime



Ma and Lin Military Medical Research (2023) 10:20

overexpresses high-affinity variant human PD-1 pro-
tein (havPD-1). EVs derived from this cell line were then
loaded with Senaparib (a poly ADP ribose polymerase 1/2
inhibitor, block poly ADP ribose polymerase enzyme that
could stop cancer cells from repairing and allow them to
die) to investigate its therapeutic efficacy in a xenograft
tumor model. They chose this cell line deliberately to
investigate the PD-1 immune checkpoints inhibiting. The
EVs derived from MDA-MB-231 cells naturally possess
the breast tumor-homing effect, which facilitates tumor
targeting. They reported that havPD-1 EVs could retard
the cleavage of havPD-1 by limiting its access to protease,
and rapidly recognize and bind to PD-L1 expressing
cancer cells. Monotherapy using havPD-1 EVs showed
significant tumor growth inhibition similar to atezoli-
zumab, and combination therapy using Senaparib-loaded
havPD-1 EVs showed reduced tumor volume compared
to monotherapy using low dose free Senaparib, havPD-1
EVs, or the simple mixture of Senaparib and havPD-1
EVs. This research enabled the continuous harvesting of
EVs from stable engineered donor cells while having a
significant tumor inhibition effect.

As a nano-drug carrier, exosomes could encapsulate
multiple drugs inside, as well as antibody/ICB. Fan et al.
[125] modified exosomes derived from human umbili-
cal vein endothelial cells with anti-PD-L1 and anti-CD40
antibodies, loaded with immune drugs 2’-3"-cyclic guano-
sine monophosphate-adenosine monophosphate. Anti-
PD-L1 was linked to exosome with a responsive peptide
that will be cleaved in the presence of MMP-2, and the
cleaved anti-PD-L1 could bind to the PD-L1 receptor on
tumor cells to block the immune checkpoint. Anti-CD40
will lead to the exosome being uptaken by DCs, followed
by the release of 2’-3’-cyclic guanosine monophosphate-
adenosine monophosphate, then eventually, the produc-
tion of type I IFN and proinflammatory cytokines.

In addition to immune checkpoint blocking antibod-
ies and small molecule inhibitors, siRNAs can also be
encapsulated in a nano-drug delivery system to silence
messenger RNA in the cytoplasm and prevent the pro-
duction of immunosuppressive molecules from the
source. Pei et al. [126] co-loaded fibrinogen-like protein
1 (FGL1) and TGF-P siRNAs in exosomes derived from
RAW264.7 cells. FGL1 was an inhibitory ligand of lym-
phocyte-activation gene 3, and TGF-f is an immunosup-
pressive cytokine in the TME. The co-loading of these
two siRNAs silenced the expression of FGL1 and TGEF-
B, leading to the reshaping of the immunosuppressive
TME. Exosomes were also modified with cyclic arginyl-
glycylaspartic acid peptide to assist its targeting efficacy.
Both in vitro and in vivo data proved its improved tumor
inhibitory efficacy and anti-tumor immunity.
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Exosome-inspired nanovesicles mediated ICBs

In addition to the exosome-based delivery system, which
is originated entirely from natural exosomes, there are
many exosome-inspired nanovesicles, like exosome
mimetics or hybrids, that have both biogenetic materials,
for example, cell membranes and synthetic materials, like
lipids. These exosome-inspired nanovesicles have more
flexible preparation, and improved drug loading while
maintaining the main characteristics of exosomes, such
as organotropic behaviour and biocompatibility, which
combine the benefits of both synthetic nanoparticles
and exosomes. For example, prostate cancer, as the sec-
ond-leading cancer in men, has two well-known mark-
ers, prostate-specific antigen (PSA) and prostate-specific
membrane antigen (PSMA). PSA has been utilized to
develop PSA cleavable prodrugs, and the latter has been
used as a targeting site. Peptides that target PSMA can be
transfected and expressed on cells, and these cells can be
further used to prepare nanovesicles. In this case, Severic
et al. [127] transfected U937 cells with anti-PSMA pep-
tide, and prepared exosome mimetics by extruding the
cells. In addition to targeting properties, these exosome
mimetics are easier to prepare and purify compared to
exosomes, and have a high nanovesicle yield. Ma et al.
[122] reported bioinspired hybrids in the same group,
using anti-PSMA expressing U937 cells and lipids. This
allowed a higher encapsulation of PSA cleavable prodrug,
DOX-PSA, while maintaining the PSMA targeting effect.
As these exosome-inspired nanovesicles could be easily
functionalized with a higher yield, it also attracts many
interests, including combining it with ICB therapy.

As we know, there are many immune checkpoints, and
some of them are co-expressed [65]. For example, the
blockade of CD73, a checkpoint associated with adeno-
sine metabolism that suppresses anti-tumor immune
responses, can enhance the therapeutic efficacy of anti-
CTLA-4 and anti-PD-1 [128]. Zhou et al. [129] prepared
exosome-mimetic nanovesicles (EMVs) from mac-
rophages (RAW264.7) and modified them with anti-PD-
L1 antibodies. As the CD73-adenosine pathway plays
an immunosuppressive role, and its expression may be
increased in the treatment with anti-PD-L1 (EMVs-aPD-
L1), they also loaded AB680, which is a CD73 inhibitor in
the EMVs (AB680@EMVs-aPD-L1). AB680@EM Vs-aPD-
L1 treatment showed significantly improved effective T
cells activation, TNF-«, IFN-y, and IL-2 concentration
in tumor tissues compared to a single treatment, either
free or with EMVs. Though AB680@EMVs-aPD-L1 didn’t
show a significantly better tumor inhibition effect than
free AB680+aPD-L1, it had a longer median survival
(Fig. 3c) and CD8*/CD4" ratio in tumor tissues (Fig. 3d).
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Based on its function, many kinds of cells can be used
to prepare nanovesicles as a delivery system. Platelets
are cells that react to bleeding from blood vessel injury,
and in the surgery of solid tumor removal, the wound
will attract platelet accumulation. Hence, platelets
could be an ideal delivery platform to eradicate resid-
ual tumor cells post tumor removal. However, plate-
lets’ non-expendable character limited their clinical use
[130]. Since platelets can be produced from megakaryo-
cytes in vitro, Zhang et al. [130] genetically engineered
murine megakaryocytes to express murine PD-1 stably,
and produce PD-1 presenting mature platelets. Further-
more, the PD-1 presenting platelets were also encapsu-
lated with cyclophosphamide, which could deplete the
Tregs in TME. In their study, PD-1 presenting platelets
could effectively delay the tumor growth in the B16F10
melanoma incomplete-tumor-resection model com-
pared to free platelets or PBS. In the same model, when
treated with cyclophosphamide-loaded PD-1 presenting
platelets, Tregs (FoxP3") decreased at the tumor site and
tumor infiltrating CD8% T cells significantly increased.
This led to successful tumor progression suppression.

Conclusion and perspective

Though, in many cases, ICB alone treatment won't give
the best response, using liposomal delivery could effec-
tively combine ICB with chemotherapy, PTT/PDT, ROS,
pH, enzyme response, and these could greatly enhance
ICB’s therapeutic efficacy. Moreover, sometimes the co-
inhibitory signals are not acting alone, dual or more ICB
therapies are needed simultaneously. Using liposomal
delivery could decrease the reduced synergistic effect
caused by different pharmacokinetics of different ICB.
With the development of nanotechnology, more and
more nano-platforms for drug delivery were investigated
besides liposomes. Exosomes, with their biocompatibil-
ity, specific organotropic behaviour, ability to communi-
cate across biological barriers, and less immunogenicity
have drawn more and more attention in the past two dec-
ades. Cells can be genetically modified, so the exosomes
and cell-derived nanovesicles could inherit the modified
peptides and receptors. Even ICB could be limited to
their surface, minimizing the redundant procedures for
modification as needed for other nanoparticles. However,
the complexity of exosomes made clinical translation
challenging. It is important to understand their composi-
tion and decisive components for their biocompatibility,
specific organotropic behaviour, and ability to communi-
cate across biological barriers.

Although a few ICBs were investigated with liposomal
delivery, there is still a lot to be explored and improved.
Most of the current liposomal delivery-associated ICBs
focused on PD-1/PD-L1, the others are overlooked by
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researchers. Though researchers claim that using lipo-
somal nanomedicine could improve ICBs’ tumor accu-
mulation and reduce off-target toxicity, a systemic study
comparing free ICBs and liposomal nanomedicine medi-
ated ICBs is still missing, and it is very important to have
this investigated. Also, most of the studies about lipo-
somal nanomedicine mediated ICBs are combined with
chemotherapy which will also lead to enhanced immu-
notherapeutic efficacy. Alimohammadi et al. [11] com-
pared free anti-CTLA-4 to liposomal anti-CTLA-4, and
liposomal anti-CTLA-4 showed higher tumor infiltrated
lymphocytes. However, the direct comparison is very
limited. How much of the improved tumor-infiltrating
lymphocyte was caused by liposomal nanomedicine still
needs more investigation. Additionally, most of the ICB
antibodies are IgG variants that have relatively long half-
life due to neonatal Fc receptor recycling [131], around
25 d for nivolumab and 15 d for ipilimumab [131-133],
and this may increase irAEs [134]. However, the miss-
ing pharmacokinetic study for liposomal nanomedicine
encourages more investigation.

Finally, we may give several comments related to the
liposomal drug delivery system associated with immune
checkpoint inhibition for cancer therapy. These include:
(1) Most of the liposomes reported were PEGylated to
achieve a prolonged circulation time in blood and ensure
their high tumor accumulation. Nevertheless, repeat
administration of PEGylated liposomes can induce rapid
elimination (so-called the accelerated blood clearance,
ABC phenomenon) involves the production of anti-PEG
antibodies and elicit a strong immune response. Zwit-
terionic polymers, which have stronger surface hydra-
tion than PEG [135], could be used as the stabilizer for
liposomes to solve the immunological issue, which has
been shown in other nanocarrier systems. Surface modi-
fication of the liposome with antibodies will also affect
its stability, so systemic studies are also needed. (2) EPR
effect, the basic idea behind the liposomal drug delivery
system is more effective in small animal tumor models
than in human tumors. Only 14% of the phase III tri-
als succeeded due to the lack of efficacy [136], and there
have been more concerns about the EPR effect as reports
say that only 0.7% of injected nanoparticles reached the
TME following systemic administration [137-139]. Stud-
ies to investigate EPR effects in different tumor types
should also be encouraged. Then selectively choosing to
combine liposomal delivery system with ICB for a certain
type of patient would be more promising. (3) Having a
hydrophilic core and a lipophilic bilayer makes liposomes
able to encapsulate both hydrophilic (including antibod-
ies) and hydrophobic drugs. Liposomes’ surfaces can be
easily modified with various substances, which can be
done either by modifying the lipid used for the liposome
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before the formation of liposomes, or post-modifying
when the liposomes are formed. When taking advantage
of this flexibility, people should always be aware that the
different payloads encapsulated or modified in/to the
liposomes may result in different releasing and circulat-
ing behavior, and this should be taken into considera-
tion when designing a new liposomal delivery system. (4)
Though loading drugs/antibodies into liposomes could
reduce their systemic toxicity, this would also reduce
their therapeutic efficacy due to the inefficient release,
and the encapsulation efficiency and loading content
would also affect its applicability. Data with both encap-
sulation efficiency and loading content would be essential
information to assess its potential for further application.
However, current reports mainly gave the final encap-
sulation efficiency or loading content without giving
the selecting process which should be encouraged to be
reported. (5) The stability of the liposomal delivery sys-
tem which impedes its development and performance
should be considered in the early formulation stage [140,
141], and this also includes preventing burst-release of
payload in the biological environment before reaching
the tumor site to minimize its systemic toxicity.

For future immune checkpoint inhibition mediated
with liposomal nanomedicine for cancer therapy, more
immune checkpoints should be investigated, and thera-
peutic effects should be improved by synergistic nano-
medical strategies using multiple checkpoints using.
Systemic studies/comparisons of liposomes encapsulated
and surfaced modified with immune checkpoints, such
as pharmacokinetics, and systemic toxicity, should also
be done to provide a better perspective for clinical stud-
ies. Though more systemic studies are needed, liposomal
nanomedicine mediated ICBs showed great potential in
reducing its irAEs and improving its therapeutic efficacy.
Many efforts have been made to treat cancers, and the
combination of nanotechnology with immunology is one
of the ways leading us closer to success. ICB, together
with liposomal delivery, are getting more promising as
they have shown more efficient lymphocyte tumor infil-
tration, nanomedicine accumulation, and no noticeable
side effect in reported in vivo studies.
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TGF-B Transforming growth factor-3
TIM-3 T cellimmunoglobulin domain and mucin domain 3
TME Tumor microenvironment

Treg Regulatory T
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