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A B S T R A C T

Despite the promise and advantages of autologous cancer cell vaccination, it remains challenging to induce potent anti-tumor immune responses with traditional
immunization strategies with whole tumor cell lysate. In this study, we sought to develop a simple and effective approach for therapeutic vaccination with autologous
whole tumor cell lysate. Endogenous cell membranes harvested from cancer cells were formed into PEGylated nano-vesicles (PEG-NPs). PEG-NPs exhibited good
serum stability in vitro and draining efficiency to local lymph nodes upon subcutaneous administration in vivo. Vaccination with PEG-NPs synthesized from murine
melanoma cells elicited 3.7-fold greater antigen-specific cytotoxic CD8+ T lymphocyte responses, compared with standard vaccination with freeze-thawed lysate in
tumor-bearing mice. Importantly, in combination with anti-programmed death-1 (αPD-1) IgG immunotherapy, PEG-NP vaccination induced 4.2-fold higher fre-
quency of antigen-specific T cell responses (P < 0.0001) and mediated complete tumor regression in 63% of tumor-bearing animals (P < 0.01), compared with FT
lysate + αPD-1 treatment that exhibited only 13% response rate. In addition, PEG-NPs + αPD-1 IgG combination immunotherapy protected all survivors against a
subsequent tumor cell re-challenge. These results demonstrate a general strategy for eliciting anti-tumor immunity using endogenous cancer cell membranes for-
mulated into stable vaccine nanoparticles.

1. Introduction

Cancer is a continually increasing concern facing the aging popu-
lation, and the rising incidence of melanoma of the skin leads to nearly
100,000 new cases and over 9000 deaths per year in the US [1]. The
immunotherapy breakthroughs over the past decade have recognized
the previously suggested role of the immune system in fighting cancer,
leading to the clinical approval of checkpoint blockade inhibitors, in-
cluding αCTLA-4 and αPD-1 antibodies [2–4]. While tumor regression
and complete cures have been seen with these approaches in many
patients, the limited response rate to immune checkpoint blockade
demonstrates the need for new complementary approaches [5].

One of the drawbacks of PD-1 targeting is the reliance on patients'
endogenous tumor-specific cytotoxic T lymphocyte (CTL) responses,
which may be low or absent [6]. Therapeutic vaccination may address
this issue by eliciting CTL responses, but current cancer vaccine ap-
proaches require identification and manufacturing of tumor antigens
[7,8]. Specifically, following tumor exome sequencing, peptide- or
mRNA-based neo-antigen vaccines have been shown to deliver large
doses of immunogenic epitopes, resulting in strong and durable re-
sponses [9–12]. In contrast, tumor cell lysate, which contains patient's
own library of tumor-associated and tumor-specific antigens, is readily

available for processing into vaccines without the need for sequencing
or antigen synthesis [13]. However, vaccination with tumor cell lysate
induces weak anti-tumor T-cell responses with limited therapeutic ef-
ficacy [14–16]. To address this, nanoparticles or dendritic cell-based
vaccines have been utilized, but it has been challenging to achieve
potent CTL responses with therapeutic efficacy using tumor cell lysate
[17–21].

In this study, we report a simple method for generating vaccine
nanoparticles from tumor cell lysate and demonstrate their ability to
elicit strong T-cell responses with potent therapeutic efficacy.
Exploiting the recent advances in plasma membrane-based drug de-
livery approaches, including vaccines [22–26], we formulated tumor
cell membranes into monodisperse nanoparticles coated with a surface
layer of polyethylene glycol (PEG-NPs) (Fig. 1). We report that PEG-NPs
exhibited enhanced serum stability and efficiently trafficked to local
lymph nodes (LNs), resulting in enhanced T cell responses and anti-
tumor activity. The combination of PEG-NPs vaccination and αPD-1
antibody immunotherapy led to complete tumor regression in 63% of
animals and established protective immunity against future tumor re-
challenge. These data demonstrate that tumor cell membrane for-
mulated into stable PEGylated nanoparticles can serve as a potent
cancer vaccine platform.

https://doi.org/10.1016/j.biomaterials.2018.08.016
Received 6 May 2018; Received in revised form 1 August 2018; Accepted 6 August 2018

∗ Corresponding author. Department of Pharmaceutical Sciences, University of Michigan, Ann Arbor, MI 48109, USA.
E-mail address: moonjj@umich.edu (J.J. Moon).

http://www.sciencedirect.com/science/journal/01429612
https://www.elsevier.com/locate/biomaterials
https://doi.org/10.1016/j.biomaterials.2018.08.016
https://doi.org/10.1016/j.biomaterials.2018.08.016
mailto:moonjj@umich.edu
https://doi.org/10.1016/j.biomaterials.2018.08.016
http://crossmark.crossref.org/dialog/?doi=10.1016/j.biomaterials.2018.08.016&domain=pdf


2. Materials and methods

2.1. Cell culture

B16F10 OVA cells, expressing an exogenous model antigen, OVA,
with a transmembrane domain, were grown in RPMI 1640 media sup-
plemented with 10% FBS, 100 U/mL penicillin, and 100 μg/mL strep-
tomycin. B16F10 OVA cells were kindly provided by the lab of Prof.
Darrell Irvine (Massachusetts Institute of Technology; Cambridge, MA).
Bone marrow-derived dendritic cells (BMDCs) were cultured as pre-
viously described [27]. Briefly, tibiae and femurs of C57BL/6 mice
(Envigo) were harvested and the bone marrow extracted by flushing
media through the bones using a syringe equipped with a 26 gauge
needle. Cells were passed through a 40 μm strainer to remove debris,
washed, and plated. Complete media (RPMI supplemented on 10% FBS,
100 U/mL penicillin, 100 μg/mL streptomycin, 50 μM β-mercap-
toethanol, and 20 ng/mL GM-CSF) was supplemented on day 3 and
refreshed on days 6, 8, and 10. BMDCs were used on days 8–12 from the
suspended and loosely-adhered cell population.

2.2. Preparation of tumor cell lysate

Tissue culture-grown B16F10 OVA cells were trypsinized and wa-
shed three times with PBS. Cells were resuspended at 1× 108 cells/mL
and lysed by freeze-thaw cycling (10min in liquid nitrogen and 10min
in 37 °C water bath; 6 cycles total). Low-speed centrifugation (100× g,
10 min) was used to remove large debris and generate freeze-thaw ly-
sate from the supernatant. Sonicated lysate was obtained by probe-tip
sonicating FT lysate for 2min on ice using 50% intensity setting
(QSonica, 125W/20 kHz sonicator) and collecting the supernatant after
centrifugation (10,000× g, 10 min). Cytosol and membrane fractions
were generated by ultracentrifugation (200,000× g, 1 h) of sonicated
lysate and collecting the supernatant and pellet, respectively.

2.3. Preparation of PEG-NPs

To generate PEGylated tumor cell membrane nanoparticles, we first

sonicated FT lysate (6 mg/mL) in PBS as above and then induced ag-
gregation of membrane vesicles by adding 20mM CaCl2, followed by
incubation at 37 °C for 1 h. The resulting cell membrane particles were
washed two times with PBS via centrifugation (20,000× g, 5min) and
resuspended in PBS containing 100mM EDTA and 10mg/mL methoxy-
poly (ethylene glycol) - 1, 2-distearoyl-sn-glycero-3-phosphoethanola-
mine-N (DSPE-PEG, 5 kDa average molecular weight; Laysan Bio, Inc.).
Aggregates were fully dispersed after 1min of water-bath sonication
and then incubated for 1 h at 37 °C to allow post-insertion of DSPE-PEG.
For preparation of unPEGylated nanoparticles (NPs) PBS solution con-
taining 100mM EDTA omitting DSPE-PEG was used for the final in-
cubation. The resulting PEG-NPs were purified by passing through Zeba
desalting column (7 K molecular weight cut-off, Thermo Fisher
Scientific).

2.4. Characterization of tumor cell lysate and PEG-NPs

Sample concentrations for all assays were standardized by the total
protein content as measured by MicroBCA Assay Kit (Thermo
Scientific). SDS-PAGE was performed, followed by gel staining with
Coomassie or transfer to a PVDF membrane for Western Blotting using
antibodies against gp100 (Abcam), TRP2 (Santa Cruz), or ovalbumin
(Abcam). Transmission electron microscopy images were obtained
using JEOL 1400-plus microscope (JOEL USA) following sodium
phosphotungstate negative staining. Particle size and zeta potential
were measured and analyzed using dynamic light scattering (DLS,
Malvern Zetasizer Nano Range) in PBS or ultrapure water, respectively.
For stability studies, samples were incubated with PBS or 10% FBS in
PBS at 4 °C (long term) or at 37 °C while shaking (short term) as in-
dicated in the figures.

2.5. Protein uptake by dendritic cells

In order to obtain fluorescently labeled lysate, trypsinized B16F10
OVA cells (2 million cells/mL) were incubated with 1 μM Oregon Green
488 carboxylic acid, succinimidyl ester (OG488, Thermo Fisher
Scientific) in RPMI at 37 °C for 10min. Lysate was prepared as

Fig. 1. Schematic representation of PEG-NPs preparation and therapy. B16F10 OVA cells are lysed via freeze-thaw cycling, sonicated to form nano-sized vesicles,
collected after calcium-mediated aggregation, and washed. PEGylation, removal of calcium with EDTA, and further wash steps are then performed. Finally, cho-
lesterol-linked CpG is incorporated, resulting in the formation of PEG-NPs. Upon subcutaneous administration in tumor-bearing mice, PEG-NPs drain efficiently to
lymph nodes (LNs) where they are taken up by DCs for activation of antigen-specific cytotoxic CD8+ T lymphocytes (CTLs). After tumor-infiltration, CTLs recognize
and kill cancer cells in synergy with anti-PD-1 immune checkpoint blockade, leading to tumor regression.
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described above and then incubated with BMDCs for 24 h. Cells were
then washed, trypsinized, and resuspended in FACS buffer (1% BSA in
PBS) containing anti-CD16/32 blocking antibodies. Cells were stained
with CD11c antibody, washed, and analyzed via flow cytometry for
OG488 signal.

2.6. T cell expansion

In vitro T cell expansion was examined by pulsing BMDCs
(50,000 cells per well) overnight with lysate fractions or PEG-NPs at
1mg/mL in 96-well plates. As indicated, 5 μg/mL CpG (IDT) or 1 μg/mL
MPLA (Avanti Polar Lipids) was used as adjuvants. BMDCs were washed
three times with PBS. Harvested OT-I transgenic CD8+ T cells purified
from spleens using a negative selection kit (Stemcell Technologies)
were labeled with CFSE (1 μM concentration, 2 million cells/mL,
10min in RPMI), washed, and added to BMDC-containing wells. After
three days of co-incubation the cells were collected by pipetting,
blocked with FACS buffer containing anti-CD16/32 antibodies, stained
with anti-CD8α and live/dead marker, washed, and analyzed via flow
cytometry. T cell expansion and viability were analyzed using dilution
of the CFSE signal and count of surviving live T cells (DAPI−/CD8α+),
respectively. Proliferation Index was calculated using Proliferation
Platform in FlowJo.

2.7. Lymph node draining

B16F10 OVA cell membranes were labeled with lipophilic DiD dye
(1,1′-Dioctadecyl-3,3,3′,3′-Tetramethylindodicarbocyanine) by in-
cubating 5 million cells/mL at 37 °C for 10min with 1 μg/mL DiD. Cells
were washed three times with PBS to remove any unincorporated dye
and processed into fractions and NPs as described above. Labeled for-
mulations were normalized by DiD fluorescence and administered
subcutaneously at the tail base of C57BL/6 mice (n=4). Mice were
euthanized either 4, 24, or 48 after injection, and inguinal LNs were
harvested and imaged using In Vivo Imaging System (IVIS) to assess
radiance efficiency. Then, LNs were processed into single cell suspen-
sions using a 40 μm cell strainer, washed, and blocked with FACS buffer
containing anti-CD16/32 blocking antibodies. Next, we stained the cells
for markers of macrophages (anti-F4/80 antibody), B cells (B220), and
DCs (anti-CD11c antibody), washed the cells, and analyzed with flow
cytometry.

2.8. Animal experiments

All immunizations and tumor studies were performed according to
the federal, state, and local guidelines. All work performed on animals
was in accordance with and approved by University Committee on Use
and Care of Animals (UCUCA) at the University of Michigan, Ann
Arbor. For all immunizations, cholesterol-modified CpG (IDT) was in-
cubated with vaccine formulations at 37 °C for 30min prior to admin-
istration. For the prophylactic vaccination studies, 6–8 weeks old, fe-
male C57BL/6 mice were immunized subcutaneously at the tail base
with 1mg of total protein and 15 μg of CpG on days 0 and 14, followed
by a challenge with 1× 106 B16F10 OVA cells injected s.c. at the flank
on day 35. For the therapeutic vaccination studies, 6–8 weeks old, fe-
male C57BL/6 mice were inoculated with 2× 105 B16F10 OVA cells
s.c. at the flank on day 0, and immunized with vaccine formulations
(1 mg of total protein and 15 μg of CpG) on days 5 and 12 with or
without co-administration of anti-PD-1 IgG (i.p.; 100 μg per mouse per
injection) on days 6, 9, 13, and 16. Tumor size was measured every
other day and the volume determined using the following formula:
0.5× length×width2.

2.9. Tetramer staining

Cytotoxic T lymphocyte responses were analyzed by tetramer

staining one week after each immunization as described before [28].
Briefly, 150 μL of blood was collected and red blood cells were removed
with ACK lysis buffer. Peripheral blood mononuclear cells (PBMCs)
were washed, blocked with FACS buffer containing anti-CD16/32
blocking antibodies, and stained with H-2Kb OVA Tetramer-SIINF-
EKL-PE (MBL International), followed by staining with anti-CD8 anti-
body. Cells were washed, dead cells were labeled with DAPI, and the
final suspension analyzed by flow cytometry.

2.10. Statistical analyses

For animal studies, mice were randomized to match average vo-
lumes of the primary tumors, and all procedures were performed in a
non-blinded fashion. Statistical analysis was performed with Prism 6.0
software (GraphPad Software) by one-way or two-way ANOVA with
Tukey's comparisons post-test, as indicated. Statistical significance for
survival curve was calculated by the log-rank test. Statistical sig-
nificance is indicated as *P < 0.05, **P < 0.01, ***P < 0.001, and
****P < 0.0001.

3. Results and discussion

3.1. Characterization of tumor cell lysate

In this study, we aimed to use tumor cell lysate to generate adaptive
anti-tumor immune responses, and we have utilized B16F10 OVA
murine melanoma cells expressing a model antigen ovalbumin (OVA)
on their plasma membrane. We generated sonicated cell lysate by
freeze-thaw cycles, followed by probe-tip sonication and centrifugation
to remove large debris (Fig. 1). Examination of cell lysate under
transmission electron microscopy demonstrated the presence of nano-
sized structures (Fig. 2A), which we suspected to be self-assembled
remnants of the plasma membrane. The membrane fraction was sepa-
rated via ultracentrifugation and demonstrated to contain various
proteins as shown by gel electrophoresis (Fig. 2B). We performed
Western blotting to test for the retention of tumor-associated antigens
in the membrane fraction. Proteins with a transmembrane domain, such
as endogenous glycoprotein 100 (gp100) and tyrosine-related protein 2
(TRP2) [29,30], along with the model antigen OVA (a transmembrane
protein in our B16F10 OVA cell line) were detected in varying levels in
either the whole cell lysate or the membrane fraction (lane 1 and 2,
respectively; Fig. 2B).

When incubated with BMDCs in vitro, membrane-associated proteins
were preferentially taken up by DCs (P < 0.0001, Fig. 2C), in contrast
to inefficient uptake of cytosolic proteins by DCs. This suggests that
proteins associated with membrane vesicles have increased interactions
with antigen-presenting cells (APCs), leading to enhanced phagocytosis
of cellular proteins. We hypothesized that this enhanced uptake and
eventual presentation of antigens in the context of major histo-
compatibility complex-I (MHC-I) would result in activation of antigen-
specific CTLs. To test this, we isolated OVA-specific CD8α+ T cells
from OT-I transgenic mice, co-cultured them with lysate-pulsed BMDCs,
and examined proliferation of OT-I CD8α+ T cells. The cell membrane
fraction, characterized by enhanced DC uptake and high antigen con-
tent, led to significantly increased T cell expansion in vitro (P < 0.001,
Fig. 2D), compared with the cytosolic or whole lysate fractions. To
further potentiate T cell expansion each group was tested with the
addition of an immunostimulatory agent, monophosphoryl lipid A
(MPLA, a Toll-like receptor-4 agonist). A similar trend of T cell ex-
pansion was observed after addition of MPLA, with the membrane
fraction generating the greatest extent of CD8α+ T cell proliferation
among all the groups (P < 0.001, Fig. 2D). These results showed that
the membrane fraction of cell lysate contained vesicular nanostructures
with tumor-associated antigens and that DCs pulsed with these mem-
brane vesicles primed antigen-specific CD8α+ T cell responses in vitro.
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3.2. Preparation and characterization of PEG-NPs

Having shown induction of CD8α+ T cells with membrane vesicles
in vitro, we sought to further characterize them along the preparation
procedure and improve their overall stability for the subsequent vac-
cination studies in vivo (see below). When B16F10 OVA cells were
harvested and cycled between liquid nitrogen and 37 °C water bath,
followed by low speed centrifugation, the resulting supernatant con-
tained large, poly-disperse structures, which we termed freeze-thawed
(FT) lysate. Analyses with dynamic light scattering indicated that FT
lysate contained vesicles with an average hydrodynamic diameter of
610 ± 60 nm, a polydispersity index (PDI) of 0.67 ± 0.12, and zeta
potential of −30mV ± 1mV (Fig. 3A). Further probe-tip sonication
and removal of large debris via high speed centrifugation yielded
smaller and monodisperse membrane vesicles with 180 ± 2 nm hy-
drodynamic diameter, PDI of 0.28 ± 0.02, and zeta potential of
−25mV ± 1mV (Fig. 3A).

We examined the stability of FT lysate stored at 4 °C in PBS or 10%
FBS-containing PBS for approximately one month. Under either con-
dition, FT lysate vesicles increased in size to approximately 1 μm, and
PDI values increased beyond 0.70 (Fig. 3B). Endogenous nano-vesicles
present in the sonicated lysate preparation (without PEGylation) also
aggregated over the four-week period in PBS, increasing in size from
180 nm to 280 nm and becoming more polydisperse (PDI > 0.5)
(Fig. 3B). Instability of endogenous nano-vesicles was exacerbated in
the presence of 10% FBS, causing sonicated lysate to aggregate within
just one week (Fig. 3B).

To address potential aggregation of native cellular membrane ve-
sicles and to promote draining of these vesicles to local LNs upon
subcutaneous (s.c.) administration in vivo, we introduced a poly-
ethylene glycol (PEG) layer on these cell membrane vesicles (Fig. 1)
[31]. First, sonicated lysate containing membrane vesicles was in-
cubated at 37 °C with calcium to promote membrane fusion and ag-
gregation, which allowed for facile collection of membrane vesicles via
simple table-top centrifugation. Washed particles were then mildly so-
nicated together in the presence of lipid-conjugated PEG (DSPE-PEG)
and EDTA to chelate any remaining calcium. Upon desalting column
purification, the resulting PEGylated cell membrane particles (PEG-
NPs) exhibited an average hydrodynamic diameter of 130 ± 3 nm, PDI
of 0.20 ± 0.02, and zeta potential of −39mV ± 2mV (Fig. 3A).

In sharp contrast to the gradual aggregation of endogenous mem-
brane vesicles during long-term storage as shown above (Fig. 3B), the

size of PEG-NPs stored at 4 °C in PBS or 10% FBS-containing PBS was
maintained at ∼130 nm with the PDI remaining below 0.25 for the
course of four weeks. Importantly, when we incubated each formulation
at 37 °C to better simulate in vivo conditions, differences in stability
became apparent. Sonicated nano-vesicles (without PEGylation) rapidly
aggregated within 1 day at 37 °C in either PBS or 10% FBS-PBS,
whereas PEG-NPs maintained their size and monodispersity for at least
3 days (Fig. 3C). Overall, PEG-NPs outperformed the other lysate pre-
parations during the simulated stability testing as shown by complete
lack of aggregation. These results suggested that PEG-NPs may drain
efficiently to local LNs following administration [31], whereas other
lysate formulations may aggregate or be taken up by local cells in vivo,
potentially limiting their draining to LNs upon s.c. administration.

3.3. In vitro T cell activation

We next tested the impact of various cell lysate formulations on
cross-presentation of antigens by DCs and cross-priming of antigen-
specific T cells in vitro. We pulsed BMDCs with lysate formulations for 1
day and performed T cell expansion assay with OT-I CD8α+ T cells.
Media and OT-I peptide (sequence = SIINFEKL) served as negative and
positive controls, respectively. Overall, stimulation of DCs with CpG, a
potent TLR9 agonist composed of a single stranded DNA containing
unmethylated CG motifs, was more effective at expansion of OT-I
CD8α+ T cells compared with the use of MPLA (Supplementary Fig. 1).
Based on these results, we chose to use CpG as the adjuvant for the
remainder of our experiments.

BMDCs pulsed with PEG-NPs effectively induced T cell activation
and proliferation, as evidenced by extensive dilution of the CFSE dye
within the surviving T cells (Fig. 4A and B). CFSE dilution induced by
the PEG-NPs in vitro was on par with the membrane fraction but more
effective than FT lysate (P < 0.0001, Fig. 4A and B). The proliferation
index, which reports the average number of divisions that proliferating
cells undergo [32], was significantly higher for the PEG-NP group
compared with FT lysate, cytosolic, or membrane fractions (P < 0.001,
Fig. 4C). Additionally, we enumerated the overall number of T cells at
the end of the experiments, as these data provide context to the CFSE
dilution results. The number of live T cells remaining at the end of 3 day
co-culture was at least two-fold greater for the PEG-NP group compared
with the FT lysate or the membrane fraction group (P < 0.001,
Fig. 4D). Notably, the PEG-NPs treatment sustained comparable
number of live T cells as the SIINFEKL positive control group (Fig. 4D),

Fig. 2. Characterization of membrane fraction of tumor cell lysate. A. TEM image of cell lysate shows nano-sized membrane structures. B. Wide protein
repertoire from whole cell lysate (lane 1) is retained within the membrane fraction (lane 2) as seen via Coomassie staining (top panel). Tumor-associated antigens
(gp100 and TRP2) and model antigen (OVA) incorporation was determined by Western Blot analysis (bottom three panels). C. Fluorophore-labeled lysate, cytosol
fraction, and membrane fraction were pulsed to dendritic cells, and the relative protein uptake was analyzed by flow cytometry. D. Dendritic cells were pulsed with
lysate fractions with or without MPLA and co-cultured with OT-I OVA-specific CD8+ T cells. T cell proliferation was measured by the dilution of CFSE dye via flow
cytometry. Mean ± SD are shown. Statistical analysis was performed using two-way ANOVA comparison with Tukey's multiple comparison test (**P < 0.01,
***P < 0.001, ****P < 0.0001).
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indicating strong induction and maintenance of T-cell proliferation
supported by the PEG-NPs. Taken together, these results suggest that
the PEG-NPs are taken up and processed effectively by DCs and lead to
potent cross-priming of antigen-specific CD8α+ T cells.

3.4. Lymph node draining

PEGylation generally provides an advantage for subcutaneous ad-
ministration of nano-formulations by promoting their trafficking to
draining lymph nodes (dLNs) through drastically reducing interactions
between the formulation and cells or serum proteins [33]. To determine
the level of particle localization in dLNs at the whole tissue and cellular
levels, lysate formulations were labeled with DiD, a lipophilic dye, and
administered s.c. at the tail base. After 4, 24, and 48 h, inguinal dLNs
were extracted, and the relative draining efficiency was assessed via
whole LN imagining and flow cytometry. PEG-NPs exhibited sig-
nificantly increased trafficking to dLNs and retention throughout 48 h,
compared with FT lysate and unPEGylated NPs (P < 0.0001, Fig. 5A,
Supplementary Fig. 2). We also examined APC populations that are
responsible for lysate uptake. PEG-NPs were efficiently taken up by B
cells, DCs, and F4/80 + macrophages in vivo (Fig. 5B–D), with B cells

and DCs in particular exhibiting high lysate uptake even at 4 h time
point. Interestingly, when we analyzed cellular uptake of these for-
mulations in vitro using BMDCs, we found that PEG-NPs exhibited re-
duced cellular uptake, compared with sonicated lysate, FT lysate, and
unPEGylated NP formulations (Supplementary Fig. 3), probably due to
decreased association between PEGylated particle surface and cells.
Although in vitro cellular uptake of PEG-NPs by DCs is not optimal, our
results indicate that this in vitro condition does not fully reflect what
happens in vivo and that PEG-NPs drain efficiently to dLNs and localize
within APCs for potential antigen processing and presentation.

3.5. In vivo T cell activation and protective immunization

Next, we performed immunization study in vivo to examine T cell
responses induced by FT lysate and PEG-NPs. We immunized C57BL/6
mice on days 0 and 14 with FT lysate or PEG-NPs containing 1mg of
total protein and 15 μg of CpG per mouse (Fig. 6A). One week post-
prime, we examined peripheral blood mononuclear cells (PBMCs) for
OVA-specific CD8α+ T cell responses via tetramer staining. We ob-
served that immunization with PEG-NPs increased the frequency of
OVA-specific CD8α+ T cells by 5-fold compared with FT lysate group

Fig. 3. Characterization of PEG-NPs. A. Particle size, PDI, and zeta potential were determined by dynamic light scattering analysis. B. Particles were incubated over
a period of four weeks in PBS or 10%/90% FBS/PBS at 4 °C. Stability was assessed by determining particle sizes and PDIs over time. C. Particles were incubated over a
period of three days in PBS or 10%/90% FBS/PBS at 37 °C. Aggregation was assessed by determining particle sizes and PDIs within the timeframe. Mean ± SD are
shown. Statistical analysis was performed using two-way ANOVA comparison with Tukey's multiple comparison test (**P < 0.01, ***P < 0.001, ****P < 0.0001).
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Fig. 4. Proliferation of antigen-specific CD8+ T cells in vitro. Dendritic cells were pulsed with controls or lysate formulations overnight and then co-cultured with
CFSE-labeled OT-I T cells for three days. A. Representative FACS histograms demonstrating CFSE dilution within proliferating OT-I T cells are shown. B. Average
percentages of proliferated T cells after three days of culture are shown. C. Proliferation index was determined by FlowJo analysis software. D. The number of live
CD8+ T cells are shown. Mean ± SD are shown. Statistical analysis was performed using one-way ANOVA comparison with Tukey's multiple comparison test
(**P < 0.01, ***P < 0.001, ****P < 0.0001).

Fig. 5. In vivo lymph node draining. Cell lysate formulations were labeled with DiD fluorescent lipophilic dye and administered subcutaneously at tail base. A. 4,
24, and 48 h after injections, inguinal LNs were harvested and radiance efficiency measured by IVIS. B-D. Harvested LNs were dissociated into single cell suspensions
and analyzed for DiD uptake by B cells, dendritic cells, and macrophages via flow cytometry. Mean ± SEM values are shown. Statistical analysis was performed
using two-way ANOVA comparison with Tukey's multiple comparison test (*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001).
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although this difference was not statistically significant (Fig. 6B). We
then examined the efficacy of vaccine formulations to induce protective
immune responses against tumor challenge. Pre-immunized mice were
inoculated s.c. at the flank with 106 B16F10 OVA cells (10-fold more
cells than necessary to establish tumors in naïve animals) (Fig. 6A).
Mice vaccinated with FT lysate exhibited the median survival time of 42
days, compared with 17 days in the PBS control group (Fig. 6C).

Importantly, vaccination with PEG-NPs significantly extended the
median survival time to 55 days (P < 0.01 versus PBS or FT lysate,
Fig. 6C), and 50% of the animals remained free of tumor for at least 80
days, demonstrating the potency of PEG-NPs to elicit protective im-
mune responses against tumor cells.

Fig. 6. Prophylactic immunization against B16F10 OVA tumor growth. A.Mice were immunized on day 0 and 14, followed by inoculation with 106 B16F10 OVA
cells on day 35. B. OVA-specific CD8+ T cell population among PBMCs was determined via tetramer staining. C. Overall survival following the tumor cell challenge
on day 35 is shown. Mean ± SEM values are shown. Statistical analysis was performed using Log-rank (Mentel-Cox) test (**P < 0.01).

Fig. 7. Therapeutic treatment in B16F10 OVA tumor-bearing mice. A. C57BL/6 mice were inoculated with B16F10 OVA cells s.c. in the flank on day 0 and
immunized on days 5 and 12. B–C. Plots of individual and average tumor growth curves are shown. D. Tetramer staining analysis via flow cytometry was performed
to determine OVA-specific CTL responses among PBMCs on day 12. E. Overall animal survival is shown. Mean ± SEM are shown for panels C and D. Statistical
analysis was performed using (C) two-way ANOVA with Tukey's multiple comparisons test compared to FT Lysate (blue asterisks); (D) one-way ANOVA comparison
with Tukey's multiple comparison test; and (E) Log-rank (Mentel-Cox) test (*P < 0.05, **P < 0.01, ***P < 0.001 and ****P < 0.0001). (For interpretation of the
references to colour in this figure legend, the reader is referred to the Web version of this article.)
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3.6. Therapeutic immunization

B16F10 OVA tumors were established via s.c. injection of 2× 105

tumor cells at the right flank and once palpable tumors developed we
vaccinated animals with either FT lysate or PEG-NPs on days 5 and 12
(Fig. 7A). Vaccination with FT lysate slowed tumor growth compared
with PBS control (P < 0.0001 for days 19 and 21, Fig. 7B and C).
Importantly, PEG-NPs treatment exerted significantly enhanced anti-
tumor efficacy, further decreasing tumor growth, compared with the FT
lysate group (P < 0.001 for day 21, Fig. 7B and C). Additionally, PEG-
NPs treatment elicited robust antigen-specific CTL responses by day 12,
characterized by 7.4-fold and 3.7-fold increases in the frequency of
OVA-specific CD8α+ T cells among PBMCs, compared with PBS
(P < 0.001) and FT lysate (P < 0.01) groups, respectively (Fig. 7D).
These strong T-cell responses induced by PEG-NPs translated to in-
creased animal survival, as mice treated with PEG-NPs exhibited the
median survival of 55 days, compared with 22 and 27 days for PBS
(P < 0.001) and FT lysate groups (P=0.12), respectively (Fig. 7E).
Notably, antigen-specific CD8α+ T cell responses induced by PEG-NPs
in these tumor-bearing animals (Fig. 7D) was greater, compared with
non-tumor bearing animals post PEG-NPs treatments (Fig. 6B), sug-
gesting that the presence of antigen-expressing tumors may have
boosted the effects of vaccination.

3.7. Combination therapy approach with immune checkpoint blockade

An immunosuppressive tumor microenvironment is currently a
major challenge in allowing patients' endogenous immune responses
from controlling cancer. Blocking the interaction between PD-1 and PD-
L1, primarily expressed on T lymphocytes and tumor cells, respectively,

allows T cells to engage and kill cancer cells, as demonstrated by the
recent success of immune checkpoint inhibitors in the clinic [34]. Here,
we aimed to further amplify T cell responses induced by PEG-NPs with
co-administration of αPD-1 antibody, an immune checkpoint inhibitor,
based on its clinical success [2,3] as well as our own observation that
tumor-infiltrating lymphocytes, especially tumor antigen-specific T
cells, had increased expression of PD-1 (Supplementary Fig. 4). Briefly,
mice were inoculated s.c. at the right flank with 2× 105 B16F10 OVA
tumor cells and administered with PEG-NPs or FT lysate on days 5 and
12 together with intraperitoneal administration of αPD-1 IgG (100 μg
per mouse per dose) on days 1 and 4 after each immunization (Fig. 8A).
Tumor-bearing mice treated with FT lysate + αPD-1 IgG therapy ex-
hibited similar tumor growth rates and median survival as animals
treated with the αPD-1 IgG monotherapy (Fig. 8B and C), indicating the
aggressive and poorly immunogenic nature of B16F10 OVA tumors. In
sharp contrast, the combination of PEG-NPs + αPD-1 IgG therapy
markedly decreased tumor growth, compared with αPD-1 monotherapy
or FT lysate + αPD-1 treatment (P < 0.0001, day 23, Fig. 8B and C).
Analysis of T cell responses in peripheral blood indicated that the PEG-
NPs + αPD-1 IgG combination therapy induced 4.2-fold higher fre-
quency of OVA-specific CD8α+ T cell responses, compared with the FT
lysate + αPD-1 treatment group (P < 0.0001, Fig. 8D). Overall, the
PEG-NPs + αPD-1 IgG combination therapy resulted in complete era-
dication of tumors in 63% of animals without reaching the median
survival for the whole duration of the study. In contrast, animals treated
with FT lysate + αPD-1 IgG exhibited only 13% response rate with the
median survival of 28 days (P < 0.01, Fig. 8E).

We next determined if immune responses induced by the original
treatment regimen established long-term systemic immunity against
tumor recurrence. The survivors from the previous study (on day 60 of

Fig. 8. Therapeutic vaccination plus anti-PD-1 immunotherapy in B16F10 OVA tumor-bearing mice. A. C57BL/6 mice were inoculated with B16F10 OVA cells
s.c. in the flank on day 0 and treated with vaccines and anti-PD-1 therapy on indicated days. B–C. Tumor growth curves for individual mice and their average growth
curves are shown. D. Tetramer staining analysis via flow cytometry was performed on day 12 to determine OVA-specific CTL responses among PBMCs. E. Overall
survival is shown. F. Overall survival after mice were re-challenged with B16F10 OVA on day 60. Mean ± SEM are shown for panels C and D. Statistical analysis was
performed using (C) two-way ANOVA with Tukey's multiple comparisons test compared to FT Lysate + αPD-1 (blue asterisks); (D) one-way ANOVA comparison with
Tukey's multiple comparison test; and (E) Log-rank (Mentel-Cox) test (**P < 0.01, ***P < 0.001 and ****P < 0.0001). (For interpretation of the references to
colour in this figure legend, the reader is referred to the Web version of this article.)
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the original study) along with naïve control animals were inoculated
with 2× 105 B16F10 OVA tumor cells at the contralateral s.c. flank.
None of the re-challenged survivors developed tumors for 80 days,
whereas all naïve animals succumbed to tumor growth with the median
survival of 23 days (P < 0.01, Fig. 8F). These results demonstrated that
the PEG-NPs + αPD-1 IgG combination therapy elicited long-term
protective immunity against the tumor cells.

3.8. Safety and toxicity

Cancer immunotherapy has always raised concerns regarding toxi-
city and potential autoimmune reactions, but most treatments up to
date had been proven safe. In order to test the safety of our approach,
we inoculated mice with B16F10 OVA cells and administered FT lysate

or PEG-NPs on days 5 and 12 (Fig. 9A). Throughout the study, we
observed no changes in animal health following administration of our
vaccines, as demonstrated by normal behavior and maintained body
weight (Fig. 9B). On day 22, mice were euthanized and major organs
were harvested, fixed in neutral buffered formalin, processed, and
stained with H&E. While minor skin inflammation and immune cell
infiltrates, indicative of immune activation, were observed in the local
sites of vaccination in animals treated with FT lysate or PEG-NPs, no
systemic toxicity was observed in the heart, lungs, liver, spleen, or
kidneys (Fig. 9C, Supplementary Fig. 5).

4. Conclusions

We have demonstrated that endogenous plasma membrane in

Fig. 9. Safety profiles of PEG-NPs. A. C57BL/6 mice were inoculated with B16F10 OVA cells on day 0 and immunized on days 5 and 12. B. Weight of the animals
was measured starting on the day of first immunization. Mean ± SEM fold change is shown for each group. C. Representative H&E staining images of major organs
harvested on day 22 are shown. Scale bars= 100 μm.
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cancer cell lysate can be engineered into PEGylated nanoparticles with
serum-stability and efficient lymph node draining. This cancer nano-
vaccine platform can elicit strong CTL responses with potent anti-tumor
efficacy, especially in combination with immune checkpoint blockade,
resulting in complete regression of tumors in 63% of the animals and
long-term immunity against tumor cell re-challenge. These studies
show the promise of the nano-vaccine platform derived from whole
tumor cell lysate as the basis for cancer vaccination.
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