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Purpose: Antigen-presenting cells (APCs) are powerful tools to expand antigen-specific T cells
ex vivo and in vivo for tumor immunotherapy, but suffer from time-consuming generation and
biosafety concerns raised by live cells. Alternatively, the cell-free artificial antigen-presenting
cells (aAPCs) have been rapidly developed. Nanoscale aAPCs are recently proposed owing to
their superior biodistribution and reduced embolism than conventional cell-sized aAPCs, but
pose the challenges: easier cellular uptake and smaller contact surface area with T cells than
the cell-sized counterparts. This study aimed to fabricate a new “stealth” nano-aAPCs with
microscale contact surface area to minimize cellular uptake and activate antigen-specific T cells
by combination uses of ellipsoidal stretch, PEGylation, and self-marker CD47-Fc conjugation.
Methods: The spherical polylactic-co-glycolic acid nanoparticles were fabricated using a
double-emulsion method, and then stretched twofold using film-stretching procedure followed
by PEGylation and co-coupling with CD47-Fc, H-2K*/TRP2, ,..-Ig dimers, and anti-CD28.
The resulting PEGylated and CD47-conjugated nanoellipsoidal aAPCs (EaAPCFEYP47) were
co-cultured with macrophages or spleen lymphocytes and also infused into melanoma-bearing
mice. The in vitro and in vivo effects were evaluated and compared with the nanospherical aAPCs
(SaAPC), nanoellipsoidal aAPCs (EaAPC), or PEGylated nanoellipsoidal aAPC (EaAPCPE),
Results: EaAPCP"9P*" markedly reduced cellular uptake in vitro and in vivo, as compared
with EaAPC™9, EaAPC, SaAPC, and Blank-NPs and expanded naive TRP2 . -specific CD8*
T cells in the co-cultures with spleen lymphocytes. After three infusions, the EaAPCPES/cD4

showed much stronger effects on facilitating TRP2 -specific CD8* T-cell proliferation,
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local infiltration, and tumor necrosis in the melanoma-bearing mice and on inhibiting tumor
growth than the control aAPCs.

Conclusion: The superimposed or synergistic effects of ellipsoidal stretch, PEGylation, and
CD47-Fc conjugation minimized cellular uptake of nano-aAPCs and enhanced their functionality
to expand antigen-specific T cells and inhibit tumor growth, thus suggesting a more valuable
strategy to design “stealth” nanoscale aAPCs suitable for tumor active immunotherapy.
Keywords: PLGA nanoparticles, artificial antigen-presenting cells, phagocytosis, cancer active

immunotherapy

Introduction

Antigen-presenting cells (APCs), most notably dendritic cells (DCs), are powerful
tools to expand antigen-specific T cells both ex vivo and in vivo, but limited by the
time-consuming and cost-intensive generation when scaled up, nonspecific stimulation,
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and biosafety concerns raised by live cells.!? As an alter-
native strategy, the cell-free artificial antigen-presenting
cells (aAPCs) were proposed by co-coupling antigenic
peptide-loaded major histocompatibility complexes (pMHCs,
antigen signal) and anti-CD28 (costimulatory signal) onto
scaffolds of biomaterials to imitate natural APCs.> They
are more amenable to rapid manufacturing in a large-scale
manner with highly uniform quality and little concern of
biosafety. Therefore, numerous biomimetic aAPCs have
been developed and are rapidly optimized on their physical
and biochemical properties, such as size, shape, charge,
surface modifications, signal strength, and the composi-
tion of new signal combinations for the establishment of
therapeutic cellular immunity.*® Classically, most research
studies focus on cell-sized and spherical aAPCs using a
variety of biomaterials from liposomes’® to paramagnetic
beads,!® non-degradable!!!? and biodegradable polymeric
microparticles,'* > and achieved intriguing prospects. But
nanoscale aAPCs have also been reported recently owing
to their advantages over cell-sized aAPCs: superior tissue
distribution and drainage properties; and reduced risk of
embolism and tissue infarction, so they are more suitable
for in vivo use.'*'* However, the nano-aAPCs face two chal-
lenges: easier engulfment by phagocytes and smaller surface
area for contact with T cells than the cell-sized counterparts,
thus greatly reduce their direct interactions between aAPCs
and antigen-specific T cells in vivo.

During past decades, a variety of biomimetic techniques
have been developed to prevent phagocytosis in the drug
and vaccine delivery systems of micro- and nanoparticles
(MNPs). First, the “stealth particles” can be constructed by
coating poly(ethylene glycol) (PEG)," lipid bilayer,'® or
CD47-Fc" onto the surface of MNPs as well-known. The
PEGylated nanoparticle carriers can decrease the adsorp-
tion of nonspecific serum proteins, reduce engulfment, and
prolong their circulation time in vivo.2*?! CD47 can interact
with signal regulatory protein-o. on phagocytes to inhibit
phagocytosis at low density?>?* and has been used as a “self-
marker” in nanoparticle drug delivery systems in human."
Second, the particle shape also markedly influences their
phagocytosis and circulation time as well as particle—cell
contact area in vivo.?* Compared to spherical and flattened
disc-shaped particles, ellipsoidal particles showed the most
efficient particle attachment and lowest in vitro internaliza-
tion rates.”*?¢ As reported, both ellipsoidal polylactic-co-
glycolic acid nanoparticles (PLGA-NPs) and PEGylated
spherical PLGA-NPs presented much less cellular uptake
by macrophages than the conventional ones. Moreover, the
combination of PEGylation and ellipsoidal stretch enable

the PLGA-NPs much stronger inhibition to phagocytosis.?’
Based on these established nanotechnologies, an ellipsoidal
nano-aAPC system has recently been developed, which
significantly reduced the uptake by macrophages and endo-
thelial cells in vitro and the clearance by liver and spleen
in vivo.?® Consequently, the nanoellipsoidal aAPCs (EaAPC)
activate antigen-specific cytotoxic T lymphocytes (CTLs)
both ex vivo and in vivo more efficiently than the spherical
counterparts, partially because that the nonspherical nano-
aAPCs possess a micron length scale radius of curvature
on a long axis to approximate the interfacial geometry of
micro-aAPCs.?3% Meanwhile, the CD47-conjugated spheri-
cal nano-aAPCs have also been developed with the enhanced
effects of anti-phagocytosis and tumor inhibition.*

In this study, PEGylation, CD47 conjugation, and
ellipsoidal stretch were integrated into the generation of
new “stealth” nano-aAPCs with microscale contact surface
to minimize internalization and augment anti-tumor CTL
responses in melanoma-bearing mice. PLGA, a biocom-
patible, biodegradable, and nontoxic polymer widely used
in drug and vaccine delivery systems in human,’** was
employed to fabricate the spherical NPs and then was fur-
ther stretched to the ellipsoidal NPs, followed by surface
modification with PEGylation and surface co-coupling with
H-2K"TRP2 . -Ig dimers, anti-CD28, and CD47-Fc. The
resulting PEGylated and CD47-conjugated nanoellipsoidal
aAPCs, termed EaAPCPESP¥ | possessed much more pow-
erful function to minimize engulfment of phagocytes both
in vitro and in vivo and elicited more robust expansion of
TRP2-specific CTLs and anti-tumor effects in melanoma-
bearing mice, as compared with the nanospherical aAPCs
(SaAPC), EaAPC, and PEGylated nanoellipsoidal aAPC
(EaAPCP®t0). This study provided a new nanoscale aAPC
system by modulating the particle shape and improving the
surface modification and confirmed its first evidence of an
enhanced in vivo function to minimize phagocytosis and
augment anti-tumor T-cell responses.

Materials and methods

Mice, cell lines, and peptides

Female C57BL/6J mice at 6-7 weeks of age were pur-
chased from the Comparative Medicine Center of Yangzhou
University (Yangzhou, China) and maintained at the specific-
pathogen-free Laboratory Animal Centre of Southeast
University (Nanjing, China). All mice were used in experi-
ments at 8—12 weeks of age. Animal welfare and experimental
procedures were approved by the Animal Ethics Committee
of Southeast University and performed in accordance with
the Guidelines for the Care and Use of Laboratory Animals
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(Ministry of Science and Technology of China, 2006) and
the National Institutes of Health Guide for the Care and Use
of Laboratory Animals (NIH Publications No 8023, revised
1978). The mouse melanoma B16F10 and macrophage
RAW264.7 cell lines were obtained from the Cell Bank of
Type Culture Collection of Chinese Academy of Sciences.
The TRP2 . .. (SVYDFFVWL) peptide was synthesized
by Chinapeptides Biotech (Suzhou, Jiangsu, China) with a
purity of >95%.

Preparation and characterization of
spherical, ellipsoidal, and PEGylated

ellipsoidal PLGA-NPs
PLGA 50/50 with an average molecular weight of 10 kD
was obtained from Daigang Company (Jinan, China).
The spherical PLGA-NPs were fabricated using a double-
emulsion water-in-oil-in-water (W1/0/W2) method as previ-
ously described.** Briefly, 200 mg of PLGA was dissolved
in 6 mL of dichloromethane (Sigma-Aldrich Co., St Louis,
MO, USA) and emulsified with a microtip probe sonicator
(Microson XL 2000; Misonix Incorporated, Farmingdale,
NY, USA) for 30 seconds at 40% amplitude to create the
primary emulsion, followed by mixing with 50 mL of 1%
polyvinylalcohol (PVA; Sigma-Aldrich Co.) solution and
sonicated for 2 minutes to form the secondary emulsion. The
resulting emulsification was poured into 100 mL of 0.5%
PVA solution and stirred for 4 hours at room temperature
(RT) with a magnetic stirrer until the organic solvent was
completely evaporated. The solution was then centrifuged
thrice at 4,000 rpm for 5 minutes to precipitate non-nano-
dimensional materials. The nanoparticles were collected by
centrifugation at 12,000 rpm for 15 minutes and washed twice
with deionized water to remove the PVA. Then the particles
were lyophilized and stored at —20°C until use.

The ellipsoidal nanoparticles were further prepared using
a film stretching method as described.®® The lyophilized
spherical PLGA-NPs were dissolved in the mixture of 10%
PVA and 2% glycerol solution, and dried on a flat surface
for 48 hours at RT. The resulting film was cut into sections
of 7x7 cm and mounted on a customized aluminum instal-
lation. Each film section was stretched slowly to 14 cm in
one dimension at 75°C, then cooled down to RT, and dis-
solved in ultrapure water. After centrifuging at 12,000 rpm
for 10 minutes at 4°C, the particles were collected and
washed five times to remove free PVA from the surface of
stretched particles. The resulting ellipsoidal particles were
lyophilized and stored at —20°C until use.

To generate the “stealth” ellipsoidal PLGA-NPs, the
hetero-functional PEG (NH2-PEG, -COOH; Ponsure

2000

Biotechnology, Shanghai, China) was further conjugated
onto the ellipsoidal NPs as described.’® About 5 mg of
lyophilized ellipsoidal NPs was resuspended in 10 mL of
isotonic 0.1 M MES buffer saline (pH 5.5) and reacted with
1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydro-
chloride (EDC) (0.19 g) and N-hydroxysuccinimide (NHS;
Sigma-Aldrich Co.) (0.057 g) for 1 hour. NPs were then
centrifuged at 120,000 rpm for 10 minutes to remove excess
EDC/NHS and the water-soluble byproduct. The result-
ing NHS-activated particles were resuspended in 5 mL of
deionized water and reacted with NH -PEG, -COOH for
12 hours at RT. After centrifugation, the resulting PEGylated
ellipsoidal PLGA-NPs were washed with deionized water to
remove unbound PEG, then lyophilized and stored at —20°C
until use.

The morphology of spherical and ellipsoidal PLGA-NPs
was characterized by using scanning electron microscopy
(SEM, ZEISS EVO 18; Carl Zeiss Meditec AG, Jena,
Germany). The particle size distribution and zeta potential
were measured by dynamic light scattering and laser Dop-
pler anemometry with Nano ZS90 Zeta sizer (Malvern
Instruments, Malvern, UK). The immobilization of PEG
on the surface of PEGylated ellipsoidal NPs was verified
by 'H-NMR (AVANCE DRX-500; Bruker, Switzerland).

Generation and phenotypic analyses
of SaAPC, EaAPC, EaAPC®¢, and

EaAPCPEG/CD47

The lyophilized spherical, ellipsoidal, or PEGylated ellipsoi-
dal PLGA-NPs were sterilized using UV for 30 minutes, and
then dispersed in 0.1 M MES buffer at 2 mg mL™" followed
by ultrasonication in water bath for 5 minutes. Each type of
NPs was activated by EDC/NHS as described above. The
NHS-activated NPs were added dropwise into the polyethyl-
eneimine (PEI) solution with magnetic stirring for 2 hours at
RT, and then washed twice by centrifugation at 12,000 rpm
to remove free PEI. For the generation of SaAPC, EaAPC,
and EaAPCP®€, the resulting PEI-conjugated spherical NPs,
ellipsoidal NPs, and PEGylated ellipsoidal NPs (10 mg) were
co-incubated, respectively, with H-2K*/TRP2 . . -Ig dimers
(10 ug; BD Biosciences, San Jose, CA, USA) and anti-CD28
(10 ng; eBiosciences, San Diego, CA, USA) overnight at
4°C. To prepare the EaAPCPE9“P¥ 10 mg of PEGylated
ellipsoidal NPs were co-incubated with H-2K*/TRP2  .-Ig
dimers (10 pg), anti-CD28 (10 pg), and CD47-Fc (160 ng;
R&D Systems, Inc., Minneapolis, MN, USA) overnight at
4°C. The resulting each type of aAPCs was blocked with BSA
overnight at RT, and then washed thrice by centrifugation at
12,000 rpm for further use.
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In order to analyze the phenotypes, each type of aAPCs
was stained with PE-anti-H-2K® (eBiosciences), FITC-anti-
hamster IgG (binding to anti-CD28; eBiosciences), and APC-
anti-human IgG1 (binding to CD47-Fc; Miltenyi Biotec,
Bergisch Gladbach, Germany) for 30 minutes at 4°C; after
washing twice, the aAPCs were acquired on a FACSCalibur
flow cytometer (BD Biosciences).

Phagocytosis of macrophage in vitro

The SaAPC, EaAPC, EaAPC™S, and EaAPCFPEYCPY were
prepared as described, but additionally co-coupled with PE-
streptavidin (BD Biosciences) (10 mg) onto the surface to
generate PE-labeled aAPCs. RAW264.7 macrophages were
seeded into a 24-well flat-bottom plate (1x10° cells per well)
(Falcon Plate; Corning Incorporated, Corning, NY, USA),
maintained in DMEM (Thermo Fisher Scientific, Waltham,
MA, USA) supplemented with 10% FBS (Thermo Fisher
Scientific), and incubated in a humidified incubator with
5% CO, and at 37°C for 24 hours to allow cell attachment.
Then, the PE-labeled SaAPC, EaAPC, EaAPCPE¢, and
EaAPCPEYCPY a5 well as PE-unlabeled SaAPC were added
into the cell wells (200 pg per well), respectively, for another
6 hours of incubation in the dark. After that, the cell wells
were washed five times gently with PBS (10 mM, pH 7.4) to
remove the free aAPCs which did not enter into cells or did
not contact with cells, followed by the incubation with 4%
paraformaldehyde solution for 20 minutes 4°C in dark. After
staining with DAPI (Sigma-Aldrich Co.) for 5 minutes at 4°C
in dark, the cell wells were washed with PBS and imaged
by confocal laser scanning microscope (CLSM, FV1000;
Olympus Corporation, Tokyo, Japan).

In addition, at the end of 6-hour incubation of cells with
each type of PE-labeled aAPCs, the medium was immedi-
ately discarded and the wells were washed twice with PBS to
remove free PE-labeled aAPCs. Then the cells were harvested
from wells by 0.25% trypsin-EDTA digestion first and cen-
trifugation later. After washing twice with PBS, the cells were
acquired on FACSCalibur flow cytometer (BD Biosciences).
The percentage of PE-positive cells and their fluorescence
intensity were calculated using FlowJo software (Tree Star,
Ashland, OR, USA).

Expansion of TRP2 . ..-specific CD8*
T cells by aAPCs ex vivo

Spleens were obtained from naive C57BL/6J mice
and lymphocytes were enriched by density gradient
centrifugation using Mouse Lymphocyte Separation Solu-
tion (Shanghai Lianke Biotech, Shanghai, China). Then,

the spleen lymphocytes (10° cells per well) were co-cultured
with Blank-NPs (blocked with BSA), SaAPC, EaAPC,
EaAPCPES, and EaAPCPEY P47 (200 g per well) in a 96-well
round-bottom plate. Co-cultures were maintained in RPMI-
1640 medium supplemented with 10% FBS in the presence
of IL-2 (50 U mL™") and incubated in a humidified incubator
with 5% CO, and at 37°C for 8 days. Then, the co-cultures

were harvested to detect the frequency of TRP2 -specific
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CDS8" T cells by pMHC multimer staining and flow cytom-
etry. Briefly, the cells were incubated with anti-mouse CD16/
CD32 (2.4G2; eBiosciences) for 30 minutes at 4°C to block
the Fc receptors, then incubated with a mixture of H-2KY/
TRP2-Ig dimers with APC-anti-mouse 1gG1 (A85-1; BD
Biosciences) for 1 hour at 4°C in the dark. After washing,
FITC-anti-mouse CD8a (53-6.7; eBiosciences) and PE-anti-
mouse CD3e (145-2C11; eBiosciences) were added and
the mixture was incubated for an additional 30 minutes
at 4°C. In parallel, the isotype controls were also stained
by using PE-Armenian hamster IgG, FITC-rat IgG2bx, or
FITC-rat IgG2ax (eBiosciences). Finally, the frequencies
of TRP2,)
cytometry.

-specific CD8* T cells were quantified by flow

Co-localizations of aAPCs with immune

cells in vivo

On day 0, C57BL/6J mice were injected subcutaneously
(s.c.) in the right flank with B16 cells at a dose of 5x10° cells
per mouse. Mice were then randomized into five groups and
infused via tail vein with PE-labeled SaAPC, EaAPC, EaAP-
CPES, EaAPCPE9P¥ and Blank-NPs (sphere) on day 11 (1 mg
NPs per mouse). Six hours later, spleens were collected in dark
and embedded in freezing medium (O.C.T, Sakura Finetek
USA Inc, Torrance, CA, USA). Sections with a thickness of
57 um were prepared, fixed with isopropanol and acetone
(1:1 ratio), and then blocked with 10% mouse serum in PBS
for 2 hours at 4°C. After washing twice with sterile PBS,
the sections were incubated with FITC-anti-mouse CD4
(RM4-5), FITC-anti-mouse CD8 (H35-17.2), FITC-anti-
mouse CD19 (MB19-1), FITC-anti-mouse CD11c (N418),
or FITC-anti-mouse F4/80 (m2F8) (all from eBiosciences) at
4°C for overnight. After washing with PBS, the sections were
further stained with DAPI (Sigma-Aldrich Co.) for 5 min-
utes and finally visualized under CLSM (FV1000; Olympus
Corporation). In parallel, the isotype controls were also stained
using FITC-rat IgG2bx or FITC-rat I[gG2ak (eBiosciences).
In addition, spleens from the treated melanoma mice were
processed into single-cell suspensions, freshly stained with
the FITC-labeled mAbs, and analyzed by flow cytometry.
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Expansion of TRP2 . ..-specific CD8*
T cells and tumor inhibition by aAPCs

infusion in vivo

On day 0, B6 mice were injected s.c. in the right flank with
B16 cells at a dose of 5x10° cells per mouse. Mice were then
randomized into five groups and infused via tail vein with
SaAPC, EaAPC, EaAPC™6, EaAPCPEY/CP47 or Blank-NPs
(sphere) on days 7, 9, and 11 (1 mg NPs per mouse per time
point). Tumor growth was monitored at 3-day interval using
a digital caliper, and the tumor volume was calculated by the
modified ellipsoidal formula: V = (length X width?)/2.'"® Mice
were monitored daily for survival and were sacrificed when
the tumor length exceeded 20 mm.

On day 28, peripheral blood, spleens, and tumors were
collected from each mouse. Peripheral blood mononuclear
cells and splenocytes (SPCs) were then prepared routinely.
The single-cell suspensions derived from tumor tissues were
prepared as described,? with the modification as below: tumor
tissues minced into small pieces were digested with collage-
nase type VIII (1.5 mg mL™"; Sigma-Aldrich Co.) for 2 hours
at 37°C with gentle agitation. The cell suspensions were
incubated with anti-mouse CD16/CD32 for 30 minutes at
4°C to block the Fc receptors, then incubated with a mixture
of H-2K*/TRP2 . -Ig dimers and APC-labeled anti-mouse
IgGl for 1 hour at 4°C in the dark. After washing, FITC-anti-
mouse CD8a and PE-anti-mouse CD3e were added and the
mixture was incubated for an additional 30 minutes at 4°C.
In parallel, the isotype controls were also stained. Finally,
the frequencies of TRP2 . . .-specific CD8" T cells in the
CDS8* T-cell populations were quantified by flow cytometry.

Functional analyses of melanoma antigen-

specific CD8* T cells after aAPC infusion

On day 14, spleen lymphocytes were prepared from each mela-
noma-bearing mouse after three infusions of aAPCs or Blank-
NPs, and co-cultured in 24-well plate (1x10° cells well™)
with Phorbol 12-Myristate 13-Acetate (PMA)/ionomycin
and Brefeldin A (BFA)/monensin mixture (Multi Sciences,
Shanghai, China) for 4 hours or stimulated by TRP2 .
peptide (20 pg mL™) for 16 hours followed by the addition
of protein transport inhibitor BFA for another 5 hours at
37°C under 5% CO, and humidified conditions. Then, the
cells were harvested, blocked with anti-mouse CD16/CD32
for 20 minutes at 4°C, incubated with FITC-anti-mouse CDS8
and APC-anti-mouse CD3e (145-2C11) for 30 minutes at 4°C.
After fixation/permeabilization, the cells were further incu-
bated with PE-anti-mouse IFN-y (XMG1.2) (eBiosciences)
for another 30 minutes at 4°C and analyzed by flow cytometry.

In parallel, spleen lymphocytes from each mouse were
used as effector cells. The mouse melanoma cell line B16
(H-2K**/TRP2*) and myeloma cell line SP2/0 (H-2K"/
TRP2") were used as target cells (1x10* cells/well). The cyto-
toxicity assay was then performed as previously described.'

Histochemical staining of melanoma

tissues

On day 28, melanoma tissues were dissected from each
melanoma-bearing mouse after three infusions of aAPCs or
Blank-NPs, fixed in 4% formaldehyde, embedded in paraffin,
and sectioned at a thickness of 5—7 pm. For the assessment of
inflammation and cellular necrosis, the sections were stained
with H&E routinely and visualized under light microscope
(Nikon Corporation, Tokyo, Japan). To further detect in situ
apoptotic tumor cells, the sections were stained with Tunel
Kit (R&D Systems, Inc.) according to the manufacturer’s
protocol. Briefly, the sections were deparaffinized and rehy-
drated following a standard procedure, treated with Protein-
ase K for 5 minutes at RT, and then stained by the mixture
containing ddH,O, FITC-12-dUTP labeling mix, equilibra-
tion buffer, and recombinant TdT enzyme for 1 hour at 37°C
in dark. After washing with PBS, the sections were further
stained with DAPI (Sigma-Aldrich Co.) for 5 minutes and
finally visualized under fluorescence microscope (Olympus
Corporation).

In order to evaluate the local infiltration of TRP2 .-
specific CD8* T cells, in situ TRP2-dimer staining was per-
formed on the melanoma sections. After dewaxing hydration,
the sections were immersed in 0.01 M boiled citric acid buffer
for 10 minutes later for antigen retrieval, then blocked with
blocking buffer (10% normal mouse serum and 5% BSA in
PBS) for 2 hours at 4°C. The H-2K*/TRP2 .
were incubated with PE-anti-mouse I1gG1 (1 pg each) for
1 hour at 4°C, and diluted 50 times with blocking buffer.
Then, the tumor sections were incubated overnight at 4°C in
dark with FITC-anti-mouse CD8 (H35-17.2) and the mixture
of TRP2-dimer and PE-anti-mouse IgG1. After washing, the
sections were further stained with DAPI (Sigma-Aldrich Co.)
for 5 minutes and finally visualized under CLSM (FV1000;
Olympus Corporation).

-Ig dimers

Statistical analyses

All statistical analyses were performed using GraphPad Prism
7.0 (GraphPad Software Inc., La Jolla, CA, USA). Tumor
growth was statistically evaluated by Wilcoxon signed-rank
tests. To obtain the mouse survival curve, a Kaplan—-Meier
graph was constructed, and a log-rank comparison of the
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groups was used to calculate the P-values. For other experi-
ments, a two-tailed unpaired Student’s ¢-test was used to
determine differences across groups. All data were presented
as mean = SD. P<<(0.05 was considered significant.

Results and discussion
Generation and characterization of
spherical, ellipsoidal, and PEGylated

ellipsoidal PLGA-NPs

The spherical PLGA-NPs and ellipsoidal PLGA-NPs were
successfully prepared in-house. The spherical NPs showed
a spherical shape with a smooth surface while ellipsoidal
NPs showed a twofold stretched ellipsoidal and smooth
morphology as revealed by SEM images (Figure 1A). Size
analyses showed that spherical NPs have a mean diameter of
214.3+£26.6 nm with polydispersity of 0.126 as measured by
dynamic light scattering, while the PEI-modified spherical
NPs showed a little bigger mean diameter of 248.2+34.1
(Figure 1B). Ellipsoidal NPs cannot be measured by dynamic
light scattering since the Stokes—Einstein equation for this
measurement assumes a spherical shape in media.’’

PEGylated ellipsoidal PLGA-NPs were further fabricated
by activating ellipsoidal NPs via EDC/NHS technique first
and PEGylation later. The chemical composition of the
PEGylated NPs was confirmed by 'H-NMR (Figure 1C).
The peak of spectrum at 1.55 ppm belonged to the methyl
protons (—CH,) of the D- and L-lactic acid repeat units; the
peaks at 4.8 and 5.2 ppm were due to the methylene groups
(—=CH,) of glycolic acid and methine groups (—CH) of lactic
acid, respectively. The presence of methyl group (~CH,) and
methylene group (—CH,) indicated the content of PLGA. The
peak at 3.6 ppm is the striking feature corresponding to the
methylene groups (-CH,) of the ethylene glycol monomer,
thus confirming the successful PEG conjugation to PLGA for
the PEGylated ellipsoidal PLGA-NPs, while the PEG-free
ellipsoidal PLGA-NPs lost the peak at 3.6 ppm.

Zeta potential is an important parameter for the surface
charge and capability of NPs to covalently couple proteins.
For the spherical NPs, ellipsoidal NPs, and PEGylated ellip-
soidal NPs, the mean zeta potential was —2.3+0.2, —1.720.3,
and -2.110.3 mV, respectively. These comparable zeta
potentials less than zero are due to the anionic carboxyl
groups on the terminal of PLGA and NH,-PEG,, -COOH.
After further modification with PEI, the spherical NPs,
ellipsoidal NPs, and PEGylated ellipsoidal NPs had the
mean zeta potential 0f20.7+2.4,21.743.1, and 22.3:2.2 mV,
respectively (Figure 1D), implying the abundant cationic
NH, groups on the surface of PEI-conjugated NPs and a high

capacity to covalently coupled proteins. These results also
indicated that the stretching and PEGylation did not influence
the surface charge of PEI onto PLGA-NPs.

Fabrication and phenotypic analyses
of SaAPC, EaAPC, EaAPCFt¢, and

EaAPCPEG/CD47

SaAPC, EaAPC, or EaAPC"¢ was generated by co-coupling
H-2K®TRP2-Ig and anti-CD28 onto the spherical, ellipsoidal,
or PEGylated ellipsoidal NPs, while EaAPCPE9P47 was fabri-
cated by co-coupling H-2K*/TRP2-Ig, anti-CD28, and CD47-
Fc onto PEGylated ellipsoidal NPs (Figure 2). To confirm
the immobilization of multiple immune molecules on the
surface of aAPCs, fluorescence-labeled antibody staining and
flow cytometry were carried out. The histograms (Figure 3A)
showed that each type of surface molecules was effectively
coupled onto each type of aAPCs with the strong fluores-
cence signals. Furthermore, the flow cytometric dot plots
(Figure 3B) revealed that around 52.3%—57.3% of SaAPC,
EaAPC, or EaAPCP™S co-displayed both H-2K*TRP2-Ig
dimers and anti-CD28, and 53.7%-56% of EaAPCPFe/cP47
co-displayed the three types of immune molecules, as deter-
mined by three-color staining and showed in each two-color
dot plots. Each batch of aAPCs was routinely evaluated in this
manner prior to use. Of note is that EaAPC and EaAPCFPES
(ellipsoid) showed the fluorescence intensity similar to
SaAPC (sphere) for each surface protein, although the surface
area increased by 16% after twofold stretch for a spherical
particle in a diameter of 200 nm.?® The possible cause is
that the dosage of each surface protein was the same in the
generation of both SaAPC and EaAPC and did not reach
saturation for the surface area of spherical or ellipsoidal NPs.

EaAPCPES/PY markedly reduced cellular

uptake by macrophage in vitro

To visualize the engulfment of EaAPCPES®¥7 by macrophage,
PE-labeled SaAPC, EaAPC, EaAPCPES, EaAPCPES/CP47 and
PE-free SaAPC were prepared, respectively, and co-incubated
with RAW 264.7 cells in 24-well plate for 6 hours followed
by confocal laser scanning analyses and flow cytometry.
As shown in Figure 4A, the cells incubated with conventional
SaAPC showed much stronger red fluorescence than the
others, while the cells co-cultured with EaAPCPE9P47 display
the weakest red fluorescence. According to the cytoskeleton
of RAW 264.7 cells in bright images, the red fluorescence
mostly accumulated inside the macrophages, implying the
uptake of aAPCs by macrophages. As quantified by flow
cytometry, the fluorescence intensity of cells incubated with
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Figure | Characterization of PLGA-NPs. (A) Representative SEM images of spherical PLGA-NPs and ellipsoidal PLGA-NPs generated on-site. (B) Size distribution of
spherical PLGA-NPs and PEl-modified spherical PLGA-NPs. (C) 'H-NMR spectrums of ellipsoidal PLGA-NPs and PEGylated ellipsoidal PLGA-NPs in CDCI,. (D) Zeta
potential distributions of PLGA-NPs and aAPCs.

Abbreviations: S-NP, spherical NPs without surface modification; S-NP™, PEl-modified spherical NPs; E-NP, ellipsoidal NPs without surface modification; E-NP,
PEI-modified ellipsoidal NPs; E-NPPES, PEGylated ellipsoidal NPs; E-NP" ¢, PEl-modified and PEGylated ellipsoidal NPs; PLGA-NP, polylactic-co-glycolic acid nanoparticle;
aAPC, artificial antigen-presenting cell; SEM, scanning electron microscopy; SaAPC, nanospherical aAPCs; EaAPC, nanoellipsoidal aAPC; EaAPC™¢, PEGylated nanoellipsoidal
aAPC; NP, nanoparticle; PEI, polyethyleneimine; EaAPC™/“®¥7, PEGylated and CD47-conjugated nanoellipsoidal aAPCs.
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Abbreviations: SaAPC, nanospherical aAPCs; EaAPC, nanoellipsoidal aAPC; EaAPCPES, PEGylated nanoellipsoidal aAPC; NP, nanoparticle; PLGA, polylactic-co-glycolic acid;
PEI, polyethyleneimine; EaAPCPES/CP¥ PEGylated and CD47-conjugated nanoellipsoidal aAPCs; PEG, poly(ethylene glycol).

SaAPC was the highest, but the value of EaAPC, EaAPCFES,
and EaAPCFEC P47 oroups decreased by 33.1% (P<<0.01),
50.7% (P<<0.001), and 67.1% (P<<0.0001), respectively, as
compared with the SaAPC group (Figure 4B and C). The
significant differences were also found among the EaAPC,
EaAPC"™, and EaAPCE9P¥ groups while EaAPCPEG/CD4
showed the least cellular uptake inside and/or onto the mac-
rophages (Figure 4C). These data indicate that the nanoscale
EaAPCPECCPH pogsessed much more powerful capability to
inhibit engulfment of phagocytes than the nanoscale SaAPC,
EaAPC, and EaAPCP™C, owing to the superimposed effects
of ellipsoidal stretch, PEGylation, and self-marker CD47.
As demonstrated, shape influences cellular uptake of the
particles. Shape stretching minimizes the regions of high

length-normalized curvature to the ends of the particles,
and the adhesion anywhere along the length of the particles
would inhibit phagocytosis attributed to the low curvature.
Thus the non-spherical shapes with very high aspect ratios
could reduce phagocytosis compared to the spherical particles
with equal volume,*® and show a negative correlation between
aspect ratio and uptake rate.”® In addition, PEGylation pro-
vides a hydrophilic steric shell onto particles, which shield
NPs from aggregation, opsonization, and rapid recognition
by the reticuloendothelial system*“° and also improve the
stability of colloidal suspension by inter-particle steric
repulsion.’* CD47-mediated anti-phagocytosis might be due
to the inhibition of myosin II accumulation and inactivation
of actomyosin contraction.* In this study, twofold ellipsoidal
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Figure 3 Phenotypic analyses of aAPCs by flow cytometry. Blank-NPs, SaAPC, EaAPC, EaAPC™C, and EaAPCPEC/P were generated in parallel, and followed by fluorescence
staining with FITC-anti-hamster IgG (binding to anti-CD28), PE-anti-mouse H-2K® (binding to H-2K®/TRP2-Ig), and/or APC-anti-human IgG| (binding to CD47-Fc). Blank-NPs
were pre-blocked with BSA. (A) Flow cytometric histograms for each type of aAPCs and Blank-NPs. (B) Flow cytometric dot plots for each type of aAPCs and Blank-NPs
in a two-color manner with the percentage of double-positive aAPCs in the upper right quadrant.

Abbreviations: SaAPC, nanospherical aAPCs; EaAPC, nanoellipsoidal aAPC; EaAPC™¢, PEGylated nanoellipsoidal aAPC; NP, nanoparticle; aAPC, artificial antigen-
presenting cell; EBAPCPES/“®4| PEGylated and CD47-conjugated nanoellipsoidal aAPCs.

stretch, PEGylation, and self-marker CD47 conjugation were
integrated into the new “stealth” aAPC system. As expected,
each factor showed significant contribution to reducing
cellular uptake and exerted the superimposed or synergistic
effects.

EaAPCPES/“PY markedly expanded naive
TRP2 -specific CD8' T cells ex vivo

180-188
After 8-day co-cultures of naive spleen lymphocytes from

C57BL/6J mice with Blank-NPs, SaAPC, EaAPC, EaAPCPES,
or EaAPCPE9P¥ the frequencies of TRP2 . . -specific
CD8" T cells were detected by H-2K* TRP2-Ig dimers staining
and flow cytometry. As compared with the Blank-NP group
(0.31%), TRP2 , .-specific CD8" T cells were expanded
around 17.0, 36.0, 38.2, and 35.7 times by SaAPC (5.26%),
EaAPC (11.17%), EaAPCES (11.83%), and EaAPCPES/ DY

(11.06%), respectively (Figure 4D). Under the current
co-culture conditions in the presence of IL-2, SaAPC showed
much weaker function to expand antigen-specific CTLs than
the ellipsoidal ones, but no significant difference was found
across the EaAPC, EaAPCP™S, and EaAPCPEYP4groups
(Figure 4E).

In addition to anti-phagocytosis, the ellipsoidal MNPs
have greater contact surface area and more frequent
interactions with T cells than spherical ones,' thus
ellipsoidal nano- or micro-aAPCs caused improved anti-
tumor T-cell responses in vivo compared to their spheri-
cal counterparts.'*?® In the co-cultures with naive spleen
lymphocytes, the nanoellipsoidal aAPCs (EaAPC, EaAPC®S,
and EaAPCPE9CP#7) expanded TRP2-specific CD8" T cells
more efficiently than the nanospherical aAPCs (SaAPC),
but no significant differences were found across the EaAPC,
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Figure 4 EaAPC™¢/“® markedly reduced cellular uptake by macrophage in vitro and expanded naive TRP2 . ..-specific CD8" T cells ex vivo. PE-labeled SaAPC, EaAPC,
EaAPCP™¢, and EaAPC™ /4" were prepared and co-cultured with RAW 264.7 cells for 6 hours. Blank-NPs without PE labeling were used as negative control. (A) Confocal
images of RAW 264.7 cells after DAPI staining in each co-culture. (B) Flow cytometric histograms of the PE-positive RAW 264.7 cells in each co-culture. (C) The mean
fluorescence intensity of PE-positive RAW 264.7 cells in each co-culture. The results were collected from three independent experiments and expressed as mean + SD.
Naive spleen lymphocytes from C57BL/6] mice were co-incubated for 8 days with Blank-NPs, SaAPC, EaAPC, EaAPC™¢, or EaAPC™**/“®¥_ (D) The frequencies of TRP2 .-
specific CD8" T cells in each co-culture group, as detected by TRP2 . ..-dimer staining. (E) Statistical analyses for the percentages of TRP2 . ..-specific CD8" T cells across
co-culture groups. The data were collected from three independent experiments and expressed as mean * SD. *P<<0.05, **P<<0.01, ***P<<0.001, ****P<0.0001.
Abbreviations: SaAPC, nanospherical aAPCs; EaAPC, nanoellipsoidal aAPC; EaAPC™¢, PEGylated nanoellipsoidal aAPC; NP, nanoparticle; aAPC, artificial antigen-
presenting cell; EBAPCPS/“P47, PEGylated and CD47-conjugated nanoellipsoidal aAPCs; MFI, mean fluorescence intensity.
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EaAPCPES, and EaAPCPESPH groups, although they showed
significantly different capability inhibiting cellular uptake in
their co-cultures with macrophages. This conflicting results
may be due to the much fewer phagocytes in the co-cultures
of lymphocytes with aAPCs; therefore, in vivo effects are
worthy of further investigation.

EaAPCPES/“P4 markedly reduced
co-localizations with phagocytes and
increased contacts with CD8*T cells

in vivo

In order to further confirm that EaAPCFE9P47 can reduce cel-

lular uptake and directly interplay with target CD8" T cells

PE-Blank-NPs PE-SaAPC

CD4" T cells (FITC)

Dentritic cells (FITC) B cells (FITC) CD8"* T cells (FITC)

Marcophages (FITC)

PE-EaAPC

3 - \

in vivo, spleens were collected from each melanoma-bearing
mouse at 6 hours after intravenous (i.v.) injection of PE-
labeled aAPCs or Blank-NPs. Frozen sections were prepared
and followed by immune fluorescence staining. As shown by
confocal micrographs (Figure 5), EaAPCPEYP47 was mainly
distributed in the red pulp and marginal zone and showed
many co-localizations with CD8* T cells but much fewer
co-localizations with macrophages and DCs, as compared with
the Blank-NPs, SaAPC, EaAPC, or EaAPC"*. Both EaAPC"*¢
and EaAPC showed fewer or similar co-localizations with CD8*
T cells but more contacts with macrophages and DCs relative
to EaAPCPEC/CP7 Tn addition, CD4* T cells and B cells showed
negligible co-localization with the aAPCs or Blank-NPs.

PE_EaAPCPEG PE_EaAPcFEG/CD47

f e

Figure 5 EaAPCP/“®¥ markedly reduced co-localizations with phagocytes and increased contacts with CD8* T cells in vivo. PE-labeled SaAPC, EaAPC, EaAPCFES,
EaAPCPEGP47 or Blank-NPs (sphere) were i.v. injected into the melanoma-bearing C57BL/6 mice on day | 1. Six hours later, spleens were collected from each group and
frozen sections were prepared. Then, CD4* T cells, CD8" T cells, B cells, macrophages, and DCs were stained with FITC-labeled mAbs, respectively, and observed by
confocal imaging in the spleen sections at 400x magnification. White arrow points at the co-localizations of PE-aAPCs (or PE-Blank-NPs) with indicated cells.
Abbreviations: DC, dendritic cell; SSAPC, nanospherical aAPCs; EaAPC, nanoellipsoidal aAPC; EaAPCP, PEGylated nanoellipsoidal aAPC; NP, nanoparticle; aAPC, artificial
antigen-presenting cell; i.v., intravenous; EaAPCP/“P4/| PEGylated and CD47-conjugated nanoellipsoidal aAPCs.
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In another similar experiment, the spleens were processed
into single-cell suspensions and freshly stained with FITC-
labeled mAbs specific for CD4* T cells, CD8* T cells, B cells,
DCs, and macrophages, respectively, then analyzed by flow
cytometry. As shown in Figure 6, the PE*/FITC" signals
(presumably aAPC-T-cell conjugates or phagocytes intak-
ing aAPCs) were quantified with a visible percentage in the
spleen cell suspensions. EaAPCPES P47 showed significantly
higher percentages of PE*/CDS8-FITC" signals but lower
percentages of PE*/FITC-DC* or PE*/FITC-M¢* signals
than Blank-NPs, SaAPC, EaAPC, and EaAPCFES, In paral-
lel, each type of aAPCs showed comparable percentages

co-localized with CD4* T cells or B cells. To a certain extent,
these quantitative data from spleen cell suspensions detected
by flow cytometry confirmed the results from spleen sections
obtained by confocal images in Figure 5.

EaAPCPES/“P4 markedly inhibited
melanoma growth and augmented
antigen-specific CTL responses after

in vivo injections

To further evaluate the in vivo effects of EaAPCPEG P47 on

antigen-specific CTLs and tumor, C57BL/6J mice were
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Figure 6 EaAPCPE/P¥ significantly reduced cellular uptake by phagocytes and increased contacts with CD8* T cells in vivo. Spleens were collected from melanoma mice at
6 hours after i.v. injection of PE-labeled aAPCs or Blank-NPs. Then the single-cell suspensions were prepared and stained with FITC-labeled mAbs specific for CD4* T cells,
CD8* T cells, B cells, DCs, and macrophages and followed by quantitative analyses of flow cytometry. The number in top quadrant represents the percentage of PE*/FITC*
signals (presumably aAPC-T-cell conjugates or phagocytes intaking aAPCs) in the spleen cell suspension. Significant differences across groups were statistically analyzed.

n=3 in each treatment group. *P<<0.05, **P<<0.01, **P<0.001, ****P<0.0001.

Abbreviations: DC, dendritic cell; SSAPC, nanospherical aAPCs; EaAPC, nanoellipsoidal aAPC; EaAPC™<, PEGylated nanoellipsoidal aAPC; NP, nanoparticle; aAPC, artificial
antigen-presenting cell; i.v., intravenous; EaAPC™/P7, PEGylated and CD47-conjugated nanoellipsoidal aAPCs.
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injected with B16 cells s.c. on day 0, then randomized into
five groups and infused with SaAPC, EaAPC, EaAPCPES,
EaAPCPEYPY or Blank-NPs (sphere) i.v. on days 7,9,and 11
as an early therapeutic regimen (Figure 7A). On day 7, the aver-
age size of subcutaneous melanoma was 2.668+0.184 mm?
before treatment. Then the mice infused with EaAPCFEG/P47
showed more remarkable reduction in melanoma growth
relative to other aAPC groups and Blank-NPs group. The sig-
nificant differences were found between groups, with a group
order from tumor growth slowly to fast: EaAPCFEGCP47 <
EaAPCPE¢ < EaAPC < SaAPC < Blank-NPs, as determined
by Wilcoxon signed-rank tests (Figure 7B and E). On day 28,
mice treated with EaAPCPESP47 achieved the smallest tumor
burden with the mean size of 802+28 mm?, while the mice
treated with EaAPC®°, EaAPC, SaAPC, or Blank-MPs
presented an average tumor size of 996133, 1,134437,
1,345442, and 1,775%£51 mm?, respectively, with significant
differences across groups (Figure 7C and E). Moreover, in
the EaAPCPES/CD47 Ea APCPES, EaAPC, SaAPC, and Blank-
NP groups, the median survival times (MSTs) were 51, 47,
44, 38, and 28 days, respectively, and prolonged by 82.1%

(P<<0.001), 67.9% (P<<0.001), 57.1% (P<0.001), and 35.7%
(P<<0.01), respectively, when compared with the Blank-NP
group (Figure 7D). The significant differences were also
found across groups, with a group order from MST long to
short: EaAPCPESCPY7 > Ea APCPES > EaAPC > SaAPC >
Blank-NPs (Figure 7E).

At the endpoint (day 28, 17 days after final infusion
of aAPCs), the TRP2 .
in peripheral blood, spleens, and tumors in each group,

-specific CTLs were detected

by TRP2-dimer staining and flow cytometry. In periph-
so.gg-Specific CD8*
T cells in CD8* T-cell population were increased by
17.5-folds (4.20%x0.32%), 13.3-folds (3.19%%0.21%),
9.8-folds (2.34%%0.27%), and 5.8-folds (1.38%+0.23%)
in EaAPCPES/DY Ea APCPEC, EaAPC, and SaAPC groups,
respectively, as compared with the percentage in Blank-NP
group (0.24%10.06%) (Figure 8A). In spleen lymphocytes
Lso.ige-Specific CD8*
T cells in the indicated groups were enhanced 15.8-folds
(4.17%%0.23%), 12.7-folds (3.34%+0.21%), 8.5-folds
(2.24%20.17%), and 6.3-folds (1.66%10.13%), respectively,
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Figure 7 EaAPC™%“®“7 markedly inhibited melanoma growth after in vivo injections. C57BL/6] mice were injected s.c. with BI6 cells on day 0, then randomized into five
groups and infused i.v. with SAaAPC, EaAPC, EaAPCPE¢, EaAPC™/P47 or Blank-NPs (sphere) on days 7, 9, and |1. (A) Timeline for in vivo experiments, (B) subcutaneous
melanoma growth (n=5), (C) melanoma tissues at endpoint (day 28, n=5), (D) Kaplan—Meier survival curves of melanoma-bearing mice (n=7) in each treatment group, and
(E) statistical analyses for the differences across groups using a log-rank comparison for MST, Wilcoxon signed-rank tests for tumor growth curves, and two-tailed unpaired
Student’s t-test for tumor sizes at endpoint. The presented data were from one representative experiment of two independent experiments. *P<<0.05, **P<0.01, ***P<<0.001,

#P<0.0001.

Abbreviations: SaAPC, nanospherical aAPCs; EaAPC, nanoellipsoidal aAPC; EaAPC™¢, PEGylated nanoellipsoidal aAPC; NP, nanoparticle; aAPC, artificial antigen-presenting
cell; i.v., intravenous; s.c., subcutaneous; MST, median survival time; EaAPCP/“C4| PEGylated and CD47-conjugated nanoellipsoidal aAPCs.
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Figure 8 EaAPCPE/“®4” markedly augmented melanoma antigen-specific CTL responses in melanoma-bearing mice. On day 28 (17 days after final infusion of aAPCs or
Blank-NPs), TRP2 . ..-specific CTLs were detected in peripheral blood, spleens, and tumors for each treatment group, by TRP2-dimer staining and flow cytometry. The
percentages of TRP2 . .-specific CTLs in the CD8" T-cell populations in PBMCs (A), spleen lymphocytes (B), and the cells suspensions derived from melanoma tissues
(C) were presented, along with the statistical analyses of differences across groups using a two-tailed, unpaired Student’s t-test; n=5; *P<<0.05, **P<<0.01, ***P<0.001, and
#KkP<0.0001.

Abbreviations: CTL, cytotoxic T lymphocyte; NP, nanoparticle; aAPC, artificial antigen-presenting cell; PBMC, peripheral blood mononuclear cell; EBAPC™¢, PEGylated
nanoellipsoidal aAPC; SaAPC, nanospherical aAPCs; EaAPC, nanoellipsoidal aAPC; EaAPCPEC/®¥7 PEGylated and CD47-conjugated nanoellipsoidal aAPCs.

relative to the Blank-NP group (0.26%10.07%) (Figure 8B).  TRP2 . .. peptide for 21 hours, and followed by intracel-
To further investigate the local infiltration of melanoma lular INF-y staining as well as flow cytometry. As shown in
antigen-specific CTLs in tumor tissues, the single-cell suspen- ~ Figure 10 (right panel), after TRP2 peptide stimulation, the
sions derived from tumor tissues were prepared and detected.  frequency of IFN-y*/CD8* T cells in the spleens of mice in
The percentages of TRP2 . ..-specific CD8" T cells were  the EaAPC"* 9P (1.91%+0.15%) was significantly higher
markedly increased by 25.2-folds (3.53%+0.27%), 20.9-folds ~ than EaAPCP®S (1.57%=0.12%), EaAPC (1.30%=0.10%),
(2.93%10.25%), 17.45-folds (2.43%%0.21%), and 10.4-folds ~ SaAPC (1.08%x0.155%), and Blank-NP (0.63%20.16%)
(1.46%%0.16%) in the EaAPCPESP¥ EaAPCS, EaAPC,  groups. The cytotoxicity assay of CTLs against melanoma
and SaAPC treatment groups, respectively, when compared  cells showed that EaAPCFESCP47 elicited significantly
to the Blank-NP group (0.14%%0.03%) (Figure 8C). Fur-  greater cytotoxicity of SPCs against B16 cells at various
thermore, the immunohistochemical staining also confirmed  E:T ratios than EaAPC™¢, EaAPC, SaAPC, or Blank-NPs.
that the EaAPCPEYCPY7 oroup showed the most extensive  In the nonspecific cytolysis controls, SPCs from all groups
infiltration of TRP2 . .o
tissues among these groups, as determined by in situ stain-  (Figure 11).

-specific CD8* T cells in the tumor  showed <11% of baseline cytolysis against SP2/0 cells

ing of TRP2-dimer and confocal laser scanning (Figure 9). Different from the previous studies of SaAPCs,!*!¢
Meanwhile, the H&E staining and Tunel staining revealed ~ CD47-modified SaAPCs,*® and SaAPCs,* the present study
much more necrotic tumor cells and apoptotic cells in the initially illustrated the EaAPCPES and EaAPCPE9CP47, The
melanoma tissues from the EaAPCPES“PY7 group (Figure 10).  results from in vivo experiments demonstrated that the
superimposed or synergistic effects of ellipsoidal stretch,
EaAPCPEC/eDY Signiﬁcantly improved the PEpGylatIi)on, and se}llf—mirker CD47 conjugalzion onto nano-
functionality of melanoma antigen-specific  4APC tailored much stronger in vivo functionality of the
CTLs after in vivo injections EaAPCFESPY tg expand antigen-specific CTLs, facilitate
On day 14, spleen lymphocytes were prepared from each  their local infiltration, and eventually inhibit tumor growth,
mouse after three infusions of aAPCs, then co-cultured with ~ when compared to the control aAPCs with a function order
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Figure 9 EaAPCPES/“P¥ caused extensive local infiltration of antigen-specific CTLs in melanoma tissues. On day 28 (17 days after final infusion of aAPCs or Blank-NPs),
the melanoma tissues were collected from each treatment group, embedded in paraffin and sectioned, then followed by in situ TRP2-dimer staining (mixture of TRP2-dimer
with PE-anti-mouse IgG1) and FITC-anti-mouse CD8a staining. After DAPI staining, the CD8'/TRP2-dimer* cells were visualized by confocal laser scanning in the tumor
sections. Representative images from three individual mice per group were presented at 400x magnification.
Abbreviations: CTL, cytotoxic T lymphocyte; NP, nanoparticle; aAPC, artificial antigen-presenting cell; EaAPCPS, PEGylated nanoellipsoidal aAPC; SaAPC, nanospherical
aAPCs; EaAPC, nanoellipsoidal aAPC; EaAPCPES/CP4 PEGylated and CD47-conjugated nanoellipsoidal aAPCs.
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Figure 10 EaAPCPE/CP¥ caused extensive necrosis and apoptosis in melanoma tissues and increased IFN-y-producing CTLs in spleens. On day 28 (17 days after final
infusion of aAPCs or Blank-NPs), the melanoma tissues were collected from each treatment group, embedded in paraffin and sectioned, then followed by H&E staining and
TUNEL fluorescence staining. Representative images from three individual mice per group were presented at 400x magnification. The positive cells in TUNEL staining were
quantified using Image | software. Five fields were measured for each image, along with statistical analyses across groups. On day 14, spleen lymphocytes were collected from
each mouse, co-cultured with TRP2 .. . peptide for 21 hours, and followed by intracellular IFN-y staining. The percentages of IFN-y*/CD8" T cells were analyzed by flow
cytometry, along with the statistical analyses of differences across groups; n=3; *P<<0.05, **P<<0.01, ***P<0.001, and ****P<<0.0001.

Abbreviations: CTL, cytotoxic T lymphocyte; NP, nanoparticle; aAPC, artificial antigen-presenting cell; EaAPCPE®, PEGylated nanoellipsoidal aAPC; IFN, interferon; SaAPC,
nanospherical aAPCs; EaAPC, nanoellipsoidal aAPC; EaAPC™</“P*"| PEGylated and CD47-conjugated nanoellipsoidal aAPCs.

from strength to weakness: EaAPCFPEY/PY7 > EaAPCP®¢  and micro-aAPCs expanded antigen-specific CTLs more
> EaAPC > SaAPC. For the SaAPCs and EaAPCs, our efficiently than the spherical counterparts ex vivo and/
results are in agreement with the previous investigations  or in vivo.'*?® The mechanism underlying the elevated
in which the twofold stretched ellipsoidal nano-aAPCs  functionality may be the increased aAPC—cell interactions
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Figure |1 EaAPCPES/CD¥ significantly enhanced the cytotoxicity of melanoma antigen-specific CTLs in melanoma mice. On day 14, spleen lymphocytes were collected from
each mouse after three infusions of aAPCs or Blank-NPs, and used as effector cells to co-culture with mouse melanoma cell line B16 or myeloma cell line SP2/0 for 4 hours
at various E:T ratios, and followed by 7-AAD staining to analyze the antigen-specific cytolysis of B16 and SP2/0 tumor cells. (A) the cytotoxicity of splenocytes against B16
and SP2/0 cells. The representative flow cytometric histograms of 7-AAD staining for B16 cells (B) and SP2/0 cells (C) were presented; n=3 in each group.
Abbreviations: CTL, cytotoxic T lymphocyte; 7-AAD, 7-amino-actinomycin D; NP, nanoparticle; aAPC, artificial antigen-presenting cell; EAAPC™¢, PEGylated nanoellipsoidal
aAPC; SaAPC, nanospherical aAPCs; EaAPC, nanoellipsoidal aAPC; EaAPCPE“P*7, PEGylated and CD47-conjugated nanoellipsoidal aAPCs.
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along the long axis of ellipsoidal aAPCs as indicated by
confocal imaging.'?

Conclusion

This study initially integrated ellipsoidal stretch, PEGylation,
and surface marker CD47 conjugation in the fabrication of
nanoscale aAPCs. The superimposed or synergistic effects
enacted the greater resistance to phagocytosis and stronger
functionality to expand antigen-specific T cells and inhibit
tumor growth, thus suggesting a more valuable strategy to
design “stealth” nanoscale aAPCs suitable for tumor active
immunotherapy.
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