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Abstract

Whole tumor cell lysates (TCL) have been impleménds tumor antigens for
cancer vaccine development, although clinical aute® of TCL-based antitumor
immunotherapy remain unsatisfactory. In order tpriowe the efficacy of TCL-based
vaccines, biomaterials have been employed to eehatigen delivery and
presentation. Here, we have developed chitosanpaaiicles (CTS NPs) with surface
mannose (Man) moieties for specific dendritic c@DEs) targeting (Man-CTS NPs).
The Man-CTS NPs were then loaded with TCL generfted B16 melanoma cells
(Man-CTS-TCL NPs) forin vitro and in vivo assessment. Potency of the
Man-CTS-TCL NPs as cancer vaccine was also assessea by immunization of
mice with Man-CTS-TCL NPs followed by re-challengéth B16 melanoma cell
inoculation. We have shown here that Man-CTS-TCL sNPromote bone
marrow-derived dendritic cells (BMDCs) maturatiordaantigen presentation vitro.
In vivo evaluation further demonstrated that the Man-CT2-NPs were readily
taken up by endogenous DCs within the draining lynmmde (DLN) following
subcutaneous administration accompanied by inclieaserum IFNy and IL-4 levels.
Tumor growth was also significantly delayed in mmémed with Man-CTS-TCL
NPs vaccine, attributable at least in part to ogm T lymphocytes response.
Moreover, Man-CTS-TCL NPs vaccine also exhibitegtaipeutic effects in mice with
melanoma. Thus, we report here the Man-CTS-TCL HPseffective anti-tumor

vaccine for cancer immunotherapy.



1 Keywords. Dendritic cell targeting; Immunotherapy; Tumor cellysates;

2 Nano-vaccine; Chitosan
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1. Introduction

Cancer immunotherapy is now considered a promisiagapeutic approach against
melanoma, leukemia, prostate and breast cancet. [TH& main purpose of this
strategy is to prime naive T cells and evoke largat memory CD8 T cells that
attack tumor cells. Sufficient tumor antigen preagon, often by the antigen
presenting cells (APCs) via the major histocompliitcomplex (MHC) class | or II
pathways, is critical in eliciting effective actii@n of both CD8 and CD4 T
lymphocytes and thus determines the therapeutidcaeff of antitumor
immunotherapy [4-6].

Dendritic cells (DCs) are professional antigen engisig cells (APCs) and are
experts in priming T cells-mediated immunity [7,8Cs-based vaccine has been
extensively investigated as a feasible approacknteance antigen-specific immune
responses [6]. Most previous studies aimed at dpusd tumor vaccines that activate
cytotoxic T lymphocytes (CTLs) responses and axtybsecreting B cells through
DCs mediated antigen presentation [9,10]. Howedlespite promising preliminary
data, clinical outcomes of tumor vaccines have liksgppointing [11,12]. One major
challenge of the current antitumor immunotherapinésficient antigen delivery and
subsequent induction of T cell mediated immune aeses. In addition, the
electrofusion process of DCs and tumor cells isetosonsuming and laborious [13].
Moreover, external pulsing of DCs with selectiveptides only results in limited
stimulation of T cells due to the rapid turnoverctdss | peptides complex on the cell

surface [14].
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It has been recently shown that the use of whateoticell lysates preparation can
overcome the above drawbacks and offers a compsaiegesource of potential tumor
antigens by inducing CTL responses and CD4helper cell activation [15,16].
Several clinical trials have used tumor cell lysater in vitro DC priming [17,18].
However, soluble tumor lysates containing antigansl cytokines are inherently
unstable and tend to result in poor DCs uptakdfidcient antigen cross-presentation,
and limited induction of CTL response [19]. Recesitategies for developing
prophylactic or therapeutic vaccines have mainlgug@d on improvingn vivo
antigen delivery to specific DCs and prolongingttlaetivation.

Biomaterial encapsulation of antigens has beengs®gb as a promising strategy to
enhance immunogenicity during vaccination [20]. Natly could biomaterial
encapsulation protect the antigens from degradatioingin vivo administration, it
also enables controlled release of antigens insirede manner [21-24]. Moreover,
surface of biomaterials could be modified with tiga or antibodies that are
specifically recognized by DCs and used for DCeatirgy [25].

Chitosan is a cationic polysaccharide primarilyivid from the exoskeletons of
crustaceans and extensively used as vaccine delwednicles [21,26,27]. Earlier
studies have reported chitosan-based nanopartieidis,particle size ranging from
100 to 500 nm, as feasible vehicles iflowvivo delivery of proteins or peptides [28].
Moreover, chitosan nanoparticles have been repddedlicit significant adjuvant
effect by stimulating innate immune responses [2€iven the potential

pro-inflammatory property of chitosan, we have deped chitosan nanoparticles
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with surface-decorated mannose (Man-CTS NPs) fecip DC targeting. Indeed,
studies have shown that nanoparticles with surfem®rated mannose are effective
delivery vehicles for APCs targeting [30-32]. Sirthe mannose receptor is expressed
by immature dendritic cells, the mannose moietyhensurface of the Man-CTS NPs
can be detected by DCs, via which antigen uptakaldvibe enhanced [33,34]. Thus,
in the present study, targeted delivery of Man-OT3- NPs was assessed both
vivo andin vitro. In addition, to evaluate the potential of Man-CWN8s as cancer
vaccine delivery vehicle, we also encapsulated tured lysates generated from B16
melanoma cells (Man-CTS-TCL NPs) amdvivo assessment of Man-CTS-TCL NPs
on tumor prevention was performed.
2. Material and methods
2.1. Reagent and antibodies

Chitosan (CTS, Mw = 50,000, DD (degree of deac&tyla > 95%) was supplied
by Ao'xing Biotechnology Co., Ltd. (Zhejiang, Chjnand used without further
purification. Sodium alginate (ALG, viscosity: 16tpa-s, 20C, 1% aqueous solution)
was supplied by Qingdao Crystal Rock Biology Depetent Co., Ltd. (Qingdao,
China).  Tetrabutylammonium  (TBA) hydroxide and  4-ilsophenyl
a-D-mannopyranoside (MAN) were purchased from AladdEhanghai, China).
2-chloro-1-methylpyridinium iodide (CMPI) was olitad from Alfa Aesar (Tianjin,
China). Sodium sulfate, polysorbate 80 (Tween 8@ acetic acid were purchased
from Sigma (St. Louis, MO). The MicroBCA™ Proteigsay kit was supplied by

Thermo Fisher Scientific Inc. (Rockford, IL USA)h&sphate Buffered Saline (PBS)
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(1x), RPMI-1640 medium, heat inactivated fetal Imevserum (FBS), trypsin EDTA
0.05%, penicillin/streptomycin (PEST) 10,000 Unit/it0,000 pug/mL, sodium
pyruvate 100 mM, HEPES 1 M, 2-mercaptoethanol 50, rARIK lysing buffer and
AlamarBlué€ reagent were purchased from Life Technologies|¢Bad, CA, USA).
All the other chemicals were of analytical grade.

Anti-mouse ELISA kits IFNy, IL-4, IgG and IL-12p70 were purchased from
eBioscience. Recombinant mouse GM-CSF and IL-4 \warehased from Peprotech
(Rocky, Hill, USA). Fluorochrome-labeled anti-mousenoclonal antibodies (CD3e,
CD4, CD8a, CD80, CD86, MHCI, MHCII, CD11c, CD40 a8€R7) were purchased
from eBioscience (CA, USA).

2.2. Céll linesand animals

Female C57BL/6 (6-8 weeks old) and female Balb/cen(6-8 weeks old) were
purchased from (Academy of Military Medical SciescBeijing, China). All animal
procedures were reviewed and ethically approvedCeynter of Tianjin Animal
Experiment ethics committee and authority for animeotection (Approval No.:
SYXK (Jin) 2011-0008). Mouse B16 melanoma tumof teé [35] was purchased
from the Cell Bank of China Academy of Sciences] anltured according to the
manufacture’s guidelines.

2.3. Generation and isolation of tumor cell lysates

Tumor cell lysates (TCL) were generated as preWodsscribed [36]. Briefly, B16

melanoma tumor cell pellets were re-suspendedeirtatd phosphate-buffered saline

(PBS) at a 1x10ml cell density and subjected to five freeze-theyeles of rapid
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freezing in liquid nitrogen (for 5 min) and thawimag 371 (for 5 min). The lysates
were then centrifuged at 2,000 g for 10 min to reeneellular debris. Protein
concentrations were measured by BCA assay anddaheentrated protein solution
was diluted to appropriate concentrationifovivo andin vitro experiments.
2.4. Preparation of mannose-modified alginate (Man-AL G)

Tetrabutylammonium-alginate (ALG-TBA) was synthesizas previous report [37].
500 pg (1.190 mmol) ALG-TBA was dissolved in 50 mL of haadrous
dimethylformamide (DMF). 152.1 mg CMPI (0.595 mmuwias added to activate the
ALG-TBA in nitrogen at 0[]. After 1 h, 4-Aminophenylo-D-mannopyranoside
(0.357 mmol) was added at room temperature anc leaxeact for 24 h. The reaction
mixture was precipitated in absolute ethanol, regaig dissolved and precipitated for
three times. The Man-ALG solution was transferiea dialysis bag (MW=3500 Da)
to dialyze in distilled water for 2 days. The fiqabduct of Man-ALG was obtained
after freeze-drying. The chemical structure of MerG was confirmed byH NMR
spectroscopy (Varian Mercury 400, USA) and IR sfeciopy (Spectrum Instruments
Co., Ltd. Brook Germany). The substitution degr&B) of Man was defined as the
ratio of reacted sugar unit to the total sugar ah&LG.
25. Preparation and characterization of mannose-decorated chitosan
nanoparticle encapsulation of tumor cell lysates (Man-CTS-TCL NPs)

Chitosan and tumor cell lysates (TCL) were dissblwe 1% acetic acid and
ultrapure water, respectively. One mg/mL of chitosalution and 1 mg/mL of TCL

were obtained. The TCL solution was added drop4imp-dnto chitosan solution and



10

11

12

13

14

15

16

17

18

19

20

21

22

mixed at 1:1 (w/w). The mixture was then agitate®@0 rpm for 30 min to obtain

chitosan/tumor cell lysates complex, which werelemtéd by centrifugation and

dissolved in PBS for experimental use. The Man-AddgBition (1 mg/ml) was added
drop-by-drop into CTS-TCL NPs suspension to obtaannose decorated CTS-TCL
NPs (Man-CTS-TCL NPs) through electrostatic intecac Man-CTS-TCL NPs were

collected by centrifugation and suspended in PB${pt) for further use. The same
protocol was followed for CTS-TCL NPs preparatiocept alginate (1 mg/ml) was

added instead of Man-ALG. The method for CTS NRsMan-CTS NPs is the same
with Man-CTS-TCL NPs although TCL was not added @rS NPs and Man-CTS

NPs.

Morphology of the nanoparticles was determined Ipgngmission electron
microscopy (TEM, Philips-FEI TecnaiT10, USA). Theeeage patrticle size, size
distributions, and surface charges of nanopartislese measured respectively by a
90plus particle sizer and Zeta potential analyMan@-ZS 90, Malvern Instrument,
UK).

2.6. Assessment of antigensrelease from Man-CTS-TCL NPs

The amount of TCL released from Man-CTS-TCL NPs mesasured under acidic
(pH 5.0) and neutral (pH 7.4) condition. Four mg M&n-CTS-TCL NPs were
suspended in 4 mL of PBS and incubated at 3With continuous agitation in an
orbital shaker. The suspension was centrifuge®@d@ rpm for 10 min at designated
time points. Three mL of supernatants were coltbeted stored at -80 for assaying

later. Then 3 mL of fresh PBS was added to theimaigube for further incubation.
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Supernatant samples were tested for total protwimyuBCA protein assay according
to the manufacturer’s instruction. Absorbance a %Bn was measured using a
microplate reader (Varioskan LUX multimode read&hermo Scientific, USA);
proteins concentration was calculated accordirgjdndard curve. Cumulative release
was studied for 72 h. The amount of proteins reléad different time points was also
calculated respectively.
2.7. Generation and stimulation of bone marrow derived dendritic cells (BMDCs)
in vitro

BMDCs were isolated from hind limb bones of micengspublished protocol
[38,39]. Briefly, both distal bone ends were exdisad the marrow cells were flushed
using RPMI 1640 (Gibco, Grand Island, NY). The béolod cells were lysed and the
remaining cells were centrifuged at 1500 rpm for k. 2x16/mL cells were
aliquoted in RPMI 1640 supplemented with 10% FBSm@ol/L L-glutamine, 1
mmol/L sodium pyruvate, 100 U/mL penicillin, 1Q@/mL streptomycin, 20 ng/mL of
GM-CSF (PeproTech) and 10 ng/mL of IL-4 (PeproTextt37(1. Cells were cultured
in six-well plates in complete medium with cytoksnat 4x18cells/2 mL/well. At day
5 of culturing, TCL, Man-CTS NPs or Man-CTS-TCL NWwsre added to make final
concentration of 1Qug/ml, and cultured for 2 more days. On day 7, nufsthe
non-adherent cells have acquired typical dendnitcephology, and these cells were
used as the source of DCs in subsequent experiAehis time point supernatant
from different cultures were collected and storeeBa( for cytokines determination.

For flow cytometry, cells cultured for 7 days weirgsed three times with PBS and

10
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briefly trypsinized to form a single cell suspemsi€ells were stained for 30 min on
ice with following fluorescence-labeled antibodi@s pg/2x1@ cells): Anti-mouse
MHCI (H-2Kb)-FITC (clone: AF6-88.5.5.3), Anti-moudé¢HCII (clone: AF6-120.1),
Anti-mouse CD11c PE-Cy7 (clone: N418), Anti-mousB86 APC (clone: GL1),
Anti-mouse CD80 FITC (clone: 16-10A1), Anti-mousé4D PE (clone: 1C10),
Anti-mouse CCR7 PE (clone: 4B12). Cells were theashed twice with cold PBS
and analyzed on a four color BD Accuri C6. Datalygsia was performed using BD
Accuri C6 software (BD biosciences, San Jose, CA).

2.8. Flow cytometry analysis of antigens uptake by BMDCs and the intracellular
localization of antigen in BMDCs

The methods for FITC-labeled TCL (TCL-FITC), TCLI® loaded CTS
nanoparticles (CTS-TCL-FITC NPs) and TCL-FITC lodddan-CTS nanoparticles
(Man-CTS-TCL-FITC NPs) preparation are detailedupporting information.

Immature BMDCs were cultured with TCL-FITC, CTS-TEULTC NPs or
Man-CTS-TCL-FITC NPs at 37 for 2, 4, 6, 12, 24 and 48 h. The surface binaihg
TCL-FITC by BMDCs was determined by measuring méanrescence intensity
(MFI) using flow cytometry.

BMDCs (1x16 cells/mL) were cultured with TCL-FITC, CTS-TCL-FITNPs or
Man-CTS-TCL-FITC NPs at 37] for 4 h. At the end of the experiment, the cells
were labeled with 50 nM Lyso Traker Red DND-99 {trogen, CA, USA) for 60 min
to visualize late endosomes and lysosomes. Theeinware stained with DAPI

(Sigma, MO, USA) for 5 min and fluorescent imagesrevrecorded by a confocal

11
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laser scanning microscopy (TCS SP5II, Leica, Ebestz-Strasse, Germany).
2.9. In vivo trafficking analysisof Man-CTS-TCL NPs

Near-Infrared Cyanine 7 dyes were used to label . Tkble methods of Cy7 labeled
TCL (TCL-Cy7), TCL-Cy7 loaded CTS nanoparticles @&TCL-Cy7 NPs) and
TCL-Cy7 loaded Man-CTS nanoparticles (Man-CTS-TCQYAQNPs) preparation are
included in supporting information.

Balb/c mice were injected subcutaneously with TGIAE50 pug), CTS-TCL-Cy7
NPs containing 50ug TCL-Cy7 or Man-CTS-TCL-Cy7 NPs containing 5@
TCL-Cy7 dispersed in 100l PBS. Vaccine kinetics was then studied at seversd
points after administration by a small aninmalvivo imaging system (Maestro, CRI
USA). Mice were anesthetized by inhalation of iscdhe and fluorescence spectral
cubes were acquired using near infrared (illumoratight from 700 nm to 900 nm in
10 nm steps at 2 s exposure for each step Exp a0 ry60 nm, Emission 800 nm
long pass) preset filter combinations. Unmixed iesag which background signals
were subtracted and quantified by using Maestrtwsoé. Kinetics was measured by
guantifying the fluorescent intensity in pre-segioms of interest (ROI) at the
injection site and the draining inguinal lymph nodée fluorescence signal in the
injection site at each time point was presentedhaspercentage of the maximum
recorded value, to show percent decrease in tidle [4
2.10. In vivo immunization, cytokines secretion, and T lymphocytes proliferation
assay

C57BL/6 mice were immunized 3 times with PBS (cohirTCL, CTS NPs,

12
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Man-CTS NPs, CTS-TCL NPs and Man-CTS-TCL NPs groysubcutaneous.€.)
injection at days -14, -13 and -7. The dose of Ti€kach group was 1Q@y/mouse.
Blood was collected 7 days after last immunizatfon cytokines and antibody
analysis, cytokines of IFN; IL-4, IL-12p70 and TCL antigens specific 1gG #tily
in serum was determined by ELISA (eBioscience). &wlysis of tumor specific IgG
antibody, using 1Qug/mL total tumor cell lysates coating the platetést tumor
antigens specific 1IgG antibody.

Forin vitro T lymphocytes proliferation assay, splenic T celsre isolated from
C57BL/6 mice of all treatment groups 7 days aftst Immunization and labeled with
5 umol/L 5, 6-carboxyfluorescein acetate N-succininhieglster (CFSE, Sigma-Aldrich)
according to the manufacturer’s instructions. ThESE-labeled T cells (4 10°
cells/mL) were then incubated with 1@/mL soluble TCL antigens for re-stimulation
of antigen-specific memory T cells responses anthtaiaed in culture for 5 days. T
cells were then collected and T lymphocyte prddifem was assessed by flow
cytometry. Percentages of CD@FSE™ and CD8 CFSE® T cells were analyzed.
2.11. Immunization and tumor challenge

Female C57BL/6 6-8 weeks old mice were randominéd one of the following
treatment groups (n=6): (1) Control group, (2) T@bup, (3) CTS NPs group, (4)
Man-CTS NPs group, (5) CTS-TCL NPs group and (6nMaS-TCL NPs group.
Mice received 3 subcutaneous injections of kQQconcentration was 1 mg/mL) of
vaccine at days -14, -13 and -7 in the left flaokofved by inoculation with 1x10

B16 cells suspended in 50 PBS in the right side. The day of inoculation was

13
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counted as day O followed by the closely monitor#d every other day for
pain/distress, tumor volume and body weight. Tungoowth was evaluated by
measuring two perpendicular tumor dimensions usirgaliper. Tumor volumes (V,
mm°) were calculated using the following formula: V2MA?xL), where W (width) is
the perpendicular dimension to the length, L (lbipgs the longest dimension. Mice
were sacrificed at day 21. Tumors were removed\aeighted. Spleen and lymph
nodes were excised and made into single cells sagpefor flow cytometer analysis
of T cells subpopulations.
2.12. CTL assays

Single cell suspensions of splenocytes were predanen mice 21 days after B 16
melanoma cell inoculation. Cells were seeded onte@lb plates (~1x 10" cells/well)
and co-cultured with B16 cells (3110° cells/well) for 72 hours. The appropriate
numbers of effector (E) cells were incubated witld® fresh target (T) B16 cells with
E:T ratios varied at 10:1 to 50:1 in each well obbttomed 96 well plates. The
mixture were then incubated for 4 h at 87in 95% Q/5% CQ and the lactate
dehydrogenase levels in cell culture supernatardgee wiested by CTL assay kit
following the manufacture’s (Promega) instructidi, [42].
2.13. In vivo assessment of antitumor effect of the M-CTS-TCL NPs

Female C57BL/6 6-8 weeks old mice were s.c. ingeatehe right flanks with X
10° B16 cellssuspended in 5aL PBS. On day 7, mice were randomly assigned into
six groups (n=6 in each group). On day 7, 14, ahg@st tumor inoculation, mice

were s.c. immunized with PBS (Group 1), TCL (Grazjp CTS NPs (Group 3),

14
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Man-CTS NPs (Group 4), CTS-TCL NPs (Group 5) anchda S-TCL NPs (Group
6). The day on which B16 melanoma cell inoculaticas performed as day 0. Mice
were closely monitored every other day for pairfdiss, tumor volume and body
weight. Tumor growth was evaluated by measuring tperpendicular tumor
dimensions using a caliper. Tumor volumes (V, mm&re calculated using the
following formula: V=1/2(W2xL), where W (width) ihe perpendicular dimension to
the length, L (Ilength) is the longest dimensioncélivere sacrificed at day 22. Sera
were collected for IFN- and IL-4 ELISA analysis. Tumors were removed and
weighted and spleens were excised for flow cytomeimalysis of T cells
subpopulations.
2.14. Satistical analysis

Data are presented as mean * standard deviatidres.differences between the
control group and experimental groups were assassiad a student’s t-test, and the
differences between groups were determined by ane-ANOVA and Tukey’s
posttest (GraphPad Software, La Jolla, CA, USA).
3. Results and Discussion
3.1. Preparation and Characterization of Man-CTS-TCL NPs

Due to its anionic property, CTS NPs was synthekioer TCL encapsulation,
forming a CTS-TCL complex, which was further coatwdh mannose-modified
alginate (Man-ALG). The synthesis route of Man-Ai&Gshown in (Fig.1A) and the
structure of Man-ALG was confirmed by FT-IR (Fig)JLBs clearly shown in Fig. 1B,

the peaks observed at 1616 ¢rand 1418 cnt are characteristic carboxylate of the

15
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absorption bands of ALG. After mannose modificatitve peaks at 1670 cfn(amide
band 1) and 1510 crh (amide band 1I) could be observed, indicating fation of
amide bonds. Fig.1C shows th¢ NMR spectra of ALG and Man-ALG. Small peaks
shown at 7.0-7.5 ppm are representative of typpcatons of the 4-Aminophenyl
a-D-mannopyranoside moiety, demonstrating successfojugation of Man to ALG.
The substitution degree of Man in Man-ALG was 8.4%, an average of 8.4 Man
moieties per 100 sugars units of ALG.

Physical characteristics of nanoparticles, inclgdine average particle size, size
distributions, and surface charges of nanopartislesee summarized in Supporting
Information (Table S1). The average diameter of Mdis-TCL NPs was 120 nm and
spherical in shape with an overall charge of -12 ifing.1D&E). The protein
releasing kinetics was determined in vitro and ghamw Fig.1F, elevated and more
sustained protein release could be detected whesutrounding pH values was 5.0,
suggesting a better releasing property of the M&B-CCL NPs in the acidic
environment of the endo/lysosomes.

3.2. Man-CTS-TCL NPs promoted antigen uptakein BMDCs

The efficacy of Man-CTS-TCL NPs on antigen uptakaswvinitially examined in
BMDCs. TCL-FITC, CTS-TCL-FITC NPs and Man-CTS-TCLTE NPs were
incubated with BMDCs for 2, 4, 6, 12, 24 or 48 mti§en uptake partly through
surface binding was quantified by MFI of FITC asamgred flow cytometry. Cellular
localization of TCL-FITC was examined by confoc@ldrescent microscopy. As

shown in Fig. 2B&C, a 3-fold increase of FITC-TCptake was observed in BMDC

16
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co-cultured with Man-CTS-TCL-FITC NPs as comparemtols (MFI: 82.033%
9.0000 [X 10%). As expected, the fluorescence signal of FITGchttorresponds to
DC antigen uptake decreased over time in all grodpese results suggest that
compared to TCL and CTS-TCL NPs, Man-CTS-TCL NPs significantly increase
antigens uptake of BMDCs, partly via enhanced serfainding. In addition, for
clarification fluorescence spectra of TCL-FITC, GTSL-FITC NPs and
Man-CTS-TCL-FITC NPs are presented in supportirigrmation (Fig. S1).
3.3. Man-CTS-TCL NPsinduce BMDC maturation

To further investigate the effect of Man-CTS-TCLNé&h DCsin vitro, immature
BMDCs were harvest on day 5 after isolation andosggd to Man-CTS-TCL NPs for
48 h. Fig.3A&B shows the microscopic views of matubCs in microscope. DC
maturation was characterized by surface markeresspyn using flow cytometry, and
we found that exposure to Man-CTS-TCL NPs signifiba enhanced expression
levels of CD80, CD86 and CDA40, surface markers thdicates DC maturation
(Fig.3C&D). Moreover, the expression levels of MHCMHC II, and CCR7 were
also upregulated in DCs treated with Man-CTS-TCLsNPig.3E&F), all of which
are demonstrative of a facilitative role of Man-GTSL NPs on DC maturation.
3.4. In vivoimaging of Cyanine 7 labeled Man-CTS-TCL NPs

In order to investigate the effect of Man-CTS-TCIP$N on endogenous DC
activities, TCL-Cy7, CTS-TCL-Cy7 NPs and Man-CTS{FCy7 NPs were
administrated by subcutaneos) injection at the tail base site and the presarice

TCL-Cy7, CTS-TCL-Cy7 NPs and Man-CTS-TCL-Cy7 NPsravéhen visualized at

17
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the injection site and in the adjacent draining pgytmode (DLN), where immune
responses are initiated [43]. We selected tail lzssénjection site which is able to
distinguish from the lymph nodes and it drains gpmadly to the inguinal lymph node
(ILN) [44]. Fig.4A shows representative imageslabfescence signals corresponding
to TCL-Cy7, CTS-TCL-Cy7 NPs and Man-CTS-TCL-Cy7 N#&tsthe injection site
and the ILN (Fig.4A red arrows) at designated tpoénts. The fluorescence signals
were quantified and the average fluorescence wette@ against time and presented
in Fig.4B. Improved migratory ability of Man-CTS-TE€Cy7 NPs to the ILN was
evident as compared to TCL-Cy7 and CTS-TCL-Cy7 tHarmore, accumulation of
free TCL was observable in the liver of TCL-onlyogp whilst for CTS-TCL NPs
group; the fluorescence signal was detected ndtwuthin the ILN, but also in
adjacent tissues. No signal of Cy 7 could be resbrich the ILN at 24 h following
injection in both TCL and CTS-TCL NPs group, in trast to the Man-CTS-TCL
NPs group, where robust and sustained Cy 7 sigaaldetectable at 24 h following
injection. One explanation for the migratory adeaya of Man-CTS-TCL-Cy7 NPs is
that both active and passive pathways are invotitegthg antigen migration from the
tail back to the right inguinal DLN [28]. This isomsistent with previous study
reporting that nanoparticles with comparatively Benssize facilitate DC uptake by
passive cellular endocytosis [45]. Since the awersige of Man-CTS-TCL NPs is
approximately 100 nm, it is possible that the nambgles are taken up by resident
DCs passively in addition to active uptake as alted the mannose interaction.

3.5. Effect of Man-CTS-TCL NPs on endogenous DCs maturation and antigen
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presentation at the draining lymph node

To assess the efficacy of Man-CTS-TCL NPs as ptlenancer vaccine, mice
were administrated with Man-CTS-TCL NPs, CTS-TCLSNMan-CTS NPs, CTS
NPs or TCL only bys.c. injection at days -14, -13 and -7. Non-treatedemiere also
included in parallel as controls. On day 0 and dathe draining lymph nodes and
spleen of each mouse were obtained. As shown imA&jghe ILNs from CTS-TCL
NPs group and Man-CTS-TCL NPs group were moderdtigjger in size compared
to other groups. DC maturation is associated withide range of cellular changes,
such as increased expression of costimulatory mt@ec surface MHC class I
molecules, and chemokine receptor (e.g. CCR7), lwailow them to migrate to the
LNs [4]. To assess the impact of nanoparticle-éebd TCL antigen on DC
maturation, expression levels of CD11c, CD80, CD@6iCll and CCR7 on APCs
within the ILNs were analyzed. It is clear from 5B, expressions of CD11€D86',
CD11¢CD80", CD11éMHCII*, CD11éMHCI® and CD118CCR7 were
upregulated in the Man-CTS-TCL NPs group, signifibaelevated as compared to
other groups, indicating more robust impact of Man-CTS-TCL NPs on stimulating
resident DC maturation within the LNs. Furthermaesults of antigen recall T-cell
proliferation also showed that proliferation of hoED8 and CD4 T cells were
elevated from the Man-CTS-TCL NPs exposed groupnwbempared to others.
Proliferation of CD8 T cells were significantly increased compared V@RS NPs
and Man-CTS NPs, but not the TCL only group. WHIg4"™ T cell proliferation was

significantly enhanced from the Man-CTS-TCL NPS witempared with TCL group,
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CTS NPs and Man-CTS NPs (Fig.5C&D). Similarly, upration of IFNy and IL-4
was also detected in the sera of mice (Fig.5E&BN)fioming T cell activation.

3.6. Man-CTS-TCL NPs as a nano-vaccine exhibited TCL-induced antitumor
immune responses

To examine the antitumor efficacy of Man-CTS-TCLI\®e immunized C57BL/6
mice with Man-CTS-TCL NPs and re-challenged theertiy inoculation of 1x10
B16 tumor cells. The detailed immunization protomincluded in Supplementary
Fig.S4A. There was no significant difference in enlwody weight among those six
groups (Fig.6A). As shown in Fig.6B, administratioh Man-CTS-TCL NPs could
significantly delay tumor growth compared with watted control group, CTS NPs
group, Man-CTS NPs group and mice immunized with.,T€hown by considerably
smaller tumor size by Day 21. What's more, compavid control group, TCL group,
CTS NPs group, Man-CTS NPs group, and CTS-TCL NBspgy the average tumor
weight in Man-CTS-TCL NPs group was significantBcdeased (Fig.6C).

It has been well established that CO8cells are important effector cells in vaccine
induced anti-tumor responses [46]. In line withttlvee found that mice immunized
with Man-CTS-TCL NPs showed significantly more CDB cells in the LN and
spleen than other groups (Fig.6E&F). No differecsald be detected regarding CD4
T cells following immunization among all treatmegtoups (Data not shown).
Meanwhile, the absolute number of CDB cells in spleen was calculated and no
significant difference could be deduced between 4@a%-TCL NPs group and

others (Supplementary Fig.S4B). Significant elewatbf the absolute number of
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CD3'CD8" T cells in spleen was seen in the Man-CTS-TCL Njfsup when
compared with others (Supplementary Fig.S4C), dll which emphasize the
importance of CD8T cells in Man-CTS-TCL NPs-induced antitumor aityiv
3.7. Man-CTS-TCL NPs potently enhanced cytotoxic T lymphocytes (CTL)
responses against tumor

To test the efficacy of T cells in mediating tunspecific CTL responses, cytotoxic
T lymphocyte (CTL) assay was performed. First, wecualtured the effector cells
(splenocytes isolated from immunized mice) andténget cells B16 melanoma cells.
Lysis of target cells was then tested at the Efie€arget (E:T) cell ratio of 10:1, 20:1
and 50:1. Importantly, the effector T cells isothtbom mice immunized with
Man-CTS-TCL NPs lysed ~35% target melanoma cellsile the lysed target
melanoma cells in control group was only ~12% @y. This showed that mice
immunized with Man-CTS-TCL NPs were more efficiamtinducing CTL response
against the B16 melanoma target cells.
3.8. Man-CTS-TCL NPs achieved therapeutic effectsin melanoma tumor model

To investigate the therapeutic effect of Man-CTS-TMPs, C57BL/6 mice were
inoculateds.c. with 1x1¢ B16 melanoma cells 7 days before vaccination with
Man-CTS-TCL NPs. Detailed protocol is shown in Seppentary Fig.S5A. There
was no significant difference in mice body weigmiamg all groups (Fig.7A). As
shown in Fig.7B, vaccination with Man-CTS-TCL NHFgngficantly inhibited B16
tumor growth, compared with PBS-administrated adstrConsistently, tumor weight

in Man-CTS-TCL NPs group was significantly decreasg¢ day 22 compared to
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control group, although no differences could beeobsd between other groups and
control (Fig 7C). Expression of mouse serum HK-Nvas consistent with the
anti-tumor results (Fig.7E). Compared with othesugs, mice in Man-CTS-TCL NPs
group showed more CDST cells in spleen (Fig.7F), with no difference atgable
regarding the absolute number of CDB cells in spleen (Supplementary Fig.S5B).
Significant increase of the absolute number of GIE38" T cells in spleen was
observed in Man-CTS-TCL NPs when compared to otf®upplementary Fig. S5C).
These results suggest that Man-CTS-TCL NPs exkiigitapeutic efficacy in mice
with melanoma, and it may provide a translatiorlan as immunotherapy.
4. Conclusion

In summary, we demonstrate here chitosan-basedpadicdes with surface
-decorated mannose, Man-CTS NPs as potential eefoclcancer vaccine delivery.
Furthermore, by encapsulating TCL generated froré Bielanoma cells, we further
showed the Man-CTS-TCL NPs as potent cancer vadomamor prevention. The
robust antitumor effect of Man-CTS-TCL NPs coulddaatly attributed to effective
stimulation of cellular and humoral antitumor imnities by the nanoparticles. In
addition, we also demonstrate the possibility oingismannose as effective DC
targeting ligand by conjugation of mannose with niiederials to facilitate DC
maturation, antigen uptake and presentation. Tiugs,report here chitosan-based
nanoparticles with surface-decorated mannose amgjeantdelivery vehicle that
improves the efficacy of antitumor immune responbtes CTS-TCL NPs and TCL

alone. The Man-CTS-TCL NPs could therefore be amred a feasible therapeutic
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approach as development of cancer vaccine.
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Figure L egend

Figure 1 Preparation and characterization of mannose decorated chitosan
nanoparticle encapsulation of tumor cell lysates. (A) Scheme of Man-ALG
preparation. (B) FT-IR spectra of Man-ALG. (B-NMR spectra of Man-ALG in
D,O. (D) The size distribution of Man-CTS-TCL NPs.) (Ehe TEM image of
Man-CTS-TCL NPs. (F) Protein released from Man-CK3- NPs in PBS at

different pH values.
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Figure 2 Mannose-decorated CTS-TCL NPs enhance bone marrow dendritic
cells uptake of antigensin vitro. (A) DCs were incubated with FITC-labeled TCL,
CTS-TCL NPs, and Man-CTS-TCL NPs for 4 h, then latdevith lysoTacker-Red to
identify late endosomes and lysosomes, and labeiigdDAPI for cell nucleus. The
uptake of nanoparticles was detected by confocalascopy. Scale bars, 2. Data
are representative of three independent experim@Hi€) DCs were incubated with
FITC-labeled TCL, CTS-TCL NPs, and Man-CTS-TCL N&s2, 4, 6, 12, 24 and 48
h, the histogram of mean fluorescence intensity I[jMF BMDCs was detected by
flow cytometry. Data are representative of thregependent experimentsP£0.05,
** P<(0.01 and **<0.001, Man-CTS-TCL NPs group compared with othreups.
Figure 3 Effect of mannose-decorated CTS-TCL NPs on mouse bone marrow
dendritic cells maturation and antigen presentation in vitro. (A-B) Representative
microscopic views of BMDCs maturation stimulatedhwi CL (A), Man-CTS-TCL
NPs (B) for 48 h. Scale bar: 26n. (C-D) BMDCs were analyzed for expression of
CD80, CD86, CD11c and CCR7 by flow cytometry afstimulated with TCL,
Man-CTS NPs or Man-CTS-TCL NPs for 48 h. Data apresentative of three
independent experiments. (E-F) BMDCs were analyfoedexpression of MHCI,
MHCII, CD11c and CD40 by flow cytometry after stitated with TCL, Man-CTS
NPs or Man-CTS-TCL NPs for 48 h. Data are repregem of three independent
experiments, P<0.05, **P<0.01 and ***<0.001, Man-CTS-TCL NPs group
compared with other groups.

Figure 4 In vivo tracking of Cyanine 7 labeled TCL, CTS-TCL NPs and
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Man-CTS-TCL NPsin the injection site and draining lymph node. (A) Presence
of TCL, CTS-TCL NPs and Man-CTS-TCL NPs in the atjen site and the right
inguinal draining lymph node, based on quantifmatof the fluorescent signal of
near infrared coupled to the Cyanine 7. The lymptenis indicated by a red arrow.
Repeated measurements in time plotted on the saate sf fluorescence. (B) The
mean density of Cyanine 7 in the draining lymphenads calculated. All images are
overlays of bright photographs with fluorescendensity measurements indicated on
the color scale. DLN, draining lymph node; ILN, uigal lymph node. Data are
representative of three independent experiments.

Figure 5 Effect of Man-CTS-TCL NPsinducesimmune responsesin normal mice.
(A) Draining lymph node was isolated at day O afier injection of PBS, TCL, CTS
NPs, Man-CTS NPs, CTS-TCL NPs and Man-CTS-TCL N#she right flank of
C57BL/6 mice at day -14, -13 and -7, images of ingulymph node in different
treatment groups. (B) Draining lymph node was mide single cell suspensions,
and the expression of major DCs surface markersamatyzed by flow cytometry.
(C-D) Antigen presentation in draining lymph nodeaimmunized with PBS, TCL,
CTS NPs, Man-CTS NPs, CTS-TCL NPs and Man-CTS-T@®ss for 3 timesn vivo.
MHCI and MHCII antigen presentation was determibgdmeasuring CFSE labeled
CD8"' T and CD4 T cell proliferation (defined as CF8¥), respectively. (E) IFN-
released from mice serum was tested by ELISA. [} feleased from mice serum
was tested by ELISA. Data are representative afethindependent experiments.

Differences between Man-CTS-TCL NPs and other gsoape analyzed using
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one-way ANOVA analysis.P<0.05, *P<0.01 and ***<0.001, Man-CTS-TCL NPs
group compared with other groups.

Figure 6 Man-CTS-TCL NPs vaccines induce protection effect in prophylactic
tumor model. (A) Mean body weight during the total immunizaticourse. (B) Mean
tumor growth curves given by tumor volume. (C) Ttmmor weight was measured 21
days after last immunization. (D) Splenocytes wsodated 21 days after B16 tumor
cells inoculation, co-cultured with B16 cells, a®days later used as effector cells for
cytotoxic T lymphocytes (CTL) response assay. (Ertype analysis of CDGDS"

T cells in mice lymph nodes 21 days after B16 tugwis inoculation. (F) Phenotype
analysis of CD3CD8" T cells in mice spleen 21 days after B16 tumoriscel
inoculation. Data are representative of three iedepnt experiments. Bars shown are
mean = SD (n=6), and differences between PBS dogtoup and other groups are
determined using one-way ANOVA analysis and Studdntest. Relative to control
groups: P<0.05, **P<0.01 and ***¥<0.001.

Figure 7 Man-CTS-TCL NPs vaccines confer therapeutic protection against
melanoma. (A) Mean tumor growth curves given by tumor volun@®) The tumor
masses of each mouse on 22 days after B16 tumisrigetulation. (C) The tumor
weight was measured 22 days after tumor challefidelmages of excised tumors
from each mouse in each treatment group by theoktite assay. (E) IFN-released
from serum of tumor bearing mice control, TCL, CNIBs, Man-CTS NPs, CTS-TCL
NPs and Man-CTS-TCL NPs groups was tested by EL{EAPhenotype analysis of

CD3'CDS8" T cells in mice spleen 22 days after B16 tumoisdebculation. Data are
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representative of three independent experimentss 8@own are mean £ SD (n=6),
and differences between PBS control group and ajheups are determined using
one-way ANOVA analysis and Student’s t test. Reétio control group: P<0.05,

** P<0.01 and ***¥<0.001.
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Experimental section

Preparation of FITC labeled tumor cell lysates (TCL-FITC)

Two mg of FITC in 1 mL of 20 mmol/L carbonate buffpH 9.5) added to a solution
of TCL (2 mg/mL, 10 mL). The solution was incubatgilh continuous stirring at 4
°C for 18 h in the dark. The reaction mixture waalyied against distilled water
(MWCO 1000) to obtain TCL-FITC.

Preparation and characterization of Man-CTS-TCL-FITC NPs

Three mL of TCL-FITC solution was added drop-bygiato chitosan solution (1
mg/mL, 1% acetic acid) and mixed at 1:1 (w/w). Thigture was then agitated at 300
rpm for 30 min to obtain TCL-FITC loaded CTS nantigées (CTS-TCL-FITC NPs),
which were collected by centrifugation and dissdlwe PBS for experimental use.
The Man-ALG solution (1 mg/mL) was added drop-bggiinto CTS-TCL-FITC
NPs suspension to obtain mannose decorated CTSFTOL- NPs
(Man-CTS-TCL-FITC NPs) through electrostatic intdran. Man-CTS-TCL-FITC
NPs were collected by centrifugation and suspend&iBS (pH 7.4) for further use.
Preparation of Cy7 labeled tumor cell lysates (TCL-Cy7)

Two mg of Cy7-NHS in 1 mL of 20 mmol/L carbonatdfeu (pH 9.5) was added to a
solution of TCL (Img/mL, 10 mL). The solution wascubated with continuous
stirring at 4°C for 18 h in the dark. The reaction mixture waalyied against

distilled water (MWCO 1000) to obtain TCL-Cy7.
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Preparation and characterization of Man-CTS-TCL-Cy7 NPs

Three mL of TCL-Cy7 solution was added drop-by-diofo

chitosan solution (1

mg/mL, 1% acetic acid) and mixed at 1:1 (w/w). Thigture was then agitated at 300

rpm for 30 min to obtain TCL-Cy7 loaded CTS nantipbes (CTS-TCL-Cy7 NPs),

which were collected by centrifugation and dissdlwe PBS for experimental use.

The Man-ALG solution (1 mg/mL) was added drop-bgglinto CTS-TCL-Cy7 NPs

suspension to obtain mannose decorated CTS-TCLNBS (Man-CTS-TCL-Cy7

NPs) through electrostatic interaction. Man-CTS-TCY7 NPs were collected by

centrifugation and suspended in PBS (pH 7.4) fahér use.

Results section

Table S1. Characterization of nanoparticles (n=3)

Sample Size (nm) DPI Zeta potentials (mV)
CTS-TCL NPs 127.4646.73 0.114+0.031 -14.07+1.22
Man-CTS-TCL NPs 120.15+9.93 0.121+0.049 -12.07+1.36
CTS-TCL-FITC NPs 134.72+2.65 0.103+0.051 -15.4151.2
Man-CTS-TCL-FITC NPs 136.18+7.63 0.131+0.047 -14589
CTS-TCL-Cy7 NPs 139.16+10.03  0.119+0.039 -15.4621.5
Man-CTS-TCL-Cy7 NPs 135.48+8.97 0.124+0.041 -14192%
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Figure S1The fluorescence spectraof TCL-FITC, CTS-TCL-FITC NPsand
Man-CTS-TCL-FITC NPsin PBS, and the excitation wavelength is 495 nm.
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Figure S2 The fluorescence spectra of TCL-Cy7, CTS-TCL-C NPsand
Man-CTS-TCL-Cy7 NPsin PBS, and the excitation wavelength is 743 nm.
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Figure S3 Immunization with Man-CTS-TCL NPs produces both cellular and
humoral immune responses in mice. (A) Female C57BL/6 mice (n=6) 6-8 weeks
old were subcutaneously immunized with PBS, TCL,SCNIPs, Man-CTS NPs,
CTS-TCL NPs and Man-CTS-TCL NPs at days -14, -18, &. At day 0, serums of
mice were collection and assayed for tumor spetif@ antibody (humoral immune
response) by ELISA. (B) Serums of mice were usedrfeasuring IL-12p70 (cellular

immune response) by ELISA. Data are representabvethree independent
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1 experiments. Bars shown are mean + SD (n=6), diferelnces between PBS control
2 group and other groups are determined using oneAMVA analysis and Student’s

3 ttest. Relative to control groupP%0.05, **P<0.01 and ***¥<0.001.
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5 Figure $4 Immunization of mice with Man-CTS-TCL NPs enhances the absolute

6 number of CD3'CD8" T cellsin mice spleen. (A) Schedule used for the prophylactic
7  assay. (B) Number of CD3+ T cells (C) and CD3+CDO8eells isolated from spleen

8 21 days after B16 tumor cells inoculation. Data aepresentative of three

9 independent experiments. Bars shown are mean #S6),(and differences between

10

11

PBS control group and other groups are determisgtjuone-way ANOVA analysis

and Student’s t test. Relative to control groups0.05, **P<0.01 and **f<0.001.
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Figure S5 In the therapeutic tumor model, Man-CTS-TCL NPs possesses higher
level of the absolute number of CD3'CD8" T cells in mice spleen. (A) Schedule
used for the therapeutic assay. (B) Number of CD8ells (C) and CDIDS' T cells
isolated from spleen 22 days after B16 tumor cetfisculation. Data are
representative of three independent experimentss 8@own are mean £ SD (n=6),
and differences between PBS control group and ajheups are determined using
one-way ANOVA analysis and Student’s t test. Re&tio control group: P<0.05,

** P<0.01 and **¥<0.001.
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