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Abstract Accumulating evidence indicates that bead-
based artificial antigen-presenting cells (aAPCs) are a
powerful tool to induce antigen-specific T cell responses
in vitro and in vivo. To date, most conventional aAPCs
have been generated by coupling an antigen signal (signal
1) and one or two costimulatory signals, such as anti-CD28
with anti-LFA1 or anti-4-1BB (signal 2), onto the surfaces
of cell-sized or nanoscale magnetic beads or polyester latex
beads. The development of a biodegradable scaffold and
the combined use of multiple costimulatory signals as well
as third signals for putative clinical applications is the next
step in the development of this technology. Here, a novel
biodegradable aAPC platform for active immunotherapy
was developed by co-encapsulating IL-2 and anti-CTLA-4
inside cell-sized polylactic-co-glycolic acid microparti-
cles (PLGA-MPs) while co-coupling an H-2K®/TRP2-Ig
dimer and anti-CD28 onto the surface. Cytokines (acti-
vating signal) and antibodies (anti-inhibition signal) were
efficiently co-encapsulated in PLGA-MP-based aAPCs
and co-released without interfering with each other. The
targeted, sustained co-release of IL-2 and anti-CTLA-4
achieved markedly enhanced, synergistic effects in acti-
vating and expanding tumor antigen-specific T cells both
in vitro and in vivo, as well as in inhibiting tumor growth in
a mouse melanoma model, as compared with conventional
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two-signal aAPCs and IL-2 or anti-CTLA-4 single-released
aAPCs. These data revealed the feasibility and importance
of the paracrine release of multiple costimulatory mol-
ecules and cytokines from biodegradable aAPCs and thus
provide a proof of principle for the future use of polymeric
aAPCs for active immunotherapy of tumors and infectious
diseases.
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Abbreviations

7-AAD  7-amino-actinomycin D

aAPCs  Artificial antigen-presenting cells
MNPs  Micro- and nanoparticles

MPs Microparticles

PEI Polyethylenimine

PLGA  Polylactic-co-glycolic acid

pMHC  Peptide-major histocompatibility complex
TRP2  Tyrosinase-related protein 2
Introduction

Efficiently activating and expanding antigen-specific T
cells is a fundamental strategy of immunotherapy for per-
sistent infections [1, 2] and cancers [3-5]. Although anti-
gen-presenting cells (APCs), most notably dendritic cells,
are powerful tools that facilitate active immune responses
and have been used in the previous two decades, therapies
with natural APCs in clinical settings have suffered from
several issues, including their cumbersome generation
and biosafety concerns [6, 7]. Therefore, as an alternative
strategy, artificial APCs (aAPCs) have been proposed and
rapidly developed to induce therapeutic cellular immunity
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[8-10]. aAPCs encompass both cell-based [11-13] and
acellular technologies [10, 14—16]. Cell-free aAPCs were
originally prepared by covalently coupling peptide-MHC
complex (pMHC) and the CD28 ligand onto cell-sized or
nanoscale magnetic beads or polyester latex beads [15-20].
To fully replace natural APCs, optimal aAPCs must present
three signals: the first signal is from antigenic peptides that
are loaded in MHC molecules to target antigen-specific T
cells; the second signal is from a group of costimulatory
molecules (membrane-bound proteins) that elicit T cell
activation and proliferation; and the third signal is from
cytokines that play crucial roles in T cell expansion, dif-
ferentiation and survival. Recent studies on acellular aAPC
fabrication have primarily focused on application of the
first and second signals onto rigid beads, e.g., magnetic or
latex beads. For putative clinical applications, future bead-
based aAPC processes require the development of a biode-
gradable scaffold and the combined use of multiple costim-
ulatory signals and third signals.

Polylactic-co-glycolic acid (PLGA) is a biodegrad-
able, biocompatible and non-toxic polymer that has been
approved by the United States Food and Drug Administra-
tion for therapeutic use in humans. PLGA micro- and nan-
oparticles (MNPs) have been successfully used to deliver
peptides, proteins, and drugs via encapsulation and/or sur-
face coupling [21, 22]. Herein, both IL-2 and anti-CTLA-4
were initially co-encapsulated into cell-sized PLGA-MPs
to concurrently present an activating signal and anti-inhib-
itory signal on T cells by paracrine delivery, and an H-2K®
TRP2-Ig dimer and anti-CD28 were co-coupled on the sur-
face. The encapsulation and co-release efficiencies of IL-2
and anti-CTLA-4 were analyzed and followed by the evalu-
ation of their synergistic effects in activating and expanding
tumor antigen-specific T cells, both in vitro and in vivo, and
in inhibiting tumor growth in a mouse melanoma model.

Materials and methods
Mice, cell lines and peptides

Female C57BL/6J mice at 8-10 weeks of age were
obtained from the Comparative Medicine Center of Yang-
zhou University (Yangzhou, China) and maintained at
the specific-pathogen-free Laboratory Animal Centre of
Southeast University (Nanjing, China). Animal welfare and
experimental procedures were performed in accordance
with the Guide for the Care and Use of Laboratory Animals
(Ministry of Science and Technology of China, 2006) and
were approved by the Animal Ethics Committee of South-
east University. All cell lines were from the Cell Bank
of Type Culture Collection of Chinese Academy of Sci-
ences. The TRP2,5y 133 (SVYDFFVWL) and OVA,s57 54
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(SIINFEKL) peptides were synthesized by GenScript Corp
(Nanjing, China) with a purity of >95%.

Fabrication of PLGA-MPs encapsulated with IL-2
and anti-CTLA-4

PLGA-MPs were fabricated using a double-emulsion
water-in-oil-in-water (W1/0O/W2) method as previously
described [23, 24], with modifications. Briefly, 100 mg
of PLGA (Daigang Company, Jinan, China) was initially
dissolved in 5 mL of dichloromethane (oil phase, O); this
was followed by the addition of 200 wL of 0.1 M PBS (for
blank MPs) or 200 wL of an aqueous solution containing
2.5 pg of IL-2 (PeproTech) and/or 12.5 mg of anti-CTLA-4
(BioXCell) as an internal water phase (W1). Then, the
W1/0 emulsion was formed by sonicating the mixture for
30 s at 20 kHz and 30% amplitude with a probe sonica-
tor (Sonics & Materials). The primary W1/O emulsion
was quickly mixed with 5 mL of a 4% (w/v) polyvinyl
alcohol solution (PVA, Sigma) (external water phase, W2)
and homogenized (T-18 digital ULTRA-TURRAX® IKA)
for 30 min at 6000 rpm. Then, 5 mL of deionized water
was added and the solution was stirred overnight at room
temperature to evaporate the dichloromethane. The final
solution was centrifuged at 3000 rpm for 5 min to collect
microparticles (MPs). The harvested MPs were washed to
remove PVA, activated using 1-ethyl-3-(3-dimethylamino-
propyl) carbodiimide hydrochloride (EDC) and N-hydrox-
ysuccinimide (NHS) (Sigma), and added dropwise to the
polyethylenimine (PEI, Sigma) solution with magnetic stir-
ring and incubated for another 2 h at 20 °C. Finally, PEI-
conjugated MPs were washed twice with deionized water
and stored at 4 °C for use. In parallel, control PLGA-MPs
were also generated using similar methods, including MPs
without encapsulation and MPs encapsulated with only
IL-2 or anti-CTLA-4.

Characterization of PLGA-MPs

The morphology of the resulting PLGA-MPs was char-
acterized by using scanning electron microscopy (SEM,
ZEISS EVO 18). The size distribution was determined by
analyzing micrographs using NIH ImageJ (NIH), and the
zeta potential was measured using a PALS Zeta instrument
(Brookhaven Instruments Corporation).

Encapsulation and sustained release of IL-2
and anti-CTLA-4

To determine the amount of IL-2 and anti-CTLA-4 encap-
sulated into PLGA-MPs, 1 x 107 PLGA-MPs were re-sus-
pended in 1 mL of a 0.1 M NaOH/0.5% SDS solution. After
a 24-h incubation at 37 °C on a shaker, the suspension was
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centrifuged for 5 min at 3000 rpm. The supernatant was
collected and subjected to quantitative detection of IL-2
and anti-CTLA-4 with ELISA kits (eBiosciences) accord-
ing to the manufacturer’s protocols.

To monitor the dynamic release of IL-2 and anti-
CTLA-4 from the PLGA-MPs, 1 x 10’ PLGA-MPs were
re-suspended in 1 mL of sterile 0.1 M PBS buffer and incu-
bated on a rotator (200 rpm) at 37 °C. At the indicated time
points, the supernatant was collected after centrifugation,
and an equal volume of fresh medium was used to re-sus-
pend the MPs. The amount of IL-2 and anti-CTLA-4 in the
supernatant was quantified using ELISA kits as described.

Characterization of the capacity of PLGA-MPs
to couple proteins and mAbs

PLGA-MPs (1 x 10% were incubated with a series of
1 mL solutions of PBS containing the indicated amounts of
BSA for 24 h at 4 °C with rotation. After centrifugation at
3000 rpm for 5 min, the supernatant was collected for the
detection of protein that was unbound to MPs by using a
micro-BCA protein assay kit (Thermo Fisher). The amount
of protein coupled to the MPs was then calculated. In addi-
tion, 10 pg of FITC-anti-hamster IgG (eBiosciences) was
incubated with 1 x 10® blank PLGA-MPs, BSA-blocked
MPs, or PEI-free MPs overnight with rotation at 4 °C. After
being washed with deionized water, the MPs were meas-
ured via fluorescence microscopy and flow cytometry.

Preparation and phenotypic analysis of aAPCs

H-2KP/TRP2-Ig dimers were prepared by mixture of
H-2K"-Ig Dimer X (BD) with the TRP2,g, ;g4 peptide for
48 h at 4 °C according to the manufacturer’s instructions.
PLGA-MPs encapsulated with IL-2 and anti-CTLA-4 as
well as those surface-modified with PEI were fabricated as
described. Then, the MPs (1 x 108) were incubated with
peptide-loaded H-2K’-Ig (H-2K®/TRP2-Ig dimers) (10 ug)
and anti-CD28 mAbs (10 pg) (eBiosciences) in sterile
0.1 M PBS for 24 h at 4 °C on a rotator. The resulting MPs
were incubated in blocking buffer (0.1 M PBS containing
10% BSA) at 4 °C for another 24 h with rotation. Finally,
the suspension was centrifuged, and the particles were har-
vested. After being washed with PBS three times, the result-
ant aAPCs, termed aAPCIL-2+anti-CTLA4 (o pe re-suspended
in sterile PBS, stored at 4 °C and used within 24 h. In paral-
lel, several control aAPCs were also generated in a similar
manner, including aAPC, aAPC'™? and aAPCi-CTLA-4,

To analyze the phenotypes, 1 x 107 aAPCs were stained
with 1 pg of PE-anti-mouse H-2K® (eBiosciences) and
1 pg of FITC-anti-hamster IgG (binds to anti-CD28) for
30 min at 4 °C. After another washing step, for each sam-
ple, 2 x 10° particles were analyzed with a FACSCalibur

flow cytometer (BD), and data were analyzed with FlowJo
software (Tree Star, Inc.).

In vitro expansion of TRP2,g, ¢s-specific CD8" T cells
by aAPCs

Splenocytes were harvested from naive C57BL/6J mice,
and mononuclear cells were enriched by density gradi-
ent centrifugation. The splenocytes (10° cells/well) were
co-cultured with blank PLGA-MPs (blocked with BSA),
aAPC, aAPCL2, aAPC®-CTLA4 ) A pCIL-2+anti-CTLAY.
aAPC plus exogenous IL-2/anti-CTLA4, or aAPC2
plus aAPC*-CTLAY i 2 96-well round-bottom plate at a
density of 10° beads for each type of aAPC per well. Co-
cultures were maintained in RPMI 1640 medium sup-
plemented with 10% FBS in the absence of IL-2 (50 U/
mL IL-2 was supplied in the blank PLGA-MPs group;
0.162 ng 1L-2/0.92 pg anti-CTLA-4 was supplied in the
aAPC plus exogenous IL-2/anti-CTLA4 group) and incu-
bated in a humidified incubator with 5% CO, at 37 °C for
1 week. Then, the co-cultures were harvested to analyze the
frequency of TRP2,g, gg-specific CD8T T cells by flow
cytometry. Briefly, cells were first blocked with anti-mouse
CD16/CD32 (BD) for 30 min and then incubated with a
mixture of H-2K°/TRP2-Ig dimers and allophycocyanin
(APC)-anti-mouse IgG1 (BD) for 1 h at 4 °C in the dark.
After washing, FITC-anti-mouse CD8 and PE-anti-mouse
CD3 (eBiosciences) were added for another 30-min incu-
bation. Finally, cells were analyzed by flow cytometry after
washing.

Cytotoxicity assay

After a 1-week incubation with aAPCs, splenocytes were
harvested for use as effector cells. The mouse melanoma
cell line B16 (H-2K°*/TRP2™"), fibrosarcoma cell line S180
(H-2K**/TRP27), and myeloma cell line SP2/0 (H-2K°~/
TRP2™) were used as target cells (1 x 10* cells/well).
The cytotoxicity assay was then performed as previously
described [20].

In vivo expansion of TRP2,4, ;ss-specific CD8™ T cells
and tumor inhibition by an aAPC infusion

On day 0, C57BL/6] mice were s.c. injected in the right
flank with B16 cells (or S180 cells) at a dose of 1 x 10°
cells per mouse. Mice were then randomly assigned to 1 of 5
groups and infused via the tail vein with blank PLGA-MPs,
aAPC, aAPCIL2, g APC-CTLAY A pCIL-2+anti-CTLA4 A pC
plus systemic use of IL-2/anti-CTLA4 (16.2 ng/92 pg), or
aAPCIL2 plus aAPC*-CTLAY o1 days 7, 9 and 11 at a dose
of 1 x 107 MPs for each type of aAPC (0.9 mg PLGA) per
mouse per time point. On day 7 (before treatment) and day
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28 (after treatment), peripheral blood was collected from
orbital vein. The spleen and tumors were also isolated from
each mouse on day 28. Blood, spleens and tumors were
then processed to single-cell suspensions, and this was fol-
lowed by TRP2,4, ;gs-specific CD8™ T cell detection. The
single-cell suspensions derived from tumor tissues were
prepared as previously described [25], except that tumor
tissues minced into small pieces were digested with colla-
genase type VIII (1.5 mg/mL, Sigma) for 2 h at 37 °C with
gentle agitation.

Tumor growth was monitored at 3-day intervals using
a digital caliper. The tumor volume was calculated by the
modified ellipsoidal formula: V = (length x width?)/2 [26].
Mice were monitored daily for survival and were killed
when the tumor length exceeded 20 mm.

In vivo tracking and tissue distribution
of aApclL-2+anti-CTLA4

Indocyanine green-encapsulated aAPCIL2+ant-CTLAG aq
generated as described in our previous work [27] and
injected i.v. into C57BL/6J mice (1 x 10"/mouse) on day
7 after B16 cell challenge. The mice were then anesthe-
tized by isoflurane inhalation and imaged using the Maes-
tro in vivo fluorescence imaging system (Cri, Inc., Woburn,
MA, USA) at various time points. Images were captured at
an excitation wavelength of 635 nm and an emission wave-
length of 665-695 nm with an exposure time of 40 s. At
the 2-h time point after injection, the heart, liver, kidneys,
lungs, spleen, and lymph nodes were surgically dissected
for ex vivo imaging.

Statistical analyses

Statistical analyses were performed using GraphPad Prism
6.0 (La Jolla). All data are presented as the mean & SD.
The frequencies of antigen-specific T cells were compared
between groups by using a two-tailed, unpaired Student’s ¢
test. The release profiles of IL-2 and anti-CTLA-4, as well
as the tumor growth curves, were analyzed by Wilcoxon
signed rank tests and two-tailed, paired Student’s ¢ tests.
To determine the survival curve of mice, a Kaplan—-Meier
graph was constructed, and a log-rank comparison of the
groups was used to calculate the P values. P < 0.05 was
considered significant.

Results
Characterization of PLGA-MPs

The PLGA-MPs fabricated herein displayed a spherical
shape and smooth surface topography, with a uniform size

@ Springer

of 4.5 &£ 1.2 um, as revealed by SEM (Fig. 1a, b). Conju-
gation of PEI onto the surface of MPs led to a mean zeta
potential of 36.2 £ 5.6 mV, as detected by the PALS zeta
instrument, thus suggesting a strong capacity of MPs to
covalently couple proteins (Fig. 1c).

Encapsulation efficiency and release profile of IL-2
and anti-CTLA-4 in PLGA-MPs

Approximately 20 ng of IL-2 and 100 pg of anti-CTLA-4
were encapsulated into 1 x 107 beads of PLGA-MP'"2 and
PLGA-MP*-CTLAY - regpectively, under the current pro-
cess conditions. The encapsulation efficiency was approxi-
mately 80% for both IL-2 and anti-CTLA-4. Moreover,
PLGA-MP!L-2anti-CTLAY gisplayed encapsulation efficien-
cies of IL-2 and anti-CTLA-4 similar to that of PLGA-
MPL2 or PLGA-MP™U-CTLAY No significant interference
was found between the cytokine and mAb when they were
concurrently encapsulated inside PLGA-MPs.

Over 28 days, both IL-2 and anti-CTLA-4 were released
from PLGA-MP!L-2+ant-CTLAY 4y 5 qustained manner. The
dynamic release curve of IL-2 from PLGA-MPL-2+ant-
CTLA% was similar to that from PLGA-MP'™2, without sig-
nificant differences, as analyzed by Wilcoxon signed rank
tests and two-tailed, paired Student’s t tests (Fig. 1d). The
same phenomenon was also observed in the release assay of
anti-CTLA-4 (Fig. le). The total cumulative IL-2 released
from 1 x 107 beads of PLGA-MP'"? or PLGA-MP!L-2+anti-
CTLA% \as nearly 16.2 ng, whereas the cumulative anti-
CTLA-4 released from PLGA-MP*""“TA4 or PLGA-MP'™
2Hant-CTLA% \waq approximately 92 ug over 28 days. The
cumulative release efficiency was approximately 81% for
IL-2 and 92% for anti-CTLA-4.

Capacity of PLGA-MPs to couple protein

As shown in Fig. 2a, the maximum amount of BSA loaded
onto 5 x 10° beads of PEI-conjugated (surface-modified)
PLGA-MPs was nearly 71 pg. Furthermore, FITC-anti-ham-
ster IgG was also successfully immobilized onto the surface-
modified PLGA-MPs, but not onto PEI-free (un-modified)
PLGA-MPs (Fig. 2b). As analyzed by flow cytometry, sur-
face-modified PLGA-MPs displayed a marked fluorescence
shift of FITC compared with the MPs that were blocked with
BSA before FITC-anti-hamster 1gG coating (Fig. 2c). These
data demonstrated the strong capacity of surface-modified
PLGA-MPs to couple protein and antibodies.

To determine the appropriate amount of anti-CD28
and H-2K"-Ig for use in preparing aAPCs, PLGA-MPs
(1 x 10%) were incubated with the indicated amounts of
anti-CD28 or H-2K®-Ig overnight, blocked with BSA, and
stained with FITC-anti-hamster IgG or PE-anti-H-2K®
mAb. The results showed that the PLGA-MPs were able
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Fig. 1 Characterization of PLGA-MPs and release profiles of 1L-2
and anti-CTLA-4 from PLGA-MPs. a Representative SEM image,
b size distribution, and ¢ zeta potential distribution of PLGA-MPs
generated on-site. d Release profiles of IL-2 from blank PLGA-MPs,

to couple anti-CD28 or H-2K’-Ig and displayed a signifi-
cant fluorescence shift of FITC at 5-20 pg of anti-CD28
(Fig. 2d) or PE at 5-20 pg of H-2K’-Ig (Fig. 2e). Finally,
10 g of H-2K®Ig and 10 pg of anti-CD28 were used for
the preparation of 1 x 10% aAPCs.

Phenotypic analyses and release profiles of IL-2
and anti-CTLA-4 for aAPCs

Four types of aAPCs were generated by co-coating H-2K®/
TRP2-Ig dimers and anti-CD28 mAbs onto PLGA-MP,
PLGA-MP'"2, PLGA-MP™-CTLA4 o P GA-MP!L-2+anti-
CTLAY The mean sizes of these aAPCs were not markedly
different from those of blank PLAG-MPs, but their zeta
potential returned to the zero position (Fig. 3a, Supplemen-
tary Fig. 1). As shown in Fig. 3b, a comparable fluorescent
shift for H-2K®/TRP2-Ig or anti-CD28 was found across the
groups. The release profile of IL-2 from aAPC!L-2+ant-CTLA4
was similar to that from aAPC'™? (Fig. 3c). A similar phe-
nomenon was also observed for the anti-CTLA-4 release
profiles (Fig. 3d).

6071 4.5+ 1.2 um

N2 oP N A2 N0
QU g AT

Diameter (um)

C
5x10° Zeta Potential Distribution
4x10° :
n
E 6, (\
3 3x10
: H
£ 2x108
] |
1x10°8 j \
0

-100 0 100 200
Apparent Zeta Potential (mV)

€
I3} 1007 = PLGA-MPs
§ & PLGA-MP2t-CTLA4 H
= _\plL-2+anti-CTLA4
& 80 * PLGA-MP
D~ N SR e,
I N
£= 60 &
0% 3
.: hy ﬂl'
22w
o~ i
2 e
= 20 '
E}
g
E
Q 0 ——
0 1 527 28

2 3 4
Time (days)

PLGA-MPs"2, and PLGA-MPs'-2+-CTLAY yer 28 days. e Release
profiles of anti-CTLA-4 from blank PLGA-MPs, PLGA-MPs*""
CILAY and PLGA-MPs!L-2Hani-CTLAY gyer 28 days

Co-release of IL-2 and anti-CTLA-4 from aAPCs
enhanced the expansion and cytotoxicity of melanoma
antigen-specific CD8" T cells in vitro

After a 1-week co-culture of naive splenocytes with
blank PLGA-MPs, aAPC, aAPC™? aAPC™CTLA4 and
aAPCIL-2Hant-CTLAY - the frequency of TRP2,g, gs-specific
CDS8"™ T cells in the CD8" T cell populations were
detected by H-2K®/TRP2-Ig dimer staining and are sum-
marized in Fig. 4a (top row). As compared with the blank
PLGA-MPs group, TRP2,g, j¢s-specific CD8T T cells
were expanded approximately 26 times by aAPC, 69 times
by aAPC'L2, 77 times by aAPC*™-CTLA4 and 128 times
by aAPCIL-2+ant-CTLAY Gyer 7 days under the current co-
culture conditions without exogenous IL-2. The ability of
aAPCIL-2+ant-CTLAY 6 expand antigen-specific T cells was
enhanced nearly fivefold relative to that of conventional two-
signal aAPCs. As a non-cognate antigen staining control,
the OVA,5; 54 antigen-specific CD8" T cells (OVA-dimer™
CTLs) increased only slightly in the four aAPC groups com-
pared with the PLGA-MPs group (Fig. 4a, bottom row).
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pled onto the surface of PLGA-MPs and detected with a fluorescence
microscope. Green fluorescence was observed on the surface-modi-
fied PLGA-MPs, but not on the un-modified PLGA-MPs. ¢ Surface-
modified PLGA-MPs were incubated with FITC-anti-hamster IgG

As shown in Fig. 4c, aAPC'L-2+ant-CTLA elicited a much
greater cytotoxicity of splenocytes against B16 cells than
aAPCIL2 g APCa-CTLAY (. 4 APC at various E:T ratios.
In the nonspecific cytolysis controls, splenocytes from all
groups showed less than 6% of baseline cytolysis against
S180 cells and SP2/0 cells. The flow cytometric histograms
of 7-AAD staining for B16 cells (Fig. 4e) and SP2/0 cells
and S180 cells (Supplementary Fig. 2) in each cytolysis
assay are presented.

In another independent experiment, naive splenocytes
were co-cultured for 7 days with the two-signal aAPCs
exogenous IL-2/anti-CTLA-4, the mixture of aAPC'™? and
aAPCA-CTLAY - op g APCIL-2+ant-CTLAY ' No significant dif-
ferences were found across the three groups in the expan-
sion and cytotoxicity of TRP2,g, jgs-specific CD8" T
cells (Fig. 4b, d, f). Paracrine release of IL-2/anti-CTLA-4
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before (green) and after (red) blocking with 30% BSA and then
detected by flow cytometry. Furthermore, PLGA-MPs (1 x 10%) were
incubated with the indicated amounts of anti-CD28 or H-2K’-Ig over-
night, blocked with BSA, and then stained with FITC-anti-hamster
IgG (binds to anti-CD28) or PE-anti-H-2K". The fluorescence shift of
FITC (d) or PE (e) was detected in a range from 5 to 20 pg of anti-
CD28 or H-2K -Ig

appeared to have effects similar to the exogenous supply of
IL-2/anti-CTLA-4 in co-cultures.

Paracrine co-release of IL-2 and anti-CTLA-4
from aAPCs augmented melanoma antigen-specific
CTL responses and inhibited tumor growth in vivo

To further investigate the in vivo effects of
aAPCs!L2Hant-CTLAY yphibition  of tumor  growth,
C57BL/6] mice were s.c. injected with B16 or S180
cells on day O and i.v. infused with blank PLGA-MPs,
aAPC, aAPCIL'2, aAPCanti-CTLA4 or aAPCIL-2+anti—CTLA4 on
days 7, 9 and 11 as a preventive therapy (Fig. 5a). On
day 7, the average sizes of the melanoma and fibrosar-
coma were 1.998 + 0.240 mm? and 1.041 + 0.167 mm>,
respectively, before treatment. Furthermore, statistically
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slower growth of the subcutaneous melanoma was
found in the aAPCL-2+ant-CTLAY oroyp compared with
the aAPC™-CTLAY oroup (P = 0.0120), aAPC'™? group
(P = 0.0095), aAPC group (P 0.0079) or blank
PLGA-MPs group (P = 0.0015), as analyzed by Wil-
coxon signed rank tests. On day 28, mice treated with
aAPCIL-2+ant-CTLAY 5 chieved the smallest tumor bur-
den, with a mean size of 510 mm?>, whereas mice treated
with aAPC*-CTLA4 3 APCTE2) aAPC, or blank PLGA-
MPs had an average tumor size of 743, 850, 1185,
and 1600 mm’, respectively (Fig. 5b). The excised

Time (days)

melanoma tissues from each group are presented in
Supplementary Fig. 3. In parallel, fibrosarcoma growth
was not obviously inhibited by the administration of
aAPCIL-2Hant-CTLAY 1 other control aAPCs (Fig. 5c).
Moreover, concurrent release of IL-2 and anti-CTLA-4
from aAPCs markedly delayed melanoma progres-
sion. The median survival times (MSTs) were 46, 41,
35, 31 and 22 days in the aAPCL-2Hant-CTLAY opoyp
aAPC™-CTLAY  oroup, aAPC™?  group, aAPC group
and blank PLGA-MPs group, respectively (Fig. 5d). In
addition, aAPCL-2+ant-CTLA% treatment also resulted in
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Fig. 4 Co-release of IL-2 and anti-CTLA-4 from aAPCs enhanced
the expansion and cytotoxicity of melanoma antigen-specific CD8*
T cells ex vivo. Naive splenocytes from C57BL/6J mice were co-
incubated for 7 days with blank PLGA-MPs and each type of aAPC.
a, b The frequencies of TRP2,g, |gs-specific CD8" T cells (fop row)
and OVA,s; ¢,-specific CD8' T cells (bottom row) in the co-cul-
ture group of blank PLGA-MPs, aAPC, aAPC'™2, aAPCant-CTLA4
aAPCIL-2+anti-CTLA4 - g APC  exogenous  IL-2/anti-CTLA-4, or
aAPCIL2 4 aAPCH-CTLAY a5 detected by H-2KP/TRP2, g 55 dimer
or H-2KP/OVA,s, o, dimer staining. Numbers in the top left of the
flow cytometric dot plots represent the percentage of TRP2 g is¢

statistically slower growth of subcutaneous melanoma,
as compared with combined injections of aAPC'™? and
aAPC¥-CTLAY (p — (0.0260) and injection of aAPCs plus
systemic use IL-2/anti-CTLA-4 (P = 0.0090), as ana-
lyzed by Wilcoxon signed rank tests (Fig. Se).

At the endpoint (day 28), the percentage of
TRP2,g, ;g5-specific CD8™ T cells in peripheral blood was

@ Springer
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dimer- or OVA,s; 544 dimer-positive cells in the CD8" T cell popu-
lation. ¢, d Cytotoxicity of the splenocytes from the five co-culture
groups of a and the three co-culture groups of b. The resulting sple-
nocytes were further co-cultured with target cells for 4 h at various
E:T ratios followed by 7-AAD staining to analyze the antigen-spe-
cific cytolysis of B16, SP2/0, and S180 tumor cells. e, f Representa-
tive flow cytometric histograms of 7-AAD staining for B16 cells for
the five co-culture groups of ¢ and the three co-culture groups of d.
These data were from one representative experiment of three inde-
pendent experiments

increased 51-fold (6.67 + 0.26%) in the aAPC!L-2>+ant-CTLA4
group, 22-fold (2.83 & 0.27%) in the aAPC*+CTLA% oroyp,
21-fold (2.67 & 0.20%) in the aAPC™™ group, and 15-fold
(1.96 £ 0.09%) in the aAPC group, as compared with the
percentage before treatment (0.13 &= 0.05%, data not shown)
(Fig. 6a). In splenocyte suspensions, the frequencies in the
aAPCIL-2+ani-CTLA4 ) ApCani-CTLA4 ) APCIL2  gpd g APC
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Fig. 5 Paracrine co-release of IL-2 and anti-CTLA-4 from aAPCs
improved tumor inhibition in a mouse melanoma model. a Time-
line for in vivo experiments. b Subcutaneous melanoma growth and
¢ fibrosarcoma growth in the treatment group of blank PLGA-MPs,
aAPC, aAPCIL—Z’ aAPCanti—CTLA4 APCIL 2+anti-CTLA4, n=17 mice
in each group. d Kaplan—Meier surv1va1 curves 111ustrate statistically
improved survival rates in the aAPCL-2+antd-CTLA% 16545 relative to
the aAPC*™-CTLA group (P = 0.0007), aAPC™? group (P < 0.0001),
aAPC group (P < 0.0001) and blank PLGA-MP group (P < 0.0001),

groups were enhanced nearly 55-fold (6.03 £+ 0.40%),
24-fold (2.65 + 0.27%), 22-fold (2.43 + 0.18%), and
16-fold (1.81 + 0.16%), respectively, as compared with the
blank PLGA-MPs group (0.11 £ 0.02%) (Fig. 6b). In single-
cell suspensions derived from tumor tissues, the percentages
were also much higher in the aAPC!L-2+at-CTLAY 1oy than
the control groups (Fig. 6¢). In addition, aAPCIL-2+ant-CTLA4
treatment also resulted in significantly higher frequencies of
TRP2, ¢, 1g5-specific CD8™ T cells than observed after com-
bined injections of aAPC-%aAPC*™-CTLA4 and injections
of aAPCs plus systemic use of IL-2/anti-CTLA-4 in blood
cells (Fig. 6d), spleen cells (Fig. 6e), and tumor-infiltrating
cells (Fig. 6f). A significantly greater frequency of IFN-
y-secreting CD8* T cells in the tumor-infiltrating CD8" T
cells, a clearly lower expression level of PD-1 onto tumor-
infiltrating CD8" T cells, and a statistically lower percent-
age of regulatory T cells in tumor-infiltrating CD4™ T cells
were also observed in the aAPCL-2anti-CTLAY treatment

Days afer S180 cells inoculation

as determined by a log-rank comparison. Mouse death was defined
as tumor diameter exceeding 20 mm as well as natural death. The
presented data were from one representative experiment of two
independent experiments; n = 7 mice in each group in each experi-
ment. e Subcutaneous melanoma growth and f fibrosarcoma growth
in the treatment group of aAPC plus exogenous IL-2/anti-CTLA-4,
aAPCIL2 4 gAPC#W-CTLAY (o A pOIL-2+anti-CTLA4 )
each group

7 mice in

group compared with the aAPCs exogenous IL-2/anti-
CTLA4 group and combination group of aAPC™? and
aAPC™-CTLA% (Supplementary Fig. 4).

In vivo tracking and tissue distribution
ofa ApclL-2+anti-CTLA4

Whole-body fluorescence imaging showed that fluorescent
aAPCIL-2Hant-CTLAY ranidly and selectively accumulated
in the liver, spleen, kidney, lung, lymph nodes, and heart
after i.v. injection into C57BL/6J mice challenged with
B16 cells. A high fluorescence intensity was observed dur-
ing the first 2 h and then gradually declined with a reten-
tion time of up to 24 h in mice (Supplementary Fig. 5a).
As displayed by ex vivo imaging of excised organs at the
2-h time point after injection, aAPCs mainly accumulated
in the liver, spleen and kidney; a weak fluorescence signal
was observed in the lungs (Supplementary Fig. 5b).
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Fig. 6 Paracrine co-release of IL-2 and anti-CTLA-4 from aAPC
augmented melanoma antigen-specific CTL responses in a mouse
melanoma model. At the endpoint (day 28), the frequencies of
TRP244 ig5-specific CTLs were detected in peripheral blood,
spleens and tumor tissues from each treatment group. a—c Per-
centages of TRP2,g, 4¢-specific CTLs in the CD8" T cell popu-
lations in the treatment groups of blank PLGA-MPs, aAPC,
aAPC2, aAPCWICTLAY - apd g APCIL-2+ant-CTLAY g f Percentages
of TRP2,4, jss-specific CTLs in the CD8" T cell populations in

Discussion

Numerous studies have reported the promising capabil-
ity of bead-based aAPCs to expand tumor-specific T
cells ex vivo for adoptive immunotherapy [10, 16]. How-
ever, conventional aAPCs have mainly been formulated
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the treatment groups of aAPC plus exogenous IL-2/anti-CTLA-4,
aAPCIL'Z + aAPCami-CTLA4, and aApclL-2+anli-CTLA4; n = 7 mice in
each group. The numbers in top right of dot plots represented the
percentage of TRP2,g, ;45 dimer-positive cells in the CD8% T cell
population. A two-tailed, unpaired Student’s ¢ test (GraphPad Prism
6.0) and ANOVA with post-test and multiple comparison correc-
tion (SPSS18.0, IBM) were used to analyze the differences between
groups

on an un-biodegradable scaffold that has hindered their
use in vivo for active immunotherapy. Recently, PLGA-
MNPs, an FDA-approved polymer whose safe use in
humans has been documented over the past 30 years [21,
28], have been used to prepare bead-based aAPCs by co-
coating the pMHC complex and anti-CD28 onto MNPs
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and allowing for paracrine release of IL-2 for ex vivo
expansion of antigen-specific CD8" and CD4" T cells
[29-31]. Furthermore, ellipsoidal PLGA-MNPs have
been co-coupled with the pMHC complex and anti-CD28
to expand pMEL transgenic CD8™ T cells in vitro and in
a mouse model pre-transfused with pMEL CD8™ T cells
[32, 33].

Unlike previous studies, the present report not only
illustrates the in vivo effects of biodegradable aAPCs fab-
ricated using PLGA-MPs in a native T cell repertoire, but
also is the first study to report aAPCs presenting an addi-
tional activating signal (IL-2) and an anti-inhibitory sig-
nal (anti-CTLA-4) in a sustained paracrine manner. These
aAPCs showed a markedly enhanced capability to activate
and expand antigen-specific T cells in vitro and inhibit
tumor growth in vivo, as compared with conventional
two-signal aAPCs. Moreover, the co-release of IL-2 and
anti-CTLA-4 not only elicited 2- or 3-fold greater effects
compared with those resulting from the single release of
IL-2 or anti-CTLA-4 from aAPC"™? or aAPC*CTLAY
but also achieved the desired synergistic effects in vivo,
as compared with combined injections of aAPC? and
aAPC-CTLAY o1 A APC injections alongside systemic use
of IL-2/anti-CTLA-4. These data emphasize the feasibil-
ity and importance of the combined use and paracrine co-
delivery of more costimulatory molecules and cytokines
in future clinical approaches. As is well documented, IL-2
stimulation and CTLA-4 blockage can elicit vigorous T
cell responses by modulating two opposing cell signaling
networks [34, 35]. Here, we found that anti-CTLA-4 mAbs
released from aAPCs may block the inhibitory signaling
pathway between activated TRP2-specific CTLs and tumor
cells or natural APCs in vivo or in vitro. More importantly,
antigen-targeted and sustained paracrine delivery can result
in accumulation of a high level of cytokines and antibod-
ies in the synaptic contact region between antigen-specific
T cells and aAPCs or natural APCs at a much lower dosage
than used in systemic administration, which usually leads
to toxicity and adverse effects [36].

In this study, aAPC'? and aAPC*™-CTLA4 were found
to have an encapsulation efficacy and release profile simi-
lar to those of aAPCIL-2+ant-CTLAY “vhys indicating that a
cytokine with a low molecular weight and an antibody
with a high molecular weight did not impair each other
in the encapsulation or release process. The encapsula-
tion and release efficacy of each protein depend primarily
on the protein dose and size of the molecule. Therefore,
the amount of each protein used for co-encapsulation
must be titrated according to its function and molecu-
lar weight to achieve an appropriate release profile with
minimal interference. Here, 2.5 pg of IL-2 and 12.5 mg
of anti-CTLA-4 were used with 100 mg of a PLGA
polymer, owing to their distinct functions. IL-2 can

effectively activate T cells at a concentration as low as pg
L~!, whereas anti-CTLA-4 requires a much higher dose
to block the CTLA-4 molecules expressed on activated
T cells. An encapsulation efficacy of 80% for both IL-2
and anti-CTLA-4 was achieved, and cumulative release
efficacies of 81% for IL-2 and 92% for anti-CTLA-4
were observed, which were sufficient for T cell expansion
resulting from the targeted and sustained release features
of encapsulation. The amount of H-K®TRP2-Ig and anti-
CD28 coupled onto aAPC beads also must be optimized.
Our previous studies have indicated that aAPCs cou-
pled to H-2K®/peptide-Ig ranging from 10 to 20 pg/108
aAPCs display a comparable ability to target and expand
antigen-specific CTLs, whereas a dose of less than 10 pg
does not lead to a clinical efficacy as good as the present
regimen. Therefore, 10 wg of H-2K®/TRP2-Ig was used
herein to achieve a theoretical density of 3000 H-2K-Ig
molecules per um?. However, we cannot exclude the pos-
sibility that a dose greater than 20 pg might result in bet-
ter effects. The ratio of H-2K’/TRP2-Ig:anti-CD28 was
also optimized with the best effects at 1:1.

It is also notable that the aAPCs displayed only one
predominant epitope of the TRP2 antigen in the format of
H-2K"/TRP2, g, ;55 dimers. To elicit more powerful T cell
responses, multiple epitopes derived from tumor antigens
should be used in future approaches. Therefore, one of the
limitations of the bead-based aAPC strategy is the require-
ment of well-defined tumor antigens and their predominant
T cell epitopes. For tumors without well-characterized anti-
gens, the aAPC platform may focus on the sustained co-
delivery of multiple second-/third-signaling molecules and
multivalent immunogens from tumor membrane antigens
or cell lysates.

In summary, a polyfunctional polymeric aAPCs sys-
tem, termed aAPCL-2+anti-CTLA4 " qq developed, in which
biodegradable biomaterial (PLGA-MPs) was used as a
scaffold, and an additional activating signal (IL-2) and
anti-inhibitory signal (anti-CTLA-4) were presented by
paracrine delivery. Cytokines and antibodies can be effi-
ciently co-encapsulated in PLGA-MP-based aAPCs and
co-released without obvious interference from each other.
The targeted, sustained co-paracrine release of IL-2 and
anti-CTLA-4 achieved enhanced and synergistic effects
in expanding tumor antigen-specific CTLs and inhibit-
ing tumor growth. The precise mechanisms of T cell
responses and optimization of both the aAPC system and
therapeutic regimen remain to be further investigated.
This study provides a foundation for future approaches
using bead-based aAPCs for the treatment of tumors and
infectious disease.
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