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ABSTRACT: Immune checkpoint blockade by anti-PD-L1 | Reversionof TAMs
monoclonal antibody (aPD-L1) has achieved unprecedented
clinical benefits in certain cancers, whereas the therapeutic
efficacy is often hindered by immunosuppressive tumor micro-
environment mediated by tumor-associated macrophages
(TAMs), which leads to innate resistance to this approach. To
improve checkpoint blockade efficacy, the amphiphilic diblock
copolymers poly(mannopyranoside/galactopyranoside methacry-
late)-block-polystyrene are prepared by RAFT polymerization,
which are sequentially self-assembled into glycocalyx-mimicking
nanoparticles (GNPs) to neutralize TAMs. It is shown that GNPs
can be specifically internalized by TAMs via lectin receptors,
which results in upregulation of immunostimulatory IL-12 and
downregulation of immunosuppressive IL-10, arginase 1, and
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CCL22, indicating functional reversion of protumor TAMs toward antitumor phenotype. The reversion of TAMs is proved to be
mainly controlled by suppressing STAT6 and activating NF-xB phosphorylation. In vivo therapeutic studies have demonstrated
that GNPs significantly enhance the therapeutic efficacy of aPD-L1 cancer therapy by reduction of tumor burden. Moreover,
combination therapies with GNPs and aPD-L1 greatly improve immunosuppressive tumor microenvironment by reciprocal
modulation of tumor-infiltrating effector and regulatory T cells. Notably, for the first time, our results demonstrate the reversion
of TAMs and improvement of aPD-L1 cancer therapy by synthetic carbohydrate-containing nanomaterials. This research
highlights a promising strategy for optimizing immune checkpoint blockade in cancer immunotherapy.

B INTRODUCTION

Immune checkpoint blockade is a recent development in cancer
immunotherapy which has shown impressive therapeutic
benefits in certain cancers." > Immune checkpoints refer to a
number of inhibitory proteins of the immune system to
maintain homeostasis and self-tolerance.* Under normal
physiological conditions, immune checkpoints are crucial for
protection of autoimmunity and tissue damage from excessive
activation of immune system,’ whereas the expression of these
inhibitory proteins can be widely dysregulated by tumors as an
important immune evasion mechanism. Programmed death-
ligand 1 (PD-L1) is one of the crucial immune checkpoint
proteins highly associated with tumor escape from immune
attack.” PD-L1 is rarely expressed on normal epithelial tissues
but is abundantly expressed on many tumor cells including lung
cancer, breast cancer, and melanoma.””® The binding of PD-L1
with its receptor programmed death-1 (PD-1) exhaust T cells
by suppressing the secretion of IFN-y, perforin and granzyme,
which ultimately leads to tumor progression and metastasis.'’
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Currently, the most effective checkpoint inhibitors are anti-
PD-L1 monoclonal antibodies (aPD-L1), such as atezolizumab,
which recently has been approved by FDA.'"'> These mAbs
function through blocking the PD-1/PD-L1 axis to reinvigorate
exhausted tumor-specific T cells and restore antitumor
immunity."> However, ongoing clinical trials have shown an
innate resistance to PD-L1 blockade."* A majority of cancer
patients do not have durable clinical benefits.'” The
mechanisms of PD-L1 resistance are complex. A couple of
very recent and important studies have demonstrated that
immunosuppressive tumor microenvironment induced by
distinct protumor immune cells plays pivotal roles in
maintaining this resistance.'”'” These studies demonstrate
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therapies targeting immunosuppressive cells combined with
checkpoint blockade inhibitors to overcome the tumor
resistance and reinstate effective antitumor immunity.lg’19

Tumor-associated macrophages (TAMs) are the dominant
type of the immunosuppressive cells during tumor progres-
sion.”””" Although macrophages have the potential to fight with
tumor cells and trigger tumor-destructive responses, accumulat-
ing evidence have confirmed that TAMs are influenced by the
signals originating from tumor cells to promote immunosup-
pression, angiogenesis, invasion, and metastasis.”>~>* TAMs in
progressing neoplasms typically express characteristic surface
C-type lectin receptors (CLRs), such as macrophage mannose
receptor (MMR, CD206) and macrophage galactose-type lectin
(MGL, CD301).”> CD206 contains eight extracellular carbohy-
drate-recognition domains (CRDs) on a rigid scaffold, which
recognizes terminal mannose, N-acetylglucosamine, and fucose
residues of glycans.”® CD301 has a different structure that
contains a cluster of three CRDs supported by a coiled-coil
peptide scaffold, which recognizes terminal galactose and N-
acetylgalactosamine.”” These lectin receptors in physiological
conditions recognize carbohydrate moieties of the membrane
glycolipids and glycoproteins on the surface of pathogens, also
known as glycocalyx. Both of CD206 and CD301 contain
intracellular domains to induce strong endocytosis effect and
immune activation of macrophages.28 In our previous work, we
have demonstrated that glycocalyx-mimicking nanoparticles
(GNPs) could efficiently polarize alternative-activated macro-
phage (M2) toward classical-activated phenotype (M1).”’ In
consideration of M1, the macrophage has an immunostimula-
tory phenotype which distinguishes from the immunosuppres-
sive M2 macrophage, and it is reasonable to hypothesize GNPs
could also modulate M2-like TAMs by reduction of suppressive
functions and eventually to facilitate cancer immunotherapy.

Therefore, aiming at improving immune checkpoint blockade
in cancer therapy, especially aPD-L1 therapy, in this study we
synthesized amphiphilic diblock copolymers modified with
mannopyranoside or galactopyranoside. The diblock copoly-
mers were employed to self-assemble into mannose/galactose-
functionalized nanoparticles. The self-assembled GNPs enable
the carbohydrates at a very high density on the surface, which
significantly enhance the specific interaction with lectin
receptors throu§h the “cluster glycoside effect” compared to
glycopolymers.” These GNPs were then used to modulate
immunosuppressive TAMs by targeting CD206 and CD301,
respectively. We found these GNPs were featured by specific
binding activity with these lectin receptors. Engagement of
GNPs was able to modulate TAMs by increasing immunosti-
mulatory IL-12 secretion and reducing immunosuppressive IL-
10, arginase 1, and CCL22, which reversed TAMs toward
antitumor phenotype. The reversion of TAMs was mainly
dependent on the downregulation of STAT6 phosphorylation
and upregulation of NF-kB p65 phosphorylation. Moreover, in
vivo therapeutic studies have demonstrated that GNPs were
able to enhance the therapeutic effect of aPD-L1 cancer
therapy by significant reduction of tumor burden. Furthermore,
combination therapies with GNPs and aPD-L1 greatly
improved immunosuppressive tumor microenvironment by
reciprocal modulation of tumor-infiltrating effector and
regulatory T cells. Our results demonstrated the ability of
these GNPs on reversion of TAMs and improvement of aPD-
L1 cancer therapy, highlighting their great potential in cancer
immunotherapy.
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B EXPERIMENTAL SECTION

Synthesis and Characterizations. The amphiphilic diblock
copolymers were synthesized by the combination of reversible
addition—fragmentation chain transfer (RAFT) polymerization and
postpolymerization modification following our previous procedure.”
Synthesis of poly(mannopyranoside methacrylate)-block-polystyrene
(PMan-b-PS) is demonstrated as an example in the Supporting
Information. 'H nuclear magnetic resonance (NMR) spectra were
performed with a 400 MHz Bruker instrument by using CDCI,,
CD;0D, or DMSO-d¢ as solvents, and the acquired data were
analyzed with Mnova software. Gel permeation chromatography
(GPC) analysis was carried out with a Waters Breeze 1515 GPC
analysis system with TSK gel a-2500, 3000 columns, using DMF with
0.5 M LiBr as eluents at a flow rate of 1 mL/min at 80 °C, and a PEO
calibration kit (TOSOH) as the calibration standard. Dynamic light
scattering (DLS) and zeta potential studies were taken by Zeta Sizer
Nano ZS90 from Malvern Instruments. Transmission electron
microscopy (TEM) images were taken with Tecnai G* instrument
operating at an accelerating voltage of 200 kV.

Cell Line and Animal Model. Lewis lung carcinoma (LLC)
tumor cells syngeneic with CS7BL/6 mice were cultured in complete
RPMI 1640 culture medium (Gibco) supplemented with 10% fetal
bovine serum (Gibco), 100 IU/mL of penicillin (Gibco), and 100 ug/
mL of streptomycin (Gibco). Cells were maintained under fully
humidified atmosphere at 37 °C and 5% CO, conditions. C57BL/6
mice were purchased from Shanghai SLAC Laboratory Animal
Company. All animals were maintained in specific pathogen-free
condition. Animal experiments were performed according to the
Guidelines of Fudan University for the Care and Use of Laboratory
Animals. LLC tumor xenograft mice were established by subcutaneous
inoculation with 1 X 10° LLC tumor cells in the right inguen. LLC
tumor xenograft mice were used for either TAMs isolation or
therapeutic experiments.

Isolation of TAMs. Two weeks after the initial inoculation of LLC
tumor cells, tumor tissues were mechanically excised and dissociated
into small pieces followed by enzymatically digestion with collagenase
IV (0.5 mg/mL, Sigma-Aldrich) and DNase I (50 IU/mL, Sigma-
Aldrich) for 1 h. Red blood cells were removed by treating with ACK
lysing buffer (Gibco). Tumor tissues were then filtrated through 70
pum cell strainers (Falcon) to obtain the single cell suspension. TAMs
were isolated under magnetic-activated cell sorting (MACS)
technology. Briefly, single cell suspension was first stained with anti-
F4/80-biotin antibody (Miltenyi) for 10 min then magnetically stained
with antibiotin MicroBeads (Miltenyi) for 15 min. Cells were
resuspended with MACS separation buffer to go through LS columns
(Miltenyi) in the magnetic field. The magnetically labeled F4/80+ cells
were retained on the column after removal from the magnetic field and
were collected as TAMs by flushing the column. To analyze the
surface markers, TAMs were incubated with anti-CD16/CD32
antibody (BioLegend) to block nonspecific Fc-mediated interactions,
and then stained with anti-F4/80, anti-CD11b, anti-CD206 and anti-
CD301 fluorescent antibodies (BioLegend). The expression of these
markers was detected under flow cytometry (Gallios, Beckman).

Cell Viability Assay. Cell viability assay was performed by using
Cell Counting Kit-8 (CCK-8, Dojindo) to detect dehydrogenase
activity under both time- and dose-dependent experiments. Briefly,
TAMs were treated with different concentration of GNPs (from 1 ug/
mL to 1 mg/mL) for a fixed incubation time of 72 h or containing 1
mg/mL of GNPs for a range of incubation time from 24 to 72 h. CCK-
8 reagent was added into cell culture and incubated for 2 h. The
absorbance was measured at 450 nm using a microplate reader
(BioTek ELx800).

Cellular Uptake Experiment. Cellular uptake of fluorescent
GNPs in vitro was performed under both time- and dose-dependent
experiments. TAMs were treated with different amounts of fluorescent
GNPs from 0.1 to 100 pg/mL for 4 h or with 10 sg/mL of fluorescent
GNPs for a range of incubation time from 1 to 24 h. TAMs were
harvested from culture plates by cell scrapers. The intracellular
fluorescent intensity was measured by flow cytometry. To inhibit
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cellular uptake of fluorescent GNPs in vitro, TAMs were incubated
with different concentrations of anti-CD206 or anti-CD301 blocking
antibodies (from 3 to 100 pg/mL) for 2 h followed by addition of
fluorescent GNPs (10 ug/mL) for 4 h. The intracellular fluorescent
intensity was detected by flow cytometry. To analyze cellular uptake of
fluorescent GNPs in vivo, LLC tumor xenograft mice were received
subcutaneous injection of fluorescent GNPs (S0 pg) adjacent to the
tumors at day 7. Two days after injection, tumor tissues were
mechanically excised and enzymatically digested. Single cell suspension
was first incubated with anti-CD16/CD32 antibody followed by
staining with anti-CD4S, anti-F4/80, anti-CD11c, anti-Gr-1, anti-B220,
anti-CD3, and anti-NK1.1 fluorescent antibodies (BioLegend).
Intracellular fluorescent intensity of each cellular subset was detected
under flow cytometry.

Confocal Imaging. To trace the intracellular uptake of fluorescent
GNPs, TAMs were seeded on 35 mm glass bottom cell culture dishes
(NEST) in complete culture medium containing 10 ug/mL of
fluorescent GNPs for 4 h. Lysosomes were stained with 100 nM of
deep-red LysoTracker (Life technologies) for extra 2 h. TAMs were
then fixed with 4% paraformaldehyde. The nuclei were stained with 3
uM DAPI (BioLegend). Fluorescent images of TAMs were obtained
using confocal microscopy (Nikon C2+) with an excitation wavelength
at 488 nm for fluorescent GNPs, 561 nm for LysoTracker, and 405 nm
for DAPL Images were analyzed under NIS-Elements Viewer software
(Nikon).

Gene Expression Analysis by Quantitative Real-Time PCR
(gPCR). To analyze gene expression of cellular mediators, TAMs were
incubated with GNPs (20 ug/mL) for 6 h with or without anti-CD206
or anti-CD301 blocking antibodies (10 pg/mL). Total RNA was
extracted using MiniBEST Universal RNA Extraction Kit (Takara).
cDNA was synthesized from total RNA using the primerScript RT
reagent Kit (Takara). qPCR was performed in triplicate for each
sample by the FastStart Universal SYBR Green Master Kit (Takara)
and conducted on Applied Biosystems 7500 real-time PCR system.
Data analysis was under ABI 7500 software. Primer oligonucleotides
were designed by the Primer Premier software and synthesized by
Shanghai Sangon Biotech. f-Actin was used as a housekeeping gene
for normalization. All primer sequences were listed in Supporting
Information, Table S1.

Cellular Mediator Detection. To analyze IL-12, IL-10, and
CCL22 secretion, TAMs were incubated with GNPs (20 pg/mL) for
24 h with or without anti-CD206 or anti-CD301 blocking antibodies
(10 pg/mL). Culture supernatant was collected and detected by
enzyme-linked immunosorbent assay (ELISA) kits (R&D systems)
following the manufacturer’s procedures. The activity of arginase 1 was
detected by an Arginase Assay Kit (Abnova). Briefly, TAMs were
harvested and treated with 1 uM pepstatin A (Sigma-Aldrich), 1 uM
leupeptin (Sigma-Aldrich), and 0.5% (w/v) Triton X-100 (Sigma-
Aldrich). Supernatant was collected for arginase 1 detection. To detect
cellular mediators secretion in vivo, LLC tumor xenograft mice
subcutaneously received GNPs (S0 pg) treatment adjacent to the
tumor. Treatment was conducted every 4 days for a total of 5 times
(days 2, 6, 10, 14, 18). One day after the last treatment, tumor tissues
were mechanically excised and homogenized in PBS containing 0.5%
(w/v) Triton X-100 with Dounce homogenizers. Tumor homogenate
was centrifuged to collect supernatant for cellular mediator detection.

Phospho-Flow Cytometry. TAMs were treated with GNPs (20
ug/mL) for 30 min and then fixed in 4% paraformaldehyde for 10 min,
immediately followed by permeabilization in ice-cold 100% methanol
for 30 min. After suspension in staining buffer, TAMs were incubated
with phospho-specific antibodies for 1 h prior to flow cytometry
analysis. To inhibit NF-kB activation, TAMs were pretreated with 10
UM BAY 11-7082 (Sigma-Aldrich) for 1 h before GNPs stimulation.
All phospho-specific antibodies and buffer were purchased from
BDbiosciences. Data were analyzed under FlowJo software.

T Cell Activation and Proliferation Analysis. T cells were
isolated from spleen of C57BL/6 mice by CD3¢ MicroBead MACS
isolation kit (Miltenyi) and stained with 2.5 uM carboxyfluorescein
succinimidyl ester (CFSE, BioLegend) to obtain CFSE-T cells. TAMs
were coincubated with CFSE-T cells at a ratio of 1/4 on U-bottom
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plates in the presence of anti-CD3 (S pug/mlL, precoated, BioLegend)
and anti-CD28 (2 ug/mL, soluble, BioLegend) antibodies for T cell
activation. Cell mixture was then treated with GNPs (20 pg/mL) for
72 h. As controls, cell mixture was additionally treated with anti-
CD206 or anti-CD301 antibodies (10 ug/mL), respectively. T cell
proliferation was measured by CFSE dilution gated on CD3+ cells by
flow cytometry. To exclude the possibility that GNPs directly stimulate
T cells, CESE-T cells were treated with GNPs (20 pg/mL) in the
presence of anti-CD3/28 for 72 h. The CFSE dilution was measured
gated on CD3+ cells by flow cytometry. To analyze T cell activation,
unlabeled T cells were coincubated with TAM:s in the presence of anti-
CD3/28. The cell mixture was treated with GNPs (20 pg/mL) for 12
h. Then cell mixture was stained with anti-CD3, anti-CD2S$, and anti-
CD69 fluorescent antibodies for flow cytometry analysis.

In Vivo Therapeutic Experiments. LLC tumor xenograft mice
received administration of aPD-L1 antibody (S0 g, BioLegend)
intravenously and GNPs (S0 ug) subcutaneously adjacent to the
tumors at days 2, 6, 10, 14, 18. As controls, mice also received
monotherapy with aPD-L1 or GNPs, respectively. Tumor growth was
monitored every 4 days. The tumor area was measured with a digital
caliper and calculated using the formula: largest diameter X smallest
diameter. To analyze T cell infiltration in tumor tissues, 24 h after each
injection (day 7, 11, 15, 19), tumor tissues were mechanically excised
and enzymatically digested. Single cell suspension was first incubated
with anti-CD16/CD32 to block nonspecific Fc-mediated interactions
and then stained with anti-CD4S5, anti-CD4, and anti-CD8 fluorescent
antibodies (BioLegend) to distinguish helper T cell and cytotoxic T
cell. To analyze effector T cells and regulatory T cells, single cell
suspension from the end point of treatment was intracellularly stained
with anti-IFN-y and anti-Foxp3 fluorescent antibodies (BioLegend).
Experiments were performed under flow cytometry. All staining buffer
and isotype antibodies were purchased from BioLegend. Data analysis
was under FlowJo software.

Statistical Analysis. Results are shown as means + SEM as
indicated. Statistical significance was calculated by Student’s t-test or
One-way ANOVA. * p < 0.05, ** p < 0.01. Statistical analysis was
performed under GraphPad Prism software.

B RESULTS AND DISCUSSION

Synthesis, Self-Assembly, and Characterizations of
GNPs. The diblock copolymers PMan-b-PS and PGal-b-PS
were synthesized by two-step RAFT polymerization followed
by postpolymerization modification via click chemistry with
either mannopyranoside or galactopyranoside (Figure la and
Scheme 1). The diblock copolymers contained a hydrophobic
polystyrene (PS) block and a hydrophilic glyco-block. The
results of the polymerization are shown in Table 1 and
Supporting Information, Figure S1. '"H NMR spectroscopic
analysis confirmed the successful synthesis of the two diblock
copolymers and their precursors (Supporting Information,
Figure S1). The degree of polymerization (DP) of glyco-block
was found to be 47 and the DP of PS block was found to be
158 according to the NMR spectra. GPC analysis was also
employed to characterize the diblock copolymers supporting
narrow polydispersity (PDI < 1.20) (Table 1). The amphiphilic
polymers were self-assembled in aqueous solution into GNPs
with a compact glyco-shell and an inert organic PS core.
According to their different glyco-shells, the GNPs were
marked as M-Man (mannose-functionalized nanoparticles) and
M-Gal (galactose-functionalized nanoparticles), respectively
(Figure 1a). DLS measurements showed that the diameters
of M-Man and M-Gal were about 25 and 24 nm with a narrow
distribution (PDI = 0.10) (Figure 1b and Table 2), respectively.
TEM images confirmed their morphology as sphere nano-
particles (Figure 1c). Zeta potential measurements also
confirmed the neutral surface property of M-Man and M-Gal
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Figure 1. (a) Self-assembly of diblock copolymers PMan-b-PS and
PGal-b-PS into M-Man and M-Gal, respectively. (b) DLS character-
ization of M-Man and M-Gal in PBS (pH 7.2, 10 mM). (c) TEM
images of M-Man and M-Gal (scale bar 100 nm).

(=7.36 and —5.97 mV) in PBS (pH 7.2, 10 mM) (Table 2).
Collectively, these characterizations confirmed the uniformity
of these nanoparticles, which ensured the reproducibility of the
subsequent immunological research.

Specific Internalization of GNPs by TAMs. TAMs were
isolated from LLC tumor xenograft mice by MACS technology.
Tumor was mechanically excised and single cell suspension was
prepared by enzymatically digestion. F4/80 is a cell surface
glycoprotein expressed in high levels on various macrophages
including TAMs.*' Thus, single cell suspension prepared from
LLC solid tumors was magnetically labeled with anti-F4/80
antibody. Then F4/80-labeled cells that were positive were

Table 1. M,, and PDI of Diblock Copolymers and Their

Precursors
polymers® M, 'HNMR) M, (GPC) M, /M,” (GPC)
PG, 6900 2700 113
PG,,-b-PS, s 23400 6300 111
PGA,;-b-PS 5 25100 7400 112
Pman,,-b-PS, 5 35400 10800 1.16
PGaly,-b-PS, 55 35400 11000 11§

“Calculated from M, obtained in '"H NMR. “Measured by DMF GPC
with PEG as calibration standard.

Table 2. Characterizations of M-Man and M-Gal

glycopolymers GNPs diameter [Dy]  PDI  zeta potential®
PMan,,-b-PS 4 M-Man 25 0.10 —7.36
PGal,-b-PS, 5 M-Gal 24 0.10 -597

“Measured in PBS (pH 7.2, 10 mM) at room temperature.

isolated from cell suspension as purified TAMs. Flow cytometry
analysis confirmed that TAMs highly expressed F4/80 and
myeloid marker CD11b (Figure 2a), which indicated the high
purity of the isolated TAMs. Lectin receptors expressed by
macrophages are dynamic, largely dependent on the milieus
where the macrophages locate.”” To determine whether TAMs
express characteristic surface lectin receptors, we compared the
expression of CD206 and CD301 between TAMs and murine
peritoneal macrophages. It was found that TAMs expressed
significantly higher levels of CD206 and CD301 compared to
the peritoneal macrophages (Figure 2a), which provide specific
receptors for GNPs recognition. Prior to performing the
cellular uptake experiments, the cytotoxicity evaluation of
GNPs were first performed by cell viability assays, as cell death
caused by the toxicity of nanoparticles may result in disturbed
cellular uptake behaviors. As shown in Supporting Information,
Figure S2, both M-Man and M-Gal showed no obvious
cytotoxicity toward TAMs below the concentration of 1 mg/
mL for up to 72 h, which confirmed their good biocompat-
ibility.

Scheme 1. Synthetic Route of Diblock Copolymer PMan-b-PS by Two-Step RAFT Polymerization and Postpolymerization
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Figure 2. GNPs were internalized by TAMs via their specific lectin
receptors. (a) The surface markers analysis of TAMs by flow
cytometry. Colored lines, TAMs; gray lines, isotype control (CD11b
and F4/80), murine peritoneal macrophages (CD206 and CD301).
(b) Time-dependent and (c) dose-dependent endocytosis of
fluorescent GNPs by TAMs. (d,e) Inhibition of fluorescent GNPs
endocytosis by specific blocking antibodies of lectin receptors. (f)
Confocal microscopy images of fluorescent GNPs internalization
(scale bar 20 pm). Mean + SEM.

Both of CD206 and CD301 have intracellular domain to
induce effective endocytosis, thus the cellular uptake behaviors
of GNPs by TAMs were evaluated. To trace GNPs, fluorescein
isothiocyanate (FITC) was introduced to the end of the

copolymers by clicking N-(S-fluoresceinyl) maleimide to the
polymer chains after converting the benzodithioate group to a
thiol group using ethylenediamine as an aminolysis agent
(Scheme 2). Fluorescent GNPs (FM-Man and FM-Gal) were
prepared from the FITC-labeled diblock copolymers accord-
ingly. Their fluorescent intensities were then adjusted to the
same level before their incubation with TAMs. The quantitative
study of TAMs uptake to fluorescent GNPs was performed by
flow cytometry. The intracellular fluorescent intensity was used
to represent the amount of GNPs internalized by TAMs. It was
found that there was a gradual accumulation of fluorescent
intensity as the incubation time or concentration increased,
indicating the time- and dose-dependent manner of cellular
uptake (Figure 2b,c).

To confirm the specificity of GNPs endocytosis, cellular
uptake was blocked by lectin-specific blocking antibodies: anti-
CD206 antibody (aCD206) and anti-CD301 antibody
(aCD301). As shown in Figure 2d, the endocytosis of both
FM-Man and FM-Gal were decreased after addition of
blocking antibodies, and the inhibition efficiency was gradually
enhanced as the concentration of blocking antibodies was
increased. When 30 ug/mL blocking antibodies were used, the
inhibition of FM-Man and FM-Gal were 62% and 74%,
respectively (Figure 2e). These blocking experiments indicated
a specific lectin receptor-mediated endocytosis of GNPs.
Confocal microscopy was used to investigate the cellular
uptake process of GNPs. After fluorescent GNPs were
incubated with TAMs, deep-red LysoTracker was then added
to label lysosomes. As shown in Figure 2f, the internalization of
FM-Man and FM-Gal (shown in green) by TAMs were clearly
observed. The internalized GNPs were also found to properly
colocalize with lysosomes in confocal images. Collectively,
these experiments suggested GNPs can be internalized by
TAMs through the specific lectin receptor-mediated endocy-
tosis.

TAMs Reversion by GNPs Stimulation. TAMs are drivers
of tumor progression, secreting various immunosuppressive
cellular mediators to harm antitumor immunity.*® Thus, solid
evidence of TAMs reversion came from different expression of
these mediators. IL-12 is a pro-inflammatory cytokine to
principally activate natural killer (NK) cells and induce the
differentiation of T helper 1 (Thl) effectors, which contribute
to antitumor immunity,”"*> whereas IL-10 is antagonistically
opposed to limit the extent of antitumor immunity by
diminishing antigen presentation and inactivating Th1 cells.*®
TAMs are also found to secrete arginase 1 (Argl) to anergize T
cell by consuming L-arginine®” and CCL22 to recruit inhibitory

Scheme 2. Synthetic Route of FITC-Labeled FITC-PG-b-PS via Thiol—ene Reaction

........ -

DMSO, 25°C
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Figure 3. Inmunosuppressive TAMs were functionally reversed by GNPs stimulation. (a) TAMs were treated with GNPs (20 ug/mL) for 6 h. Gene
expression of I12, 1110, Argl, and Ccl22 by TAMs were detected by qPCR analysis. (b) TAMs were treated with GNPs (20 pg/mL) for 24 h. Protein
release of IL-12, IL-10, Argl, and CCL22 in supernatant by TAMs were detected by ELISA. Mean + SEM. Student’s t-test. * p < 0.0S, ** p < 0.01.

regulatory T cells to further strengthen immunosuppres-
sion.”®” We further intended to investigate whether GNPs
were able to modulate the expression of these key cellular
mediators. Hence, TAMs were first incubated with M-Man or
M-Gal (20 pug/mL) for 6 h. The gene expressions of these
cellular mediators were analyzed by qPCR. As shown in Figure
3a, both of the GNPs stimulation significantly upregulated gene
expression of I112, whereas immunosuppressive genes ex-
pression of 1110, Argl, and Ccl22 were downregulated. The
release of these mediators was also analyzed by ELISA. After
TAMs were stimulated with GNPs (20 ug/mL) for 24 h, the
supernatant was collected for protein quantification. The results
were similar to the gene expression analysis. Pro-inflammatory
IL-12 was promoted by GNPs stimulation and immunosup-
pressive IL-10, Argl, and CCL22 were inhibited (Figure 3b).
These results indicated that the immunosuppressive TAMs
were functionally reversed by GNPs stimulation. Notably, the
modulation of these cellular mediators were partially inhibited
by CD206 or CD301 blocking antibodies (10 ug/mL),
respectively, indicating that TAMs reversion was mediated
through lectin receptor pathways.

Signaling Pathways Involved in TAMs Reversion. To
investigate the signaling pathways involved in TAM:s reversion,
phosphorylated transcription factors related to macrophage
activation and polarization were detected by phospho-flow
cytometry. As shown in Figure 4a, tumor immunosuppression
related phosphorylated STAT6 (p-STAT6) was significantly
downregulated after GNPs stimulation. Meanwhile, p-NF-«xB
p6S, the common downstream of lectin receptors, was
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significantly upregulated. However, p-STAT1, p-STAT3, p-
ERK, p-Akt, and p-p38, which were reported to regulate
macrophage activation and polarziation,‘m_43 were not affected
by GNPs stimulation. STATS6 is one of the vital transcription
factors to maintain immunosuppression of TAMs. Activation of
STATS6 is linked to the transcription of several immunosup-
pressive genes.* Because STATG is reported to inhibit NF-xB
pathway leading to immunosuppression,*”*> we intended to
investigate whether there was crosstalk between NF-«B and
STAT6 in TAMs reversion. NF-kB inhibitor BAY 11-7082 was
used to treat TAMs prior to GNPs stimulation. As shown in
Figure 4b, the activation of NF-kB p6S was totally inhibited,
whereas p-STAT6 was still downregulated by GNPs
stimulation. These results indicated that GNPs can induce
the downregulation of p-STAT6 independent to the
upregulation of p-NF-«xB p6S.

To further determine whether regulation of STAT6 and NF-
kB phosphorylation is essential to TAMs reversion, a high
amount of IL-4 (100 ng/ mL) was used to maintain persistent
activation of STAT6 in TAMs.*® The downregulation of
immunosuppressive IL-10, Argl, and CCL22 by GNPs
stimulation was totally inhibited (Figure 4c). In contrast, NF-
kB inhibitor BAY 11-7082 could hardly influence the expression
of these mediators (Figure 4d), indicating these immunosup-
pressive cellular mediators were mainly controlled by STATS6.
Surprisingly, the upregulated IL-12 by GNPs stimulation was
blocked by both IL-4 and BAY 11-7082 (Figure 4cd),
suggesting STAT6 and NF-kB function together to modulate
the expression of IL-12. These results indicated that GNPs
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Figure 4. Reversion of TAMs was dependent on the reciprocal regulation of STAT6 and NF-kB signaling pathways. (a) Phosphorylated
transcription factors related to TAMs activation and polarization were analyzed by phospho-flow cytometry after GNPs treatment (20 ug/mL) for
30 min (blue, M-Man; green, M-Gal). (b) p-NK-«B p6S and p-STAT6 were analyzed in TAMs treated with 10 uM NF-kB inhibitor BAY 11-7082
prior to GNPs stimulation by phospho-flow cytometry. (c) TAMs were treated with 100 ng/mL of IL-4 following GNPs stimulation for 24 h. (d)
TAMs were treated with 10 yM of BAY 11-7082 following GNPs stimulation for 24 h. Secretion of IL-12, IL-10, Argl, and CCL22 were determined
by ELISA. (e) Schematic illustration of STAT6 and NF-kB signaling pathways by GNPs stimulation. Mean & SEM. Student’s t-test. * p < 0.0S, ** p

< 0.01.

stimulation led to reciprocal regulation of STAT6 and NF-xB
signaling pathways, resulting in the functional reversion of
TAMs (Figure 4e).

TAMs Reversion Contributed to T Cells Activation and
Proliferation. T cells are well-known to play prominent roles
in antitumor immunity, whereas the activity of T cells is greatly
inhibited by immunosuppressive TAMs. To investigate whether
T cells activation and proliferation would benefit from the
reversion of TAMs, CFSE-labeled T (CFSE-T) cells were
coincubated with TAMs followed by GNPs stimulation for 72
h. CESE is a fluorescent dye that can be well-stained
intracellularly and equally diluted as cell proliferation.*” Cell
mixture was cultured under anti-CD3/CD28 antibodies
(aCD3/28) activation. As shown in Figure Sa, TAMs exhibited
strong suppressive activity toward CFSE-T cells by inhibiting
proliferation in PBS control. However, M-Man and M-Gal
stimulation significantly promoted CFSE-T cells proliferation at
ratios of 67.2% and 78.0%, respectively. Also, the enhanced
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proliferation could be inhibited by CD206 or CD301 blocking
antibodies, which further highlighted the important role of
lectin receptor pathways. In consideration of GNPs might
directly promote CFSE-T cell proliferation, an additional assay
without TAMs was performed to exclude this possibility. CFSE-
T cell were directly treated with GNPs. CFSE dilution showed
an average gradient among each group (Supporting Informa-
tion, Figure S3), suggesting that enhanced T cell proliferation
was dependent on the TAMs reversion but not individual
GNPs stimulation toward T cells.

T cell activation is highly associated with remarkable
expression of CD25 and CD69 molecules.”® CD25, the a
chain of IL-2 receptor plays an important role in mediating T
cell proliferation, and CD69 is the earliest inducible cell surface
glycoprotein during T cell activation. To evaluate T cell
activation, TAMs and T cells were coincubated in the presence
of GNPs stimulation for 12 h followed by flow cytometry
analysis. We observed that GNPs led to a prominent increase of
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Figure 5. TAMs reversion contributed to T cells activation and
proliferation. (a) CFSE-T cells were coincubated with TAMs under an
effector/target (TAMs/T cells) ratio of 1/4 followed by GNPs
stimulation (20 pg/mL) for 72 h. CFSE dilution was determined to
monitor the generations of proliferating T cells by flow cytometry. (b)
T cells were coincubated with TAMs followed by GNPs stimulation
for 12 h. CD2S and CD69 expressed on T cells were analyzed by flow

cytometry.

both molecules (Figure Sb), indicating strong activation of T
cells. M-Man stimulated the increased expression of CD25 and
CD69 at 45.3% and 54.7%, respectively, meanwhile M-Gal
induced higher levels at 53.8% and 57.2%. Correspondingly, the
activation markers were also downregulated by CD206 or

CD301 blocking antibodies, which emphasized the interaction
between GNPs and lectin receptors. Collectively, these results
suggested that GNPs-induced TAMs reversion exhibited
immunocompetent activity to promote T cells activation and
proliferation.

Distribution of GNPs and Reversion of TAMs in Vivo.
The ideal antitumor agents should exhibit antitumor properties
both in vitro and in vivo. Encouraged by the notable ability of
GNPs to modulate TAMs in vitro, we next investigated the
distribution of GNPs and reversion of TAMs in LLC tumor
xenograft mice in vivo. LLC tumor xenograft mice received
single injection of fluorescent GNPs (S0 pg) subcutaneously
adjacent to the tumors at day 7. Tumor was mechanically
excised and single cell suspension was prepared by enzymati-
cally digestion. Cellular uptake of fluorescent GNPs was
analyzed by the fluorescent intensity in each cellular subsets by
flow cytometry. Tumor-infiltrating immune cells and LLC
tumor cells were distinguished by staining with different
fluorescent antibodies: TAMs (F4/80+), dendritic cells
(CD11c+), granulocytes (Gr-1+), T cells (CD3+), B cells
(B220+), NK cells (NK1.1+), and LLC tumor cells (CD45-).
As shown in Figure 6a, fluorescent GNPs were mostly
internalized by TAMs. The fluorescent intensity of TAMs
was almost 3-fold higher than which of dendritic cells and more
than 12-fold compared to control (Figure 6b), suggesting the
efficient targeted ability of GNPs toward TAMs in vivo. To
evaluate the reversion of TAMs in vivo, LLC tumor xenograft
mice were treated with GNPs (50 ug) subcutaneously adjacent
to the tumors every 4 days for 5 times before end-point analysis
(Figure 7a). The intratumoral concentrations of cellular
mediators were detected in the homogenized tumor tissues.
Compared to the normal saline (N/S) group, GNPs treatment
significantly upregulated the intratumoral secretion of pro-
inflammatory IL-12 and meanwhile downregulated IL-10, Argl,
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Figure 6. Distribution of GNPs and reversion of TAMs in vivo. (a) LLC tumor xenograft mice received single injection of fluorescent GNPs (50 yg)
subcutaneously adjacent to the tumors at day 7. Intratumoral distribution in various cellular subsets was determined by flow cytometry. (b) Statistics
of fluorescent intensity in each cellular subset. (c) LLC tumor xenograft mice received GNPs treatments (S0 yg) subcutaneously adjacent to the
tumors every 4 days for S times before end point analysis. IL-12, IL-10, Argl, and CCL22 were determined in homogenized tumor tissues by ELISA.

Mean + SEM. Student’s t-test. * p < 0.05, ** p < 0.01.
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Figure 7. GNPs improved aPD-L1 blockade in cancer immunother-
apy. (a) LLC tumor xenograft mice received combination therapies
with aPD-L1 (50 pug) and GNPs (S0 ug), or monotherapies with
aPD-L1 or GNPs. (b) Tumor progression was monitored by
measuring tumor volume. Five mice for each group (n = S). (c)
Representative mice of each group. (d,e) Infiltration of helper T cells
(CD4+) and cytotoxic T cells (CD8+) in tumor were analyzed by flow
cytometry. (fg) Infiltration of effector T cells (IFN-y+ CD8+) and
regulatory T cells (Foxp3+ CD4+) in tumor were analyzed by flow
cytometry. Mean + SEM. Student’s t-test (b,d,e). One-way ANOVA
(£g). * p < 0.0, ** p < 0.01.

and CCL22 (Figure 6¢). Notably, we also noticed that M-Gal
induced more reduction of CCL22 than M-Man. Collectively,
these results demonstrated that GNPs were able to selectively
target and reverse immunosuppressive TAMs by modulating
the expression of cellular mediators in the tumor microenviron-
ment.

GNPs Improved aPD-L1 Blockade in Cancer Immu-
notherapy. To explore whether GNPs were able to enhance
immune checkpoint blockade in cancer immunotherapy,
combination therapies with aPD-L1 and GNPs were performed
to evaluate therapeutic efficacy. LLC tumor xenograft mice
were randomized to receive combination therapies with
injection of GNPs (50 ug) subcutaneously adjacent to the
tumors and injection of aPD-L1 (50 ug) intravenously every 4
days for S times (Figure 7a). As controls, the mice were also
received monotherapy with either GNPs or aPD-L1. Tumor
diameters were measured 2 days after each injection to monitor
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tumor progression. As show in Figure 7b, GNPs monotherapies
had minimal impact on LLC tumor remission compared to N/S
control. Immune checkpoint blockade by aPD-L1 partially
inhibited tumor growth. However, the results from the
combination therapies were inspiring. Continued injections
with aPD-L1 and GNPs significantly reduced tumor burdens
compared to all monotherapies, suggesting that GNPs-induced
TAMs reversion contributed to improvement of aPD-L1
therapy. The representative mice with white lines of tumor
burden in each treatment group were shown in Figure 7c.
Interestingly, M-Gal exhibited stronger ability on facilitating
aPD-L1 blockade. Compared to N/S group, injections of aPD-
L1 with M-Man or M-Gal inhibited ~67% or ~77% of the
tumor growth, respectively.

Because combination therapies exhibited excellent efficacy on
LLC tumor regression, T cells infiltration in tumors were
further explored. Flow cytometry analysis was performed 24 h
after each injection. It was found that combination therapies
were associated with significant increase of both helper T cells
(CD4+) and cytotoxic T cells (CD8+) infiltration compared to
aPD-L1 monotherapy (Figure 7d,e). In addition, we observed
more T cell infiltration induced by M-Gal. The enhanced T cell
infiltration reached optimum at the end point of treatment,
suggesting the persistent T cell response was induced during
treatment. In contrast, GNPs monotherapy appeared to have
no effect on T cell infiltration. Furthermore, the combination
therapies showed optimal therapeutic property by reciprocal
upregulation of effector T cells (IFN-y+ CD8+) and down-
regulation of regulatory T cells (Foxp3+ CD4+) (Figure 7f,g).
Notably, aPD-L1 therapy coupled with M-Gal induced less
regulatory T cells infiltration than M-Man. It was mainly
contributed by the much lower level of CCL22 induced by M-
Gal in vivo. Taken together, our results demonstrated that
GNPs not only induced functional reversion of TAMs, but also
reciprocally regulated T cell response in tumor microenviron-
ment, providing the optimal immune situation to improve
aPD-L1 blockade in cancer immunotherapy.

B CONCLUSIONS

In summary, diblock copolymers functionalized with either
mannopyranoside or galactopyranoside were synthesized by
RAFT polymerization and postpolymerization modification.
We have demonstrated that glycocalyx-mimicking GNPs self-
assembled from these copolymers had potent ability to reverse
immunosuppressive TAMs both in vitro and in vivo. STAT6
and NF-kB signaling pathways were proved to control the
TAMs reversion by GNPs. Furthermore, the TAMs reversion
significantly improved tumor microenvironment by reciprocally
regulating effector T cells and regulatory T cells, leading to
improved therapeutic efficacy of aPD-L1 checkpoint blockade
in cancer therapy. As we know, this is the first research to utilize
synthetic carbohydrate-containing nanomaterials to enhance
the antitumor effect of immune checkpoint blockade.
Distinguished from natural polysaccharides from glycocalyx,
self-assembled GNPs show better structural adjustability and
offer the possibility of attaching different types of carbohydrates
onto the same scaffold in a controlable way. This study
highlights a novel and promising therapeutic strategy that
overcoming resistance to immune checkpoint blockade,
therefore providing a valuable avenue for optimizing cancer
immunotherapy.
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