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While monoclonal antibodies have significantly improved cancer
treatment, their accumulation in off-target tissues not only limits
efficacy, but also induces toxicity. A major contributor to this problem
is the mononuclear phagocyte system (MPS). This collection of innate
immune cells is a critical regulator of immune homeostasis that
effectively scavenges nanoparticles and biologics, preventing their
therapeutic effects within solid tumors. Here, pinocytosis inhibitory
nanoparticles are demonstrated to safely and temporarily disable the
MPS via enhanced delivery of the small molecule actin inhibitor
latrunculin A (LatA). This “indirect targeting” strategy is applied to
improve anti-programmed death receptor 1 (aPD-1) antibody admin-
istration in mice bearing melanoma and colon carcinoma, decreasing
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New concepts

Monoclonal antibodies have emerged as an important modality in cancer
treatment, boasting superior specificity to chemotherapy and radiation.
However, suboptimal biodistribution and unwanted clearance can limit
therapeutic antibody efficacy and safety. A major contributor to this is the
mononuclear phagocyte system (MPS), a collection of innate immune
cells that passively sample the environment around them to maintain
homeostasis via a process called pinocytosis, and unfortunately as a
result, also scavenge therapeutics. In this work, we employ a strategy
called “indirect targeting” using pinocytosis inhibitory nanoparticles to
safely and temporarily disable antibody uptake by the MPS, a problem
that has largely been overlooked in antibody delivery. This approach was
used to ameliorate the biodistribution of the monoclonal antibody anti-
programmed death receptor-1 (aPD-1) by decreasing its accumulation in
off-target tissues and promoting its engagement with target cells in solid
tumors. This enhanced delivery translated to significant improvements in
both the efficacy and safety of aPD-1 treatment. Additionally, this strategy
does not rely on antigen or tissue-specific features and avoids the need to
modify antibody structure or administration, making it a broadly applic-
able drug delivery strategy.

aPD-1 interaction with the MPS, avoiding liver toxicity, increasing
engagement with target cells, and modulating the immune micro-
environment of solid tumors. The resulting change in biodistribution
significantly improved safety, anticancer efficacy, and overall survival.
Our methodology may be employed to enhance a wide range of
monoclonal antibody therapies.

While cancer remains a leading cause of death worldwide,
advancements in diagnosis and treatment continue to increase
survival rates." In particular, the development and application
of new monoclonal antibody targets and therapeutic strategies
in the clinic have yielded remarkable progress.” The bioactivity
of these drugs is typically more selective than small molecule
chemotherapeutics, which can reduce off-target effects.?
However, poor biodistribution and rapid systemic clearance
can prevent antibodies from reaching their targets within safe
and tolerable ranges of dosage, hindering the usage of new
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pharmaceutical constructs employing antibodies like antibody-
drug conjugates (ADCs) and radiotherapies.*”

Many factors hinder the delivery of therapeutic antibodies.
After systemic injection, antibodies exit the vasculature and
enter tissues primarily through convection. This process is
limited by the large size and hydrophilicity of monoclonal
antibodies, and only 5-15 percent of the administered thera-
peutic distributes from the blood to tissues.®” In the context of
cancer, barriers in the tumor microenvironment (TME) further
hinder antibody delivery. Aberrant vasculature, resulting in
poor blood flow and vascular permeability, can reduce trans-
port to the site of the tumor. The high hydrostatic pressure and
dense extracellular matrix in the TME can physically prevent
antibody penetration. Additionally, once at the site of the
tumor, the antibody’s activity can be hindered by changes in
antigen expression, including mutation and downregulation,
which limit the ability of the drug to engage with its target.
Finally, clearance at the tumor, which occurs via proteolysis
after cellular internalization, can further dampen efficacy.®°

The mononuclear phagocyte system (MPS) consists of a broad
range of phagocytic cell populations, including macrophages,
monocytes and dendritic cells that are spread throughout the
body. These cells are important regulators of immune home-
ostasis and critical modulators of drug delivery and clearance.
While passively sampling their surroundings to alert for signs of
foreign compounds and danger, they can uptake therapeutics via
pinocytosis, limiting target interactions and efficacy.'®'" Organs
containing concentrated populations of MPS cells overlap with
sites of drug off-target accumulation and toxicity, notably the
liver, lung, kidney and spleen.’” For many pharmaceuticals,
including antibody-based therapeutics, the MPS has been
proven to have a significant impact on biodistribution and
clearance.'™"* Thus, the MPS is an additional—and critical—mo-
dulator of therapeutic antibody efficacy and safety, and an impor-
tant consideration in drug delivery.

Nanoscale Horizons provides a
critical and much needed outlet
for new concepts in nanotech-
nology and was instrumental in
the success of our research. Our
first Nanoscale Horizons manu-
script was a review article that we
published back in 2019 to promote

an underutilized yet highly
promising  nanostructure,  the
bicontinuous nanosphere. This

spearheaded our work with this
nanoparticle, leading to multiple
subsequent  publications  and
funded grant proposals. We again went to Nanoscale Horizons in
2021 to present our proof-of-concept data for our “indirect targeting”’
strategy, which we are honored to build upon here in our contribution
to their well-earned 10th anniversary collection.

Evan A. Scott
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Previous work to improve antibody delivery has consisted of
both active and passive targeting strategies. For example,
protein- and glyco-engineering approaches to increase neonatal
Fc receptor (FcRn) binding have been shown to prevent antibody
catabolism after cellular internalization.'* Other attempts have
included modifying the isoelectric point of the antibody and
increasing affinity for the target antigen, though the Ilatter
has not been shown to impact clearance. Changing the
amino acid sequence of the antibody can also cause unwanted
immunogenicity."*'> For ADCs and radiotherapies, bio-
orthogonal chemistry is under investigation for targeting
tumor-specific receptors.'® In aggregate, these attempts repre-
sent efforts to prevent drug clearance and increase half-life,
which is correlated with therapeutic efficacy.’” Unfortunately,
such strategies largely fail to acknowledge the MPS, and a need
exists for an orthogonal and broadly applicable method of
directly avoiding accumulation of antibody therapeutics within
MPS cells and organs.

In this work, we propose employing the strategy of
“indirect targeting”” to ameliorate therapeutic antibody biodis-
tribution by inhibiting off-target accumulation within the MPS
(Scheme 1)."®' Antibody internalization is prevented via the
targeted administration of latrunculin A (LatA), a small mole-
cule actin inhibitor that hinders pinocytosis. Our group has
previously demonstrated that the pre-administration of LatA-
loaded nanoparticles enhances the accumulation of subse-
quently injected cancer cell-targeted nanoparticles in solid
tumors by minimizing their MPS clearance in the liver, spleen,
and lymph nodes.'® Here, we investigate this method to improve
the delivery and therapeutic efficacy of anti-programmed death
receptor-1 (aPD-1), an immune checkpoint inhibitor (ICI) mono-
clonal antibody that has been employed for the treatment of over
15 different types of cancer.”® Initial validation of enhanced solid
tumor targeting was performed using B16F10 melanomas. We
then assessed therapeutic efficacy in CT26 murine carcinomas, a
well-characterized solid tumor model frequently employed to
investigate changes in anticancer immunity and tumor growth
due to its highly inflamed TME and responsiveness to aPD-1
treatment.”* Since LatA is hydrophobic and has poor water
solubility, we encapsulated it within nanoparticles consisting of
poly(ethylene glycol)-b-poly(propylene sulfide) (PEG-b-PPS), a non-
toxic, self-assembling block copolymer with validated utility in
drug delivery."®**>** Moreover, nanoparticles consisting of PEG-b-
PPS are a strong choice for targeting the MPS. The PEG corona of
these nanoparticles prevents nonspecific uptake, allowing for
selective targeting of phagocytic cells without the need for active
targeting strategies.**** Additionally, the oxidation sensitivity of
the block-copolymer promotes nanoparticle disassembly in the
lysosome, facilitating intracellular cargo release and the formation
of polymer chains small enough to be rapidly cleared by the
kidney.”® Nanostructure morphology was optimized for MPS
targeting, and polymersomes, rather than micelles, were chosen
for this work due to their higher systemic stability and accumula-
tion within cells of the MPS.*”

In this proof-of concept work, we found that indirect targeting
can limit aPD-1 uptake by the MPS and increase its interaction

This journal is © The Royal Society of Chemistry 2025
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Scheme 1 Overview of the “indirect targeting” strategy for improving monoclonal antibody accumulation and efficacy in solid tumors via priming with

latrunculin-A-loaded polymersome (LatA-PS) injections.

with T cells. Importantly, we show that LatA can generate
significant enhancements in the anticancer efficacy, while mean-
ingfully reducing the systemic toxicity, generated by aPD-1.>%?°
Both in vitro and in vivo results show encapsulation within
nanocarriers was necessary to avoid toxicity of free form LatA.
Given it is antigen- and tissue-agonistic and that our pre-
injection protocol avoids the need to modify the formulation
or administration of the monoclonal antibody, we believe
these pinocytosis inhibitory nanoparticles can improve the deliv-
ery of a wide variety of therapeutic antibodies across tumor-type
and disease indication to have a significant clinical impact.

Results and discussion
Characterization of LatA-PS

LatA-loaded polymersomes (LatA-PS) were formed from the self-
assembly of methoxy poly(ethylene glycol)-b-poly(propylene sul-
fide)-benzyl (mPEG;,-PPS;3(-Bz) via thin film hydration as pre-
viously described.”® Polymer purity was confirmed with 'H
nuclear magnetic resonance (NMR) spectroscopy and gel per-
meation chromatography (GPC) (Fig. S1, ESIt). Cryogenic-
transmission election microscopy (cryo-TEM) and small angle
X-ray scattering (SAXS) confirmed the vesicular nanoparticle
morphology (Fig. 1A and B). Dynamic light scattering was used
to determine the z-average, polydispersity and zeta potential of
LatA-PS, which were 97.0 nm, 0.24, and —3.8 mV respectively
(Fig. S2, ESIt). Particle diameter and membrane thickness were
also determined by SAXS, which were estimated to be 65.0 nm,
and 9.5 nm, respectively (Fig. S2B, ESIt). LatA loaded well within
the nanoparticles, with an encapsulation efficiency of 45.8
percent, as determined by reverse-phase high performance
liquid chromatography (RP-HPLC, Fig. S2B, ESIt).

LatA-PS are potent actin inhibitors in vitro

Invitro studies were performed to determine the cellular effects
of LatA and LatA-PS. Since LatA, an inhibitor of actin

This journal is © The Royal Society of Chemistry 2025

polymerization, is known to be cytotoxic at high concentra-
tions, viability studies were completed.*® For this, an MTT assay
was performed on both RAW 264.7 macrophages (Fig. 1C) and
CT26 cells (Fig. 1D), which were incubated with free LatA or
LatA-PS for 24 h. Flow cytometry was also performed to assess
viability on RAW 264.7 macrophages (Fig. S3, ESIt). Untreated
cells were used as a control. The effect of LatA on cell viability
was concentration dependent. Additionally, polymersome
encapsulation significantly reduced LatA toxicity, consistent
with past findings regarding LatA-micelle encapsulation.®
After showing polymersome encapsulation mitigates LatA’s
known cytotoxicity, the ability of LatA-PS to affect actin polymeriza-
tion was investigated. RAW 264.7 macrophages were incubated
with either LatA-PS or PBS, stained with NucBlue™ and Alexa-
Fluour™ 488-Phalloidin, a dye that binds actin filaments (F-actin),
and imaged with confocal microscopy (Fig. 1E).*" Untreated cells
displayed expansive actin networks throughout the cell, while those
treated with LatA-PS had less F-actin present, indicating interfer-
ence with actin polymerization. Additionally, cells incubated with
LatA-PS had a rounded, rather than spindle-like, morphology,
further suggesting that LatA affected the actin cytoskeleton.*"**
LatA has been previously shown to decrease nanoparticle
uptake by inhibiting macropinocytosis, which occurs in as little
as 30 min and maintains peak efficacy for greater than one hour
after drug removal (Fig. S4, ESIt). However, its influence on
antibody uptake; which can occur through multiple receptor-
dependent and independent pathways including antigen-
binding, Fc receptor (FcR) binding and pinocytosis; had yet to be
determined.'®*® To investigate this, RAW 264.7 macrophages
were treated, or primed, with LatA-PS or PBS for 24 h and then
incubated with Flamma® Fluors 648-labeled-aPD-1 for 2 h.
Remaining aPD-1 in solution was washed away, and the amount
of aPD-1 engaged with cells was determined by fluorescence
(Fig. 1F). Cells treated with LatA-PS were found to have signifi-
cantly less aPD-1 interaction, decreasing mean fluorescent inten-
sity (MFI) by up to 4.3-fold. Inhibition of cellular uptake was
confirmed by confocal microscopy. RAW 264.7 cells were primed

Nanoscale Horiz., 2025, 10, 2003-2016 | 2005
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Fig. 1 Material characterization and effects of latrunculin A-loaded polymersomes (LatA-PS) in vitro. Vesicular polymersome morphology for LatA-PS
was verified by (A) cryogenic transmission electron microscopy (n = 3) and (B) small angle X-ray scattering (SAXS, n = 2). Cytotoxicity and cell proliferation
of (C) RAW 264.7 macrophages and (D) CT26 cells after 24 h in culture with free LatA or LatA-PS was assessed using an MTT assay (n = 3). (E) RAW 264.7
macrophages treated with LatA-PS for 24 h and then stained with NucBlue™ and AlexaFluour™ 488-Phalloidin were imaged with confocal microscopy
(n = 3) scale bar represents 10 um. (F) Mean fluorescence intensity (MFI) of RAW 264.7 macrophages treated with LatA-PS for 24 h and then Flamma®
Fluors 648-labeled-aPD-1 for 2 h (n = 3). (G) Representative confocal microscopy of RAW 264.7 macrophages treated with LatA for 30 min and then
incubated with Flamma® Fluors 648-labeled aPD-1 for 15 min demonstrated decreased aPD-1 uptake (n = 3 technical replicates, n = 1 biological
replicate). Scale bar represents 50 um. All data are reported as mean =+ sd, * p-value < 0.05, ** p-value < 0.01, *** p-value < 0.001, **** p-value <

0.001 (ANOVA).

with LatA for 30 min, treated with Flamma® Fluors 648-labeled-
aPD-1 for 15 min, and stained with NucBlue™. Confocal
revealed a lower number of cells positive for aPD-1 upon treat-
ment with LatA-PS (Fig. 1G). Collectively, these results demon-
strate that LatA can block the cellular internalization of aPD-1 by
relevant cells within the MPS.

LatA-PS priming facilitates indirect targeting of tumors in vivo

To determine if LatA-PS priming could promote indirect target-
ing of tumors, enhancing therapeutic antibody accumulation in
tumor tissue and reducing uptake in MPS organs, mice bearing
melanoma were treated with free LatA or LatA-PS and Flamma™®
Fluors 648-labeled-aPD-1 (Fig. 2). Briefly, C57BL/6 mice were
injected subcutaneously with 5 x 10° B16F10 cells and tumors
were allowed to grow to 100 mm?®. Mice received two 7 pM
injections of either free LatA or LatA-PS at 24 h and 4 h prior to
aPD-1 administration, according to an established dosing
regimen."® Mice then received a single 100 pg injection of
Flamma® Fluors 648-labeled-aPD-1. Untreated mice and mice
receiving only aPD-1 were used as controls. An in vivo imaging
system (IVIS) was employed to measure aPD-1 uptake, with the
imaging angle optimized to visualize aPD-1 tumor accumula-
tion in real time. At 2 days-post aPD-1 injection, mice were
sacrificed and aPD-1 uptake in the heart, lung, spleen, liver,
kidney and tumor, were assessed ex vivo (Fig. 2A). Total radiant
efficiency was calculated for each organ using the Living
Image™ software.

IVIS imaging showed LatA priming to significantly increase
aPD-1 accumulation in the tumor over the course of 2 days
post-injection (Fig. 2B, C and Fig. S5, ESIf). That is, pre-

2006 | Nanoscale Horiz., 2025, 10, 2003-2016

administration of free LatA or LatA-PS increased the aPD-1
signal 7-fold and 5.4-fold, compared to aPD-1 injection alone,
respectively (Fig. 2C). This increase in tumor accumulation
might be attributed at least in part to decreased MPS uptake,
which can promote antibody clearance, and may have allowed
more aPD-1 to circulate and reach target tissues.'"'? Alto-
gether, these results suggest that LatA priming allows for the
indirect targeting of tumors, by promoting accumulation in
the TME.

LatA-PS priming promotes indirect targeting of aPD-1 on a
cellular-level

We anticipated that the shift in organ-level biodistribution of
aPD-1 would be accompanied by changes at the cellular level.
To test this, mice bearing colon carcinoma were treated with
Flamma® Fluors 648-labeled-aPD-1 in the presence or absence
of free LatA or LatA-PS (Fig. 3). A CT26, rather than B16F10,
model was selected for cellular-level antibody biodistribution,
immunomodulation and tumor growth inhibition experiments
due to the CT26 model’s increased immune infiltration and PD-
L1 expression in the TME, which confer better responsiveness
to ICIs.>*?* Additionally, since we only sought to change the
biodistribution of the therapeutic antibody, rather than its
mechanism of action, choosing a model already well-
established to respond to aPD-1 treatment was paramount.
Briefly, mice were injected subcutaneously with 2 x 10> CT26
cells and began treatment when tumor volumes reached
approximately 120 mm?®. Mice receiving treatment were admi-
nistered 10 mg kg~ ' aPD-1 three times, once every 3 days. Mice
primed with LatA received either 7 pM free LatA or LatA-PS

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 Effect of LatA on organ-level biodistribution of aPD-1 in a murine
melanoma model. (A) Mice bearing subcutaneous B16F10 tumors were
administered two 7 um injections of free LatA or LatA-PS 24 h (—24 h) and
again 4 h (—4 h) prior to injection of 100 ug of Flamma® Fluors 648-labeled
aPD-1. Untreated mice were used as controls. Mice were monitored with IVIS
and sacrificed 2 days after the aPD-1 injection. (B) Representative ex vivo
images of various tissues and (C) quantification are shown for aPD-1 accu-
mulation in various tissues (n = 3-5). All data are reported as mean + sd, * p-
value < 0.05, ** p-value < 0.01 (ANOVA, see section Statistical analysis).

injections at both 24 h and 4 h prior to each aPD-1 administra-
tion (Fig. 3A). Untreated mice were used as controls. Mice were
sacrificed 24 h after the final aPD-1 injection and flow cytometry
was performed to determine the cellular biodistribution of aPD-1
in the tumor. Changes in the anticancer immune response were
also analyzed in the tumor and spleen.

This journal is © The Royal Society of Chemistry 2025
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Since highly phagocytic cells can scavenge therapeutic anti-
bodies, aPD-1 was expected to co-localize with myeloid cells in
the TME.?® Indeed, there was a distinct CD11b positive popula-
tion in the tumor positive for Flamma® Fluors 648-labeled-
aPD-1 by flow cytometry (Fig. S6A, ESIT). This CD11b positive
cell engagement was lower in response to LatA priming, pre-
sumably due to inhibition of antibody uptake. This decline was
significant in mice treated with LatA-PS, which reduced engage-
ment 2-fold (Fig. 3B). Importantly, the decline in myeloid cell
uptake was accompanied by an increase in target cell engage-
ment. While PD-1 is expressed on a variety of cell types, T cells
are considered to be the main driver of aPD-1’s therapeutic
activity.’”*® LatA-PS priming significantly boosted the number
of T cells in the tumor engaged with Flamma®™ Fluors 648-
labeled-aPD-1, from 2.3 percent to 6.3 percent (Fig. 3C and Fig.
S6B, ESIT). This can likely be attributed to the increased aPD-1
tumor accumulation (Fig. 2B and C), which would facilitate and
increase T cell binding. The effect of LatA on the cellular-level
biodistribution of aPD-1 was greatly enhanced by polymersome
encapsulation. Since nanoparticles have increased uptake by
the MPS, it is likely that LatA-PS more effectively targeted MPS
cells than free LatA.*® More efficient disabling of the system
then resulted in greater changes in aPD-1 biodistribution.
Overall, these results demonstrate that indirect targeting ame-
liorates both the organ-level and cellular-level biodistribution
of aPD-1.

Indirect targeting enhances the anticancer immune response
initiated by aPD-1

The decreased MPS uptake, increased tumor accumulation and
elevated T cell engagement of aPD-1 translated to improve-
ments in anticancer immunity. Flow cytometry indicated mice
treated with aPD-1 monotherapy experienced lower levels of PD-
1 expression on T cells in the spleen, suggesting less T cell
exhaustion. These differences were only significant when com-
bined with free LatA or LatA-PS (Fig. 3D).?® As in the case of the
T cell response, the innate immune response in the TME was
heightened with indirect targeting. Flow cytometry indicated
that there were ~ 35 percent less CD163 positive macrophages
in the tumor in response to LatA-PS priming (Fig. 3E). Free LatA
priming resulted in a similar decline in the percent of CD163
positive macrophages, though this trend was not significant.
CD163 is an important marker of macrophage polarization,
indicating a more regenerative, less inflammatory phenotype.*°
Thus, lower, levels of CD163 positive macrophages suggests a
more anti-cancer immune microenvironment. No significant
differences from the untreated control were observed in mice
that received the aPD-1 monotherapy alone.

To determine if the immune response was maintained over
time, a second set of mice were treated with the same injection
regimen and were sacrificed when tumor volumes reached
1000 mm?® or at 40 days-post treatment initiation. The tumors
were harvested, sectioned and stained for various markers. The
tumor sections of these mice revealed significantly higher T cell
infiltration in response to LatA-PS priming (Fig. 3F, I and Fig.
S7, ESIY). Specifically, the CD3 signal in the tumor increased
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3.2-, 8.5-and 6.3-fold in response to LatA-PS priming, compared
to the free LatA-priming, aPD-1 monotherapy, or no treatment,
respectively. Mice at efficacy endpoints also had a stronger
myeloid cell presence in tumor tissues. Indirect targeting
augmented CD11c expression in the TME (Fig. 3G, I, and Fig.
S8, ESIt). That is, tumor tissues of mice primed with LatA-PS
and treated with aPD-1, exhibited significantly higher CD11c
expression than those of other groups, with an increase in MFI

A
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of over 25-fold for the LatA-PS group compared to all other
groups. The CD11c positive cells appeared absent in some
groups, as their presence was minimal in comparison to the
strong CD11c signal in the LatA-PS primed group. Increasing
the intensity of the CD11c group allows these cells to be more
easily visualized but saturates the signal in the LatA-PS group
(Fig. S8, ESIt). Differences in MHC II levels in the TME were
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Fig. 4 Anticancer effect and safety of LatA and aPD-1 combination therapy on colon cancer in vivo. (A) Mice bearing subcutaneous CT26 tumors were
divided into 4 groups and treated with either PBS, aPD-1, free LatA and aPD-1, or LatA-PS and aPD-1. aPD-1 injections were given at 10 mg kg‘l, once
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increasing MHC II levels the TME 4.2- to 6.6-fold compared to
all other groups (Fig. 3H, I and Fig. S8, ESIT). Collectively, these
results indicate that indirect targeting enhances the anticancer
immune response initiated by aPD-1 in a robust manner.

Indirect targeting enhances tumor growth inhibition in colon
carcinoma

Since indirect targeting was found to improve aPD-1’s accumu-
lation in the tumor, engagement with T cells, and anticancer
immune response, we anticipated it would also have a signifi-
cant effect on tumor growth. To investigate this, mice were
treated with the therapeutic dosing regimen described pre-
viously and tumors were allowed to grow until a volume of
1000 mm? or until 40 days after treatment initiation (Fig. 4A).
We found that the anticancer efficacy of aPD-1, which had only
a small impact on tumor growth inhibition when used alone,
was enhanced with LatA priming. On day 8, the average tumor
size of mice that received free LatA or LatA-PS were similar,
paralleling the similar aPD-1 organ-level biodistribution results
seen in Fig. 2 These tumors were significantly smaller than
untreated mice, with 46.5 and 49.8 percent decreases in tumor
volume, respectively (Fig. 4B, C and Fig. S9A, ESIY). This
reduction in tumor volume in the LatA-PS group was also
significant compared to the aPD-1 monotherapy group, with a
40.9 percent reduction in tumor volume comparatively.
Furthermore, some mice treated with LatA-PS not only had
slower growth, but also experienced reductions in tumor
volume, a phenomenon that was not observed in any other
group (Fig. 4C). The dynamics of tumor growth were confirmed
on a cellular level, as the tumors of mice treated with aPD-1,
with or without LatA priming, exhibited less Ki67 expression
(Fig. 4D and Fig. S9B, ESIt). Ki67 is a marker of cellular
proliferation, and thus tumors with lower Ki67 expression
experienced slower growth. This difference was significant
between the LatA-PS primed group and the untreated control,
with a 27.5-fold decrease in MFI. Importantly, slower tumor
growth translated to increased survival (Fig. 4E). Treatment
with aPD-1 alone had a weak impact on survival, increasing
median survival time from 9 to 11 days. The addition of free
LatA or LatA-PS increased median survival time to 19.5 and
26.5 days, respectively, a significant improvement compared to
the untreated and monotherapy groups. Notably, the LatA-PS
group had significantly better survival than the free LatA group.
This is consistent with the previous results showing polymer-
some encapsulation enhances LatA activity by increasing the
engagement of aPD-1 with CD3 positive cells in the tumor
(Fig. 3C). Additionally, the treatment was well-tolerated, with
no significant changes in body weight observed during dosing
(Fig. S9C, ESIt). Collectively, this data demonstrates that LatA
priming can ameliorate the antitumor effects of aPD-1 and that
indirect targeting is a promising strategy for improving ther-
apeutic antibody efficacy.

Enhancing the activity of aPD-1 has important clinical
implications. Perhaps the most significant consequence is that
increasing the efficacy of a drug generally improves outcomes
for the patient. Additionally, greater therapeutic activity could
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allow for reductions in dose, which can have several benefits.
First, lowering the concentration of a pharmaceutical can
reduce the likelihood and/or severity of adverse events that
may lead to treatment discontinuation and failure in clinical
trials.”>*"*> Second, dosing frequency may be reduced, which
can increase patient compliance and decrease healthcare costs,
especially for therapeutics that require intravenous infusion.*?
Third, lower doses can increase affordability and accessibility
of treatment. Thus, achieving enhanced therapeutic antibody
efficacy with indirect targeting can be a tremendous benefit to
the healthcare ecosystem.

LatA-PS increases safety of treatment in vivo

The safety of indirect targeting was further assessed with
histological analysis. While no mice exhibited significant
changes in body weight during treatment (Fig. S9C, ESIY),
hematoxylin and eosin (H&E) staining of major organs indi-
cated signs of toxicity for several groups receiving aPD-1. As
broad disrupters of immune homeostasis, this is unfortunately
common for ICIs. No signs of toxicity were noted in untreated
mice (Fig. 4F and Fig. S9D, ESIt). Lymphocyte infiltration was
seen in the livers of mice treated with aPD-1 alone, a phenom-
enon previously observed in response to ICI administration.
The signs of toxicity apparent in the liver were intensified in
mice primed with free LatA. Significant lymphocyte infiltration
was observed in these tissues, as were signs of a hemorrhage,
indicated by notable red blood cell accumulation in the tissue.
While the aPD-1 monotherapy group also had red blood cell
infiltration in the liver, only the change seen in the free LatA
group is definitively pathological. The kidneys of mice primed
with free LatA also showed signs of inflammation, with lym-
phocytes pooled in the left half of one of the glomeruli.
Additionally, the spleens of these mice exhibited disrupted
histoarchitecture. The follicular organization is disturbed,
likely due to the presence of rapidly dividing immune cells
resulting from aggressive inflammation.** LatA can be cytotoxic
at high concentrations due to its interference with actin poly-
merization and is under investigation as an experimental
chemotherapy since it can prevent cell division.*® It is possible
that since free LatA is toxic, it directly killed cells in the liver,
kidney and spleen, and cell death contributed to the observed
inflammation.*°

The tissues of mice primed with LatA-PS lacked the signs of
toxicity observed in those primed with free LatA. This difference
is unlikely to be attributed solely to the subsequent aPD-1
injection, as LatA-PS resulted in lower aPD-1 accumulation in
the liver than free form LatA, but not in the kidney and spleen
(Fig. 2B and C). It is possible that this mitigated inflammation
may be due to decreased LatA cytotoxicity upon polymersome
encapsulation. Nanoparticle formulations can decrease the
toxicity of free drugs, which was observed with LatA in vitro
(Fig. 1C and D) and is consistent with our prior work using
LatA-loaded nanocarriers.”*7®

Incredibly, LatA-PS also reduced the toxicity associated with
aPD-1. Hepatotoxicity is a known response to ICI treatment and
is presumed to be due to a loss of self-tolerance.*® Murine
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models of ICI-related toxicity have implicated both T cells and
myeloid cells in the liver inflammation.*® Depletion of macro-
phages with clodronate liposomes has been shown to prevent
anti-CD40-induced liver damage, suggesting the MPS plays a
causal role in ICI-related hepatotoxicity.* In this work, we see a
similar decrease in liver inflammation with indirect targeting,
where LatA-PS priming seemingly reduces the liver toxicity in
response to aPD-1 treatment. However, unlike clodronate lipo-
somes, indirect targeting safely and temporarily disables pino-
cytosis without eliminating an entire cell population and
broadly disrupting the immune microenvironment.>°

The differences in toxicity observed in the liver may be the
result of both organ- and cellular-level changes. It is possible
that LatA-PS priming resulted in lower aPD-1 liver accumula-
tion, which subsequentially decreased aPD-1-mediated toxicity
(Fig. 2). Moreover, since ICIs can disrupt immune homeostasis,
the resulting small modulations of immune cells can expand
and propagate into wide ranging and often toxic effects.
Depending on the immune mechanisms involved, these
changes may not correlate directly with the concentration of
aPD-1 in specific organs. These effects likely involve complex
inflammatory pathways instead of direct cell killing and toxicity
observed for chemotherapies.'**® Additionally, LatA may affect
processes such as antigen presentation and receptor cycling,
which rely on actin polymerization and modulate inflammatory
responses.’’ > The impact of indirect targeting on aPD-1 safety
has important clinical implications, and additional work
should be performed to elucidate how LatA-PS affect aPD-1-
mediated off-target toxicity.

Compared to previously reported strategies, indirect target-
ing has the benefit of improving both therapeutic efficacy and
safety without the need to modify antibody structure.>® Anti-
body engineering can cause unwanted immunogenicity, which
can result from changing the amino acid sequence, using
nonmammalian cells for glycoengineering, or employing cer-
tain antibody drug conjugate linker methods. Furthermore,
these approaches may decrease the affinity of the antibody
for its intended target.'***> Changing the antibody structure can
also be a cumbersome process, as a new design, in addition to
screening, optimization and validation, is required for each
target. Here, we describe an approach that employs a distinct
stand-alone LatA-PS formulation, which avoids the need to
modify the subsequently injected therapeutic antibody for
improved delivery and efficacy, which may facilitate clinical
translation. Additionally, its lack of reliance on antigen- or
tissue-specific features, makes indirect targeting broadly
applicable to other antibody-based therapeutics. As such, an
interesting next testbed for this approach might be in ADC
treatment, which can be severely limited by off-target toxicity.
For example, indirect targeting can potentially reduce off-target
chemotherapy uptake resulting from payload deconjugation or
ADC uptake via pinocytosis, two processes that contribute to
off-target toxicity."?

To further enhance the clinical relevance of the indirect
targeting platform, additional injection regimes can be
explored. The time points and route of administration selected

This journal is © The Royal Society of Chemistry 2025
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here were based on an established scheme to ameliorate
nanoparticle delivery. In the previous work, two dosing sche-
dules were tested."® The first had a 24 h and 4 h pre-injection of
LatA prior to the effector nanoparticle administration. The other
platform had a 24 h pre-injection of LatA followed by a co-injection
of LatA with the effector nanoparticle. Here, we chose to match the
24 h and 4 h pre-injection regimen. PEG-b-PPS polymersome
accumulation is noticeable in MPS tissues such as the liver, kidney
and spleen in as little as 1 h after intravenous injection and
continues to have significant accumulation through at least
48 h.*” We wanted to ensure the nanoparticles had sufficient time
to accumulate and exert their effects on macropinocytosis before
administering the antibody. Additionally, the effects of LatA on
endocytosis inhibition start in as little as 30 min and begin to wane
between 1 and 2 h in vitro, but still have significant effects for at
least 2 h (Fig. S4, ESIt).”” Thus, we hypothesized that the estab-
lished pre-treatment strategy would have a positive effect on aPD-1
biodistribution. As this work is a proof-of-concept demonstrating
the impact of LatA priming on aPD-1 therapeutic activity, addi-
tional dosing regimens were not evaluated. Exploring a co-
injection strategy, in which LatA and aPD-1 are administered
simultaneously, may be more translatable to the clinic, as it would
require fewer intravenous infusions. Instead of using the intrave-
nous route, more easily administered subcutaneous injections of
LatA might also be of benefit for clinical translation. Regardless,
this work highlights the ability of indirect targeting to improve
both the safety and efficacy of aPD-1 administration.

Conclusions

In this work, a new indirect targeting strategy was developed to
enhance the delivery of therapeutic antibodies to solid tumors.
Priming with pinocytosis inhibitory LatA-PS was shown to
improve the biodistribution of aPD-1 by decreasing accumulation
within the MPS, enhancing tumor accumulation, and increasing
interaction with T cells. This change in biodistribution translated
to meaningful benefits in the anticancer immune response and
tumor growth inhibition initiated by aPD-1. Furthermore, this
approach improved the safety of aPD-1 by minimizing its off-
target toxicity. This enhanced efficacy and reduced off-target
toxicity may result in many benefits in the clinic, including better
prognosis, fewer adverse events, less frequent dosing, greater
patient compliance and lower cost.*"*>*® Given its ability to
augment both efficacy and safety, antigen- and tissue-agonistic
approach, and capacity to complement other targeting strategies,
we anticipate that indirect targeting via LatA-PS will improve a
wide variety of therapeutic antibodies across solid tumors and for
diverse disease indications.

Experimental sections
Study design

The goal of this work was to determine how changing
the biodistribution of aPD-1 to prevent its uptake by the MPS
affected its anticancer response. To do this, we formed LatA-
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loaded nanoparticles to inhibit the MPS. We explored their
effect on actin polymerization and aPD-1 cellular uptake
in vitro, and how they change aPD-1 organ- and cellular level
biodistribution in vivo. We investigated their ability to enhance
aPD-1’s anticancer immune response and tumor growth inhibi-
tion. Finally, we evaluated the toxicity of the approach.

Materials

LatA and was Phalloidin-iFluor™ 488 Conjugate were purchased
from Cayman Chemicals. Anti-Mouse PD-1 (CD279) Rat Mono-
clonal Antibody [RMP1-14] was purchased from Bio X Cell.
Flamma® Fluors 648 was purchased from BioActs. Zeba spin
desalting columns, NucBlue™ and dialysis cassettes were
purchased from ThermoFisher. DMEM was purchased from
Gibco. Collagenase III and liberase TH and were purchased
from Worthington Biomedical and Roche, respectively. Zombie
live/dead, red blood cell lysis buffer, cell staining buffer,
fluorescent antibodies and cell fixation buffer were purchased
from BioLegend. All other chemicals were purchased from
Sigma-Aldrich.

Cell culture

Murine colon carcinoma CT26 cells, melanoma B16F10 cells,
and RAW 264.7 macrophages were purchased from ATCC. CT26
and DC2.4 cells were cultured in complete media, consisting of
RMPI 1640 with 10% FBS, 100 U mL ' and 100 pg mL'
streptomycin. Murine B16F10 cells and RAW 264.7 macrophages
cells were purchased from ATCC. Raw 264.7 cells were cultured
in DMEM media with 10% FBS, 100 U mL~" and 100 pg mL™"
streptomycin. Cells were utilized in experiments during the
logarithmic growth phase.

Animals

Female C57BL/6 mice (6-8 weeks old) were purchased from
Jackson Laboratories. Male Balb/c mice (6-8 weeks old) were
purchased from Jackson Laboratories. All animal experiments
were conducted in accordance with the guidelines and regula-
tions approved by the Laboratory Animal Welfare and Ethics
Committee of Northwestern University (Approved Protocol
Numbers: 1S00017606 and IS00007992).

Synthesis and characterization PEG-b-PPS-Bz

PEG,,-b-PPS;,-Bz was synthesized according to established
procedures.”® Methyl ether PEG was functionalized with a
mesylate group via the addition of sodium hydroxide and
methanesulfonyl chloride. PEG mesylate was then used to
generate PEG thioacetate. Finally, PEG thioacetate was used
to initiate the living polymerization of propylene sulfide, which
was end capped with benzyl bromide. "H NMR spectroscopy
and GPC were used to characterize the synthesized polymer.

Preparation of polymersomes by thin film hydration

To prepare polymersomes, PEG,,-b-PPS;,-Bz (10 mg) was mea-
sured and placed in a sterile 2 mL glass vial and dissolved in
THF (200 pL). LatA (10 pg) was dissolved in THF (100 pL) and
then combined with the polymer. The THF was removed via
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desiccation and the polymer deposit was rehydrated with PBS
solution (1 mL, pH 7.4). The sample was shaken overnight at
RT. Unencapsulated drug was removed by filtering samples
with a Zeba spin desalting column (7 KD MWCO, 0.5 mL).
Debris and nanoparticle aggregates were removed by filtering
through a PTFE filter (0.2 um, 14 mm).

Physiochemical properties

Polymersome size and zeta potential were determined with
dynamic light scattering (DLS, Zetasizer, Malvern, UK). Samples
were prepared by diluting PS formulations (0.1-0.3 mg) in PBS
(1 mL, pH 7.4) using a disposable low-volume sample cuvette.
Particle morphology was visualized using cryogenic transmis-
sion electron microscopy (TEM, JEOL 1400 Flash,120 kv,
JAPAN) and a Gatan OneView 4k camera. Nanostructure mor-
phology was further confirmed by small angle X-ray scattering,
which was performed at Argonne National Laboratories. Data
reduction/buffer subtraction and model fitting were performed
using the BioXTAS RAW 2.8.3 and SasView 5.0.5 software,
respectively.>” Vesicle sphere models were used to fit the data.

Quantification of LatA loading using HPLC

To determine LatA drug loading, aliquots of LatA-loaded PS
(0.1 mg) were dried under vacuum. The resulting solid was
resuspended in 95% 100 pL methanol and sonicated for 5 min.
The sample was placed at —80 °C for 6 h and centrifuged at
17000g at 9 °C for 10 min. The supernatant was removed and
the pellet was resuspended in 95% methanol and placed at
—20 °C for 1 h. The solution was spun at 17 000g at —9 °C for
10 min. The supernatants from each spin were combined for
analysis. The concentration of LatA was determined with RP-
HPLC. HPLC was performed using a C18 column (Avantor) and
methanol/water gradient for the mobile phase. Absorbance
values were determined at 235 nm and LatA concentration
was determined with a LatA calibration curve in methanol.

Labeling of aPD-1 with Flamma® Fluors 648

Flamma® Fluors 648 was dissolved in DMSO (1 mg, 100 pL).
APD-1 was dissolved in reaction buffer (500 mM carbonate, pH 9.5).
The dye was slowly added to the aPD-1 solution and allowed to stir
for 1 h at RT. The solution was dialyzed against water (20 KD
MWCO, 12 mL) to remove any unconjugated dye.

Cytotoxicity in colon carcinoma cells and macrophages with
MITIT

The cytotoxicity of free LatA and LatA-PS was evaluated using an
MTT assay. Briefly, CT26 cells or RAW 264.7 macrophages were
seeded on a 96-well plate (6 x 10* cells well ') and allowed to
adhere overnight. Cells were treated with complete media, free
LatA (100 pL, 0.05, 0.5, 1, 2, 4 or 7 uM LatA) or LatA-PS (100 pL,
0.05, 0.5, 1, 2, 4 or 7 uM LatA) for 24 h. After incubation, the
cells were washed and treated with MTT (100 pL, 0.4 mg mL ™)
for 4 h. Then the media was removed and 150 uL. DMSO was
added to each well. Absorbance was detected at 630 nm (Ag3)
and 570 nm (4s;). Viability was calculated with the formula:

This journal is © The Royal Society of Chemistry 2025
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viability (%) = (Aezo — Asyo of treated cells/Agzo — As;o of
untreated cells) x 100%.

Cytotoxicity in colon carcinoma cells and macrophages with
flow cytometry

The cytotoxicity of free LatA and LatA-PS was evaluated in RAW
264.7 macrophages by flow cytometry. RAW 264.7 macrophages
were incubated with complete media, free LatA (100 pL, 0.01,
0.1, 1, or 10 uM) or LatA-PS (100 pL, 0.01, 0.1, 1, or 10 uM) for
24 h. Cells were collected and stained with Zombie NIR (1 puL in
1000 pL of cell staining buffer) for 15 min at RT. Flow cytometry
was run (Aurora 3L, Cytek, USA) and the percentage of Zombie
NIR-negative cells of singlets were determined with FlowJo™
software version 10.10. The percentage of Zombie-negative cells
corresponded to cellular viability.

Kinetics of LatA-PS pinocytosis inhibition

To determine when the effects of LatA-PS on pinocytosis start,
DC2.4 cells were incubated cells with LatA-PS (2 pM) for 0.5 h
and then with DiD-loaded polymersomes (DiD-PS) at the same
polymer concentration for 6 h. To determine how long the
effects of LatA-PS last, DC2.4 cells were incubated cells with
LatA-PS (2 pM) for 2 h, allowed to recover for 0 h, 1 h or 2 h, and
then incubated with DiD-PS for 6 h. Cellular uptake was
measured via DiD fluorescence using flow cytometry. Data
was analyzed using the FlowJo™ software version 10.10.

Effect of LatA on actin polymerization in vitro with confocal
microscopy

The effect of Lat A-PS on cells on actin polymerization was
investigated with confocal microscopy. 3 x 10° RAW 264.7 cells
were seeded on a 35 mm dish and incubated for 24 hours at
37 °C and 5.0% CO,. Cells were treated with Lat A-PS (7 pM) for
24 hours. Cells were fixed with 4% formaldehyde solution
(15 min, RT). Then cells were washed and permeabilized with
0.5% Triton X-100 (15 min, RT). Cells were blocked with 3%
bovine serum albumin (BSA) overnight prior to staining. To
stain F-actin, cells were incubated with Alexa 488-Phalloidin
diluted 1000x in 1% BSA (20 min, RT). Cells were washed with
PBS and stained with NucBlue (1 drop mL™"' media, 30 min,
RT). Cells were washed again with fresh CDMEM and imaged
with Nikon Super-resolution by Optical Re-assignment (SoRa)
Spinning-disk Confocal System. Images were collected with a
60x oil immersion objective magnification lens was used with
SoRa obtaining final magnification of 168x. The image was
analyzed with NIS elements imaging software version 5.41.02.

Effect of LatA on aPD-1 engagement in vitro

The effect of LatA-PS on aPD-1 engagement with RAW 264.7
macrophages was investigated. Briefly, 8.1 x 10° cells were
seeded on a 48-well plate and incubated for 24 h. Cells were
then treated with either 7 uM LatA, 1 pM LatA or PBS for 24 h.
Cells were washed and then incubated with Flamma® Fluors
648-labeled-aPD-1 (12.5 pg mL ") for 2 h. Cells were washed to
remove aPD-1 in solution and the fluorescence was (Aex: 646 nm
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Jem: 648 nm) measured to approximate aPD-1 engagement
with cells.

Uptake of aPD-1 in vitro with confocal microscopy

RAW 264.7 macrophages were seeded on a 4-well confocal dish
(2 x 10° cells well ") and allowed to adhere overnight. Cells
were treated with complete media, free LatA (500 UL, uM) or
LatA-PS (500 pL, 2 uM) for 30 min. After incubation, the cells
were washed and treated with Flamma® Fluors 648-labeled-
aPD-1 (500 pL, 16 pM) for 15 min. Then the cells were washed
and stained with NucBlue (1 drop mL ") for 15 min. Confocal
microscopy was performed (SP8, Leica, Germany) with a 63 x oil
immersion objective magnification lens.

aPD-1 organ-level biodistribution in cancer-bearing mice

To establish murine melanoma, mice were injected subcuta-
neously with B16F10 cells (5 x 10°) in the right hind flank.
Tumors were allowed to grow until ~100 mm® at which
point mice received a single 100 ng intravenous injection of
Flamma® Fluors 648-labeled-aPD-1. Mice in LatA-PS or free
LatA groups received two intravenous LatA doses (7 1M, 100 uL)
24 h and again 4 h prior to the aPD-1 injection. Tumor size was
measured with calipers (V = 0.5LW?, where W is the shorter
perpendicular distance). aPD-1 tumor accumulation was mea-
sured with IVIS at 1 h, 12 h, 24 h, and 48 h after aPD-1
accumulation. Imaging angle was optimized to facilitate mea-
suring tumor uptake in real time. Mice were sacrificed 48 h
post-injection and ex vivo imaging of the heart, lung, spleen,
liver, kidney and tumor was performed. Images were analyzed
with the Living Image®™ software. For quantification, back-
ground elimination was performed by subtracting the average
total radiant efficiency of untreated mice from each
respective organ.

aPD-1 cellular-level biodistribution and immunophenotyping
in cancer-bearing mice

To establish colon carcinoma, mice were injected subcuta-
neously with CT26 cells (2 x 10°) in the right hind flank. Tumors
were allowed to grow until ~120 mm?® at which point treatment
with Flamma® Fluors 648-labeled-aPD-1 (10 mg kg™*) or a saline
control was initiated. For all experiments, mice received 3
intraperitoneal aPD-1 injections, separated by 3 days. Mice in
LatA-PS or free LatA groups received intravenous LatA injections
(7 uM, 100 pL) 24 h and again 4 h prior to each aPD-1 injection.
Tumor size was measured with calipers (V = 0.5LW?, where W is
the shorter perpendicular distance). One day after the final
treatment the mice were sacrificed. The spleens and tumors
were excised. Tumors were minced and digested with 600 uL of
Collagenase III (3000 units mL ™" in HBSS) or 400 uL of Liberase
TH and 100 Kunitz units of DNase I. Then, single cell suspen-
sions were generated by passing the digested tumor tissue and
spleen through a 70 pm cell strainer. Red blood cells were
removed with RBC lysis buffer (5 min, 4 °C). The harvested cells
were stained with various antibodies to analyze with flow cyto-
metry (Aurora 3L, Cytek, USA). Data analysis was performed
FlowJo™ software version 10.10.
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Tumor growth inhibition

A CT26 model was established, and treatment was performed
as described above, though unlabeled aPD-1. Body weight and
tumor size were observed daily. Mice were sacrificed when
tumors were 1000 mm? or at 40 days after treatment began,
whichever came first. In some cases, the tumor and major
organs were collected for further analysis.

Tumor spatial phenotyping

Tumors were excised from mice at efficacy endpoints and
embedded in OCT solution prior to freezing at —80 °C. Samples
were sectioned, stained and imaged with a PhenoCycler-Fusion.
Samples were analyzed using the QuPath software version 0.5.1.
The DAPI signal of some Ki67 images were enhanced to
normalize signal background.

Safety analysis

The heart, lungs, liver, kidney and spleen from mice at efficacy
endpoints were fixed in 10% neutral buffered formalin and
embedded in paraffin prior to section. Hematoxylin and eosin
staining was performed to evaluate organ-specific toxicity.

Statistical analysis

Statistics were performed using a one-way ANOVA and Tukey’s
multiple comparison test using the software GraphPad Prism
version 10.4.1. Statistical significance was determined if the
p-value was below 0.05. * p-value < 0.05, ** p-value < 0.01,
*** p-value < 0.001, **** p-value < 0.001.

Abbreviations

ADC Antibody-drug-conjugate

aPD-1 Anti-programmed death receptor-1

FcR Fc receptor

FcRn Neonatal Fc receptor

ICI Immune checkpoint inhibitor

VIS In vivo imaging system

LatA Latrunculin A

LatA-PS LatA-loaded polymersome

MFI Mean fluorescence intensity

MPS Mononuclear phagocyte system

PEG-b-PPS-Bz Poly(ethylene glycol)-b-poly(propylene sulfide)-
benzyl

SAXS Small angle X-ray scattering

RP-HPLC Reverse-phase  high  performance liquid
chromatography

TME Tumor microenvironment
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