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Tumor Cell Lysate and Adjuvant
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Cancer vaccines provide a potential strategy to cure patients. Their clinical
utilization and efficacy is, however, limited by incomplete coverage of tumor
neoantigens and unspecific and restricted activation of dendritic cells (DCs).
Tumor cell lysates (TCLs) containing a broad spectrum of neoantigens, while
are considered ideal in formulating personalized vaccines, induce generally
poor antigen presentation and transient antitumor immune response. Here,
intelligent polymersomal nanovaccines (PNVs) that quantitatively coload,
efficiently codeliver, and responsively corelease TCL and CpG adjuvant to
lymph node (LN) DCs are developed to boost antigen presentation and to
induce specific and robust antitumor immunity. PNVs carrying CpG and
ovalbumin (OVA) markedly enhance the maturation, antigen presentation,
and downstream T cell activation ability of bone-marrow-derived dendritic
cells and induce strong systemic immune response after tail base injection.
Remarkably, PNVs carrying CpG and TCL cure 85% of B16-F10
melanoma-bearing mice and generate long-lasting anticancer immune

pancreatic cancer.'! However, the efficacies
and clinical applications of cancer vaccines
are still hindered by limited coverage of
tumor specific antigens (TSAs) and inade-
quate activation of dendritic cells (DCs).l?
Cancer vaccines typically stimulate DCs
to process and present vaccine-loaded
antigens (Ags) to activate T-cell-mediated
killing of Ag-expressing cells.[?*) TSAs are
neoantigens uniquely expressed by tumor
cells and can generate tumor-specific im-
mune responses without eliciting central or
peripheral tolerance.’) Tumor cell lysates
(TCLs) are derived from whole tumor cells
and contain abundant and diverse TSAs,
thus allowing induction of a broad and
durable antitumor immunity to minimize
cancer immune escape.[*l In addition, as
TCLs are generated from patient-specific tu-

memory at a low dose, protecting all cured mice from tumor rechallenge.
These LN-directed PNVs being highly versatile and straightforward opens a

new door for personalized cancer vaccines.

1. Introduction

Being one of the most cutting-edge and effective tumor ther-
apies, cancer vaccines have elicited encouraging results and
even potential cures in patients with melanoma and resected
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mor biopsies, TCL-based vaccines can com-
bat tumor antigenic heterogeneity between
patients, making TCL ideal candidates
for formulating personalized vaccines.[?
Nevertheless, direct administration of
TCL with adjuvant yielded disappointing
results in past clinical attempts.’] The main contributing rea-
sons include difficulties in delivering TCL to the cytosol of DCs
in lymph nodes (LNs) and the propensity to trigger immune
tolerance.®]

To enhance LN-targeted delivery of Ags, multiple novel car-
rier systems have been reported.l”l However, these carriers are
either tailored to load defined Ags or require modification of Ags,
rendering them unsuitable for loading TCLs that contain diverse
biomolecules with undefined nature. Delivery systems also need
to be stable in circulation to minimize leakage of Ags, uptake ef-
ficiently by LN DCs, and rapidly release loaded cargos once in DC
cytosol for efficient antigen presentation.!>¢b]

Quantitative codelivering TCL and adjuvant to the same DC
is key to optimal DC priming and generation of robust antitu-
mor immunity without triggering tolerance.?>#¢#] Prolonged ex-
posure to Ags in the absence of adjuvant usually triggers undesir-
able immune tolerance rather than immune activation.l! Imper-
fect ratio of TCL to adjuvant might also promote tolerance due to
the presence of healthy cell components in TCL while excessive
adjuvants might lead to autoimmune diseases.l’*!%] Therefore,
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precise control of the ratio between delivered TCL and adjuvant
is essential to the efficacies of TCL-based vaccines.

Despite the advances in the field, the existing nanovac-
cines still suffer from inefficient coloading of TCL/adjuvant,
poor ratio-controlled codelivery of cargo to LN DCs,
and/or lack of responsive-release mechanism in DC
cytosol.[#>811]

Here, we developed intelligent polymersomal nanovaccines
(PNVs) to quantitatively coload, LN-targeted codeliver, and effi-
ciently corelease TCL and adjuvant CpG for eliciting specific and
robust antitumor immune responses. TCL (or ovalbumin, OVA)
and CpG could be coloaded in PNVs with near 100% efficiency for
both, thus allowing quantitative control over the respective vac-
cine content by adjusting the added amount. The formed PNVs
could specifically target to LNs, promote uptake of vaccine by
LN DCs, and rapidly release cargo in the reducing environment
of DC cytosol. PNVs coloading TCL and CpG (CpG/TCL@PNV)
significantly enhanced DC maturation, induced tumor-specific
and systemic immune responses, and substantially improved
treatment outcome for solid and metastatic tumor. More im-
portantly, PNVs promoted the generation of long-term immune
memory for preventing tumor recurrence. Furthermore, PNVs
could also load predefined Ag to serve as both therapeutic and
prophylactic vaccines, demonstrating the broad applications of
PNVs.

2. Results

2.1. Preparation and In Vitro Characterization of PNVs

PNVs were readily fabricated by adding a solution of
poly(ethylene glycol)-b-poly(trimethylene carbonate-co-dithiolane
trimethylene carbonate)—spermine (abbreviated as PEG-P(TMC-
DTC)-SP) in N,N-dimethylformamide (DMF) into aqueous
solution containing Ags and adjuvant CpG followed by dialysis
(Figure 1A). PEG is longer than spermine so that PEG would
preferentially present at the outer surface while spermine in
the watery core. P(TMC-DTC) is a biodegradable polycarbonate
containing pendant dithiolane groups that enable automatic
cross-linking of vesicular membrane during fabrication and
de-cross-linking in reducing conditions such as in the cytosol.
When designed polymer mixed with CpG and TCL at 10 wt%
of polymer, the formed PNVs could coload 100% CpG and
98% TCL added (Table S1, Supporting Information). Even
when the total amount of TCL and CpG went up to 20 wt%
of polymer, a high drug loading efficiency (DLE) at 91% could
still be achieved for both TCL and adjuvant. In addition, the
DLE for model protein OVA and CpG was also higher than
94%, demonstrating the feasibility of using PNVs to coload
diverse Ags and adjuvant efficiently (Table S1, Supplemen-
tary Information). Furthermore, the loaded Ags and adjuvant
could easily account for more than 18 wt% of carriers. With
similar loading content, PNVs exhibited much enhanced
coloading efficiency for TCL and CpG than nanovaccines
formed by poly(lactic-co-glycolic acid) (PLGA) polymer or hybrid
materials./*>112.0]

PNVs coloading adjuvant CpG and TCL were ~55 nm in size
by dynamic light scattering (DLS) with an overall surface charge
of 6.6 mV and exhibited vesicular structure under transmission
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electron microscope (TEM) (Figure 1B). PNVs coloading CpG
and OVA (CpG/OVA@PNV) were stable without substantial size
change in 10% fetal bovine serum (FBS) within 24 h, but disso-
ciated rapidly in 10 mwm glutathione (GSH) (Figure 1C). In the
presence of 10 mm GSH, ~80% loaded OVA was released within
10 h, while only 14% OVA was released in the absence of GSH
(Figure 1D). These data collectively indicated that PNVs exhib-
ited excellent stability but could rapidly release cargo once in cy-
toplasm.

2.2. PNVs Effectively Stimulate Bone-Marrow-Derived Dendritic
Cells (BMDCs) In Vitro

Next, we evaluated the immunostimulatory impacts of PNVs on
BMDCs. For in vitro experiments, PNVs loading 50 pg CpG
(per mg PNVs), 49.2 ug OVA (per mg PNVs), or both (50 nug
CpG + 49.2 ug OVA per mg PNVs with ratio at 1:0.98) were
used. PNVs encapsulating CpG (CpG®> @PNV) or OVAFITC
(OVAFTC @PNV) effectively promoted the endocytosis of CpG
or OVA (Figure 1E and Figure S1 (Supporting Information)) by
BMDCs. Compared to the mixture of CpG, OVA, and empty
PNVs (CpG + OVA + PNV), CpG/OVA@PNV significantly ele-
vated the expression of maturation marker cluster of differentia-
tion 86 (CD86) on BMDC (Figure 1F). CpG/OVA@PNYV also pro-
moted BMDCs’ secretion of proinflammatory cytokines such as
interleukin-12 (IL-12p70) and IL-6 by 22-fold and 1.3-fold, in com-
parison to the physical mixture group (Figure 1G,H). These data
demonstrated that loading Ag and CpG in PNVs could substan-
tially enhance BMDC activation and maturation. Furthermore,
CpG/OVA@PNYV also promoted Ag presentation by BMDCs and
proliferation of SIINFEKL-specific OT-1 CD8" T cells most ef-
ficiently (Figure 1L]J). Interestingly, CpG/OVA@PNV induced
higher CD86 expression, IL-12p70/IL-6 secretion, and antigen
presentation of BMDCs than CpG@PNV (Figure 1F-H), imply-
ing that codelivery of Ag and adjuvant could stimulate BMDCs
more effectively than delivering adjuvant only. We next evalu-
ated the toxicity of CpG/OVA@PNV in vitro using 293T and
1929 cells as models."?l The results showed negligible tox-
icity even at 100 ug mL™! (Figure S2, Supporting Informa-
tion). Overall, PNVs coloading Ag and adjuvant could sub-
stantially enhance the Ag presentation abilities of BMDCs,
thus promoting the downstream T cell activation with good

safety.

2.3. PNVs Elicit Robust Immune Responses in Mice

PNVs specifically delivered Ag and CpG to draining LNs follow-
ing tail base injection. Compared to free CpG, PNVs elicited
a 20-fold increase in the amount of CpG in inguinal LNs
(Figure 2A,B). More importantly, the fluorescent signal of CpG
in inguinal LNs (iLNs) accounted for strikingly 50% of total sig-
nals in major organs, indicating that half of the injected dose ac-
cumulated in LNs (Figure 2A,C). The amount of signal in iLNs
was even 2.7-fold higher than that in liver. PNVs exhibited sig-
nificantly higher LN-targeting ability than most nanovaccines in
the literature and comparable to the best existing LN-directed car-
riers to our knowledge,'*! substantially improving the bioavail-
ability of Ag and adjuvant. The PNV-induced accumulation of Ag
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Figure 1. Preparation, characterization, and in vitro immune-stimulatory effects of PNVs. A) Scheme illustrating the preparation procedure of
CpG/TCL@PNV. B) Size distribution of PNVs determined by DLS and TEM. Scale bar, 50 nm. C) Size change of PNVs in solution containing FBS
or GSH. D) In vitro drug release kinetics of PNVs at 37 °C with or without 10 mm GSH (n = 3). E) Endocytosis of CpG%¥>-loaded PNVs or free CpG®>
in BMDCs after coincubation for 4 and 24 h. Scale bar, 100 um. F) Sample histogram and quantification of CD86 expression on BMDCs. G) Amount
of BMDC-secreted proinflammatory cytokine IL-12p70 and H) IL-6 in culture medium determined by ELISA. 1) SIINFEKL H-2 kP expression on BMDCs
after their coincubation with PNVs. J) PNV-treated BMDCs were coincubated with OT-1 CD8% T cells (n = 3). The number of IFN-y* T cells from each

group was evaluated via flow cytometer.

and CpG in LNs substantially enhanced the maturation of DCs in
LN, allowing the percentage of CD80*CD86* DCs to be 2.5-fold
higher than that from the physical mixture group (Figure 2D,E).

PNVs also induced the generation of Ag-specific T cells in
spleens. By using a common setup in literature,™ we inocu-

lated mice with tumor cells and then immunized mice with
CpG/OVA@PNV or CpG/TCL@PNV (TCL generated from B16-
F10 cells). Splenocytes were harvested 7 days after the last
dose of immunization and pulsed with Ag OVA or TCL, re-
spectively (Figure 2F). Enzyme linked immunospot (ELISpot)
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Figure 2. PNVs target to LNs and elicit tumor-specific immune responses in vivo. Accumulation of Cy7-labeled CpG (CpG®7) in LNs and other organs
after tail base injection of PBS, free CpG®7, and PNVs loading CpG 97 (20 pg CpG per mouse). A) IVIS images of inguinal LNs and B) quantification of
LN fluorescence (n = 4-5). C) Percentage of LN fluorescence in signals from all organs. D) Expression of CD80 and CD86 by DCs in draining LNs at 24 h
after injection (n = 3). E) Quantitative analysis of percentage of CD11ctCD80"CD86% cells in all lymph node cells. F) Timeline to analyze Ag-specific
and activated T cells in spleen after immunization. G) Image and H) quantification of Ag-specific IFN-y* T cells among splenocytes via ELISpot assay.
1) Quantification of activated T cells by FACS (n = 3).

Adv. Healthcare Mater. 2024, 13, 2303690 2303690 (4 of 13) © 2024 Wiley-VCH GmbH

85U80]7 SUOWILWIOD BAEa.D 8|qel(dde aup Aq peusenob ae S9ole YO @S JO Sa|n 10} A%eud1T8ul|UO 8|1 UO (SUORIPUOD-PUE-SWBI W0 A8 | 1M ARIq 1 Ul UO//SANY) SUORIPUOD Pue SWe 1 8y} 89S *[G202/20/TT] Lo AkiqiTauliuo A8|IM ‘AISIBAIUN MOYI00S AQ 069E0£Z0Z WUPR/Z00T OT/I0p/L0D A8 |1 Arelq1jeuljuo//sdny woly papeojumod ‘LT #7202 ‘65922612


http://www.advancedsciencenews.com
http://www.advhealthmat.de

ADVANCED
SCIENCE NEWS

HEALTHCARE

www.advancedsciencenews.com

assay revealed that substantial number of interferon-y (IFN-y)
producing T cells were present in both CpG/OVA@PNV and
CpG/TCL@PNV groups, while negligible T cells recognizing
OVA or TCL were observed in phosphate-buffered saline (PBS)
group (Figure 2G,H). The number of activated CD25*CD8* T
cells from the nanovaccine groups was also significantly higher
than that from PBS group (Figure 2I). Therefore, PNVs using
either OVA or TCL as Ags could elicit Ag-specific T cells in
vivo.

2.4. PNVs Effectively Eradicate Solid Tumors

To explore the optimal formulation for PNVs, we prepared
PNVs loading with varying amounts of B16-F10 TCL, CpG, or
their combination and conducted pilot therapy experiment in
mice bearing subcutaneous melanoma (Figure 3A). For example,
CpG/TCL@PNYV (10/5) indicated that CpG/TCL was coencapsu-
lated at 2:1 ratio and total 10 ug CpG together with 5 pg TCL was
injected per mouse. In comparison to PBS group, TCL@PNV
(5), the nanovaccine loading only TCL, yielded minimal antitu-
mor effect, while CpG@PNV (10), the nanovaccine loading just
adjuvant, suppressed 67% of tumor growth by day 22 after tu-
mor inoculation (Figure 3B,C). The combination of CpG@PNV
(10) and TCL@PNV (5) did not elicit significant efficacy improve-
ment from that induced by CpG@PNV (10) alone. Notably, code-
livering CpG and TCL in the same carrier via CpG/TCL@PNV
(10/5) demonstrated enhanced tumor suppression efficacy with
average tumor size only 25% and 76% of that from PBS group
and CpG@PNV (10) group, respectively (Figure 3B,C). In the
meantime, physical mixture of empty PNV, free CpG (10), and
free TCL (5) elicited a much weaker therapeutic outcome than
CpG/TCL@PNV (10/5). Therefore, TCL and CpG need to be
coloaded and codelivered in PNVs to maximize antitumor effi-
cacies.

CpG/TCL@PNVs with various CpG/TCL coloading dosages
and ratios (5/5, 10/20, and 20/20) were then prepared with
fixed PNV amount and compared their efficacy with that
from CpG/TCL@PNV (10/5). CpG/TCL@PNV (5/5), with
lower CpG amount than CpG/TCL@PNV (10/5), elicited
weaker tumor inhibition as expected. Surprisingly, despite
having higher Ag amount than CpG/TCL@PNV (10/5),
CpG/TCL@PNV (10/20), lost efficacy completely and did
not demonstrate any observable benefits over PBS. However,
CpG/TCL@PNV (20/20), with both CpG and TCL amount in-
creased to 20 pg, inducing the strongest efficacy with tumor size
being 4% and 16% of that from PBS and CpG/TCL@PNV
(10/5) groups, respectively (Figure 3B,C). Therefore,
CpG/TCL@PNV (20/20) was employed in subsequent animal
studies.

Then, we evaluated the long-term treatment outcome and sur-
vival rate of PNVs loading only Ag, only CpG, or Ag together
with CpG (Figure 3D). CpG@PNV elicited complete response
(CR) in 43% of mice, a much stronger efficacy than 14% from
TCL@PNV (Figure 3E-G). Codelivering group CpG/TCL@PNV
demonstrated superior efficacy over CpG@PNV by curing ~86%
of mice, substantially prolonging the survival rate of mice
(Figure 3E-G). Thus, codelivering CpG and TCL by PNVs was
crucial to achieve optimal treatment outcome.
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2.5. PNVs Elicit CD8* T-Cell-Mediated Antitumor Efficacy and
Long-Term Immune Memory

The depletion of CD8" T cell via infusing anti-CD8 an-
tibody caused the complete loss of antitumor efficacy of
CpG/TCL@PNV (Figure 4A—C), indicating that PNVs exert ef-
ficacy through CD8* T cells.

Generation of long-term antitumor immune memory is vi-
tal for preventing tumor recurrence. We also tested the effi-
cacy of PNVs in minimizing tumor relapse in murine subcu-
taneous melanoma model (Figure 4D). CpG/TCL@PNV-cured
mice (from therapy experiment in Figure 3D-F) and equal num-
ber of healthy mice were rechallenged with B16-F10 tumor cells
on 53 days after last PNV treatment. Strikingly, CpG/TCL@PNV
pretreatment protected all mice from tumor outgrowth, indicat-
ing that CpG/TCL@PNV could 100% prevent melanoma recur-
rence (Figure 4E).

Subsequently, we evaluated the memory T cells in PNV-cured
mice 120 days post initial tumor cell inoculation (93 days after last
PNV treatment) (Figure 4D). Compared to nonimmunized mice,
the number of CD3* T cells and CD8* T cells in spleens was in-
creased more than twofold in cured mice (Figure 4F). Moreover,
CD4* central memory T cells (CD44*CD62L*) and CD4" effec-
tor memory T cells (CD447CD62L") in spleens were substan-
tially enhanced by 17-fold and 14-fold, respectively (Figure 4F).
CD4" effector memory T cells and CD8* central memory T cells
in peripheral blood mononuclear cells (PBMCs) were also sig-
nificantly elevated in CpG/TCL@PNV-cured mice (Figure 4G).
Thus, our study indicated that CpG/TCL@PNV could induce
long-term immune memory to prevent tumor recurrence.

2.6. PNVs Suppress Tumor Metastasis

Metastasis usually takes place in later stage of tumor devel-
opment and accounts for most of the cancer deaths. The ef-
fectiveness of PNVs against metastasis was also tested. B16-
F10 cells were intravenously injected to induce lung metasta-
sis before vaccine treatment and then lungs from four mice
in each group were harvested for observation on day 24 after
tumor inoculation (Figure 5A). Nanovaccine loaded with only
TCL or CpG (TCL@PNV or CpG@PNV), just partially pro-
tected mice from tumor metastasis (Figure 5B). On the contrary,
CpG/TCL@PNV yielded potent antimetastasis efficacy. Lung
morphology and hematoxylin and erosin (H&E) staining revealed
that there were no observable metastases spots in lung tissues
after four immunizations (Figure 5B). Compared with the lung
weight of CpG/TCL@PNV group, the lung weight of PBS group
increased approximately threefold, while the lung weight of
TCL@PNYV group increased approximately twofold due to exces-
sive tumor metastasis (Figure 5C). Although no significant differ-
ence was detected in lung weight between CpG/TCL@PNV and
CpG@PNV group, the median survival time of CpG/TCL@PNV
was 10 days longer than that from CpG@PNV. 40% of mice in
CpG/TCL@PNV remained alive even after tumor inoculation for
46 days, while mice in CpG@PNV group all succumbed to death
by day 29 (Figure 5D).

DC stimulation and T cell activation could increase the
amount of related proinflammatory cytokines such as IL-12p70
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Figure 3. PNVs significantly improve therapeutic efficacy for solid tumors. C57BL/6 mice (n = 6) were inoculated with 1 x 10° B16-F10 cells subcuta-
neously and treated at tail base on days 3, 6, 9, and 16 with PNVs only loaded with antigen (TCL@PNV), PNV only loaded with adjuvant (CpG@PNV),
physical mixture of empty PNV with free CpG and TCL (CpG + TCL + PNV Mixture), mixture of CpG@PNV and TCL@PNV (CpG@PNV + TCL@PNV),
or PNVs coloading CpG and TCL (CpG/TCL@PNV). A) Timeline for nanovaccine treatment in murine melanoma model. B) Tumor growth curve and
C) tumor volume at day 22 after inoculation. # indicates three mice died before day 22. D-G) C57BL/6 mice (n = 7) were inoculated with 1 x 10°
B16-F10 cells subcutaneously at the right flank and treated on days 3, 6, 9, and 27 with PBS, TCL@PNV, CpG@PNV, or CpG/TCL@PNV. (D) Timeline
for treatment experiment. (E, F) Tumor growth curve and (G) survival curve.
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Figure 4. PNVs generate CD8% T-cell-dependent antitumor efficacy and long-term immune memory. A—C) C57BL/6 mice (n = 7) were inoculated with

1 x 10° B16-F10 cells subcutaneously and treated on days 3, 6, 9, and 16 with

CpG/TCL@PNV. CD8 antibody was intraperitoneally injected (100 ug per

mouse) every three days from day 2 for total 5 times. (A) Experiment timeline, (B) tumor growth curve, and (C) survival curve for nanovaccine therapy
with CD8" T cell depletion. Statistical analysis was compared to PBS group. D-G) Six tumor-bearing mice cured by CpG/TCL@PNV were rechallenged
with 1 x 10° B16-F10 cells subcutaneously at the left flank on day 80. (D) Timeline for rechallenge experiment. (E) Tumor growth curve and survival
curve for the rechallenge stage. Analysis of memory T cells in (F) spleens or (G) PBMC of survived mice.

and IL-6 in serum. Concentration of serum IL-12p70 and IL-
6 from codelivery group CpG/TCL@PNV was 2.3-fold and 2.5-
fold higher than those from CpG@PNV group, and 17-fold
and 3.7-fold higher than TCL@PNYV group (Figure 5E). Spleno-
cytes harvested 24 days postinoculation were cocultured with

B16-F10 cell lysate to evaluate the number of Ag-specific T
cells generated by nanovaccines in spleens. CpG/TCL@PNV
increased the number of IFN-y producing cell by an aver-
age of twofold compared with the single component vaccines
based on ELISpot assay (Figure 5F). These results demonstrated
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Figure 5. PNVs suppress tumor metastasis. C57BL/6 mice (n = 9) were inoculated with 5 X 10° B16-F10 cells intravenously and subaxillary injected
with PBS, TCL@PNV, CpG@PNV, or CpG/TCL@PNV on days 3, 6, 9, and 16. A) Timeline of nanovaccine therapy in lung metastasis model. B) Image
of harvested lungs and H&E staining of lung histological sections for respective group. Scale bar, 500 um. C) Lung weight (n = 4) in the end of the
experiment and D) survival curve (n = 5). E) Serum concentration of proinflammatory cytokine IL-6 and IL-12p70 on day 24 (n = 4). F) Ag-specific T cell
response measured by IFN-y* ELISpot assay and quantification of the spots (n = 4).

that PNVs codelivering Ag and CpG were effective in treating
metastasis.

2.7. PNVs Loading OVA/CpG Inhibit Growth of OVA-Expressing
Tumor

In addition to undefined Ag TCL, PNV platform is also applica-
ble to deliver Ags with known identities. OVA, a model protein
was employed as Ag in PNVs to treat subcutaneous B16-OVA
tumor (Figure 6A). CpG/OVA@PNV (20/5) elicited CR in 71%
of tumor-bearing mice, while only 29% of mice were cured by
CpG@PNV and OVA@PNV did not cure any mice (Figure 6B,C).
Thus, codelivery of OVA and CpG by PNVs substantially im-
proved therapeutic efficacy to OVA-expressing tumor, demon-
strating the feasibility of using PNVs to deliver defined Ags.

Adv. Healthcare Mater. 2024, 13, 2303690
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In addition, CpG/OVA@PNV could also serve as prophy-
lactic cancer vaccine. C57BL/6 mice were immunized with
CpG/OVA@PNV and then randomly divided into groups be-
fore inoculation with B16-OVA or B16-F10 cells, respectively
(Figure 6D). As the Ag used in immunization was OVA, OVA-
specific antitumor immune response was generated by PNVs.
Therefore, among the two types of tumors, CpG/OVA@PNV
inhibited the growth of B16-OVA tumor more effectively
(Figure 6E). CpG/OVA@PNV prevented tumor outgrowth in
57% of mice in B16-OVA group, while only 14% of mice
were tumor-free in B16-F10 group (Figure 6E,F). The antitu-
mor efficacy observed in mice bearing B16-F10 tumor was
probably due to CpG-boosted immune responses against en-
dogenous Ags. All these data demonstrated that PNVs could
also load known Ags to serve as both therapeutic and pro-
phylactic vaccines for treating tumors expressing identified
Ags.

© 2024 Wiley-VCH GmbH
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Figure 6. PNVs loading OVA display excellent therapeutic and prophylactic efficacy to OVA-expressing tumor. A-C) C57BL/6 mice (n = 7) were inoculated
with 2 x 10° B16-OVA cells subcutaneously and treated with PBS, OVA@PNV, CpG@PNYV, or CpG/OVA@PNV on days 3, 6, 9, and 16. (A) Timeline, (B)
tumor growth curve, and (C) survival curve for PNV treatment in B16-OVA melanoma model. Statistical analysis was compared with PBS. D—F) C57BL/6
mice (n = 7) were immunized with CpG/OVA@PNV on days —14 and —7. Immunized mice were randomly divided into groups for tumor inoculation (1
x 10° B16-F10 cells or 2 x 10° B16-OVA cells). (D) Experiment timeline, (E) tumor growth curve, and (F) survival curve for evaluating efficacy of PNVs as
prophylactic vaccine. Statistical analysis of CpG/OVA@PNV (B16-OVA model) and CpG/OVA@PNV (B16-F10 model) were compared with PBS groups

in red line and blue line, respectively.

3. Discussion

TCLs are ideal for developing personalized cancer vaccines due to
their complete coverage of TSAs and ease to be used without prior
knowledge of Ag identity.’**!] However, TCL-based vaccines
yielded disappointing results in early clinical trials due to the dif-
ficulties in quantitative coloading and codelivering TCL/adjuvant
to LN DCs.>¢] Focus was then shifted to indirect approaches uti-
lizing TCL-pulsed DCs according to the number of registered
trials. Unfortunately, TCL-loaded DC vaccines still elicit gener-
ally poor antigen presentation and transient antitumor immune
responses.[’’] The limiting factors such as poor LN-targeted mi-
gration and high mortality rate of DCs after injection are still dif-
ficult to address with current technologies.'®) Therefore, TCL-
based vaccines are regaining interests recently and approaches
substantially enhancing quantitative control over codelivering of
TCL/adjuvant to LN DCs might rekindle the hope of curing can-
cer patients by TCL-based vaccines.

PNVs were able to elicit strong DC activation and robust an-
titumor immunity due to four key features. First, PNVs could
coload TCL and adjuvant CpG with strikingly high efficiency.
Self-assembled PNVs had spermine located in the core to in-
teract with TCL components and charged CpG via electrostatic
interactions and hydrogen bonding. When prepared polymer
was mixed with TCL and CpG at 5 wt% (10 wt% in total), 98%
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TCL and 100% CpG were loaded into PNVs together. Similarly,
the DLE for model Ag OVA in the presence of CpG was also
near 100%, indicating that PNVs are versatile in loading various
combinations of Ag and adjuvant. Second, by coencapsulating
TCL and adjuvant in the core, PNV protected cargos from en-
zymatic degradation better than adhering TCL on the surface of
carriers,[4811¢12b]

The near 100% coloading efficiency and preservation of cargo
integrity allowed PNVs to quantitatively coload and codeliver
TCL/adjuvant by just adjusting the amount of respective cargo
added. Codelivery and more importantly the ratio of codeliv-
ered Ag and adjuvant are crucial to the antitumor efficacy of
vaccines.[®®%17] Tt has been reported that incorrect ratio of Ags
and adjuvant might promote immune tolerance or autoimmune
diseases.[6210.18] We also observed that despite CpG/TCL@PNV
(10/20) had fourfold higher TCL loading than CpG/TCL@PNV
(10/5), CpG/TCL@PNV (10/20) elicited much weaker efficacy
(Figure 3B,C). However, CpG/TCL@PNV (20/20), with both
CpG and TCL amount increased, outperformed CpG/TCL@PNV
(10/5). Therefore, PNVs can provide a convenient tool to tailor the
ratio of TCL/adjuvant delivered to the same DC, thus significantly
enhancing therapeutic efficacies and shedding insight into ratio-
nal design of future vaccines. Furthermore, high coloading effi-
ciency and well protection of cargo endowed PNVs to make full
use of available stringent amount of TCL when tumor biopsy is

© 2024 Wiley-VCH GmbH
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difficult to harvest from early, diffused, deep internal, or difficult-
to-resect tumors.

Third, PNVs demonstrated excellent targeting ability to LNs
and induced 50% of loaded CpG to accumulate in iLNs, exhibit-
ing 20-fold higher LN-directed delivery than free CpG. The LN-
targeting efficiency of PNVs was significantly higher than most
published nanovaccines and could even match to the most ef-
ficient LN-targeting carriers in literature.'3] The superior LN
targetability of PNVs is likely a result of favorable size (about
55 nm)!*4) and hydrophilic surface with moderate negative sur-
face charge (—6.6 mV).[13¢19.20]

Fourth, the DTC component in designed polymer PEG-
p(TMC-DTC)-Spermine allowed cross-linking of nearby poly-
mers in PNVs via disulfide bond, thus stabilizing the structure
of PNVs in circulation. Once PNVs are uptaken by DCs, the
disulfide bonds dissociate in response to the reducing cytosol
environment and rapidly release TCL and CpG to enhance DC
priming.[21]

All these properties allowed PNVs to generate potent anti-
tumor efficacies. CpG/TCL@PNVs cured 85% mice in subcu-
taneous melanoma model, elicited 40% CR in lung metastasis
model, and protected 100% cured mice from tumor recurrence.
Notably, PNVs elicited such efficacy even in the absence of im-
mune checkpoint inhibitors and at a relative low dose compared
to other TCL-based vaccines.!**!12422] [n addition, PNVs did not
elicit overt toxicities both in vitro and in vivo (Figures S2 and S3,
Supporting Information) and are safe to be used.

4, Conclusion

In summary, we developed PNVs to quantitatively coload and
ratio-controlled codeliver TCL/adjuvant to LNs, thus inducing
robust and specific antitumor immune responses. Not only did
CpG/TCL@PNYV substantially improve therapeutic outcomes in
both solid tumor and metastasis models, PNVs also generated
long-term antitumor immune memory to prevent tumor recur-
rence. PNV platform is also applicable to load defined Ag and ad-
juvant to serve as both therapeutic and preventive vaccines. The
potent and versatile PNVs have high potential for clinical transla-
tion and might provide new opportunities for curing cancer pa-
tients.

5. Experimental Section

Materials: CpG (5'-TCCATGACGTTCCTGACGTT-3’) and dye-labeled
CpG containing a full phosphorothioate backbone were synthesized from
Sangon Biotech. Lysis buffer NP-40 (Nonidet P 40, cat. PO013F) and PMSF
(Phenylmethanesulfonyl fluoride, cat. ST506) were purchased from Be-
yotime. OVA (cat. A7641) was purchased from Sigma-Aldrich. Mouse
enzyme-linked immunosorbe assay (ELISA) kit for IL-12p70 (cat. 88-7121-
88) and IL-6 (cat. 83-7064-88) were purchased from Thermo Fisher. IFN-y*
ELISpot assay kit (cat. 2210005) was purchased from Dakewe. Anti-mouse
antibody CD16/32 (clone.93), CD11c—fluorescein isothiocyanate (FITC)
(clone. N418), CD80-Allophycocyanin (APC) (clone.16-10AT), CD86—
PE/Cy7 (clone. GL-1), SHINFEKL/H-2KP—Allophycocyanin (PE) (clone. 25-
D1.16), CD3—FITC (clone. 17A2), CD4—FITC (clone. GK1.5), CD8a—PE/Cy7
(clone. 53-6.7), CD8a—APC/Cy7 (clone. 53-6.7), CD8a—PE (clone. 53-
6.7), CD44—PE (clone. IM7), CD62L-APC/Cy7 (clone. MEL-14), CD25-PE
(clone. PC61), IFN-y*—APC (clone. XMG 1.2), and isotype control Im-
munoglobulin G (IgG), k-PE (clone. MOPC-21) were purchased from Bi-
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olegend. Anti-mouse CD8a (cat. BP004-1) was purchased from BioXcell.
Recombinant protein murine granulocyte-macrophage colony stimulating
factor (GM-CSF) (cat. 250-05) was purchased from Peprotech.

Cell Lines and Animals:  B16-F10 cells were purchased from American
Type Culture Collection. B16-OVA cells were kindly provided by Tong Shen
from the Soochow University. B16-OVA and B16-F10 cells were cultured
in roswell park memorial institute (RPMI)-1640 medium containing 10%
FBS, 1% penicillin, 1% streptomycin. 293T and L929 cell lines were cul-
tured in dulbecco’s modified eagle medium (DMEM) and minimum es-
sential medium (MEM), respectively, containing 10% FBS, 1% penicillin,
and 1% streptomycin. Female C57BL/6 (6—8 weeks) were purchased from
Charles River company (Beijing, China) and maintained under protocols
approved by the Soochow University Laboratory Animal Center. OT-1 mice
were purchased from Shanghai Model Organisms Center (Shanghai, P.
R. China). All animal experiments were approved by the Animal Care and
Use Committee of Soochow University and all protocols conformed to the
Guide for the Care and Use of Laboratory Animals.

Synthesis and Characterization of CpG/Antigen@PNVs: PEG-P(TMC-
DTC)-SP was synthesized as reported previously.?3] Briefly, preparation
of block copolymers was by ring open polymerization of TMC and DTC
through the macromolecular initiators. TCL were obtained by lysing B16-
F10 cells with NP-40 lysis buffer in PMSF solution (1 mm). After diges-
tion 30 min on ice, cell lysates were centrifuged at 13 000 rpm and su-
pernatant was harvested. The concentration of TCL in supernatant was
determined by using micro bicinchoninic Acid (BCA) protein assay kit. To
prepare CpG/TCL@PNV with theoretical loading at 5.0 wt%, 100 uL PEG—
P(TMC-DTC)-SP (40 mg mL~") in DMF was added into N-2-hydroxyl-
ethylpiperazine-N-ethane-sulfonic acid buffer (pH 6.8, 5 mm, 900 uL) con-
taining TCL (2 mg mL™", 200 pg) and CpG (2 mg mL~", 200 pg) under
stirring at 300 rpm. After stirring at room temperature (RT) for 10 min,
the dispersion was dialyzed against PBS (pH 7.4, 10 mwm) for 6 h (molecu-
lar weight cut off, MWCO 1000 kDa) to remove DMF and unencapsulated
CpG/TCL. Size distribution was measured by DLS. The amounts of TCL
and CpG loaded were determined by micro BCA protein assay kit and nan-
odrop, respectively. Drug loading content (DLC) and DLE were calculated
based on the following formula

weight of loaded drug

DLC (wt%) = x 100 (%) (1)

total weight of loaded drug and polymers

DLE (%) = weight of loaded drug

100 (% 2
weight of drug in feed % (%) @

CyS-labeled OVA was employed to prepare the OVA® @PNV.
Reduction-triggered OVA release from OVA®® @PNV (nanoparticle conc:
1mgmL~1, n=3) was evaluated via dialysis against 10 mm GSH in phos-
phate buffer (PB) and incubated at RT with gentle shaking on an orbital
shaker. Release of OVA®D® was measured by a fluorescence spectrometer.
The size changes of nanoparticles in 10% FBS or 10 mm GSH were mea-
sured by DLS.

Evaluation of Nanovaccine Uptake by BMDCs and Activation of BMDCs:
BMDCs were obtained from marrow of C57BL/6 mice. The femurs and
tibias of the mice were aseptically dissected and flushed with a syringe
to obtain bone marrow (BM) cells. To generate BMDCs, BM cells were
cultured in RPMI-1640 medium containing 10% FBS, 1% penicillin, 1%
streptomycin, and 20 ng mL~" recombinant mouse GM-CSF. The medium
was all replaced after 48 h and then half replaced every 48 h. Nonadherent
or loosely attached BMDCs were collected on day 7.

BMDCs were plated in glass-bottomed dish (1 x 10® per well) and
cultured with CpGY> @PNV or mixture of empty PNV and free CpG®®
(0.15 um). After being cocultured for 4 or 24 h, cells were further cultured
with 0.5 nm lysotracker green at 37 °C with 5% CO, for 30 min. BMDCs
were then washed with cold PBS and fixed with 4% paraformaldehyde solu-
tion for 15 min, then treated with 5 ug mL™" 4’,6-diamidino-2-phenylindole
(DAPI) for 10 min (each step was followed by PBS washing x3) before con-
focal laser scanning microscope (CLSM) observation. FITC-labeled OVA
(OVAF'TC) was loaded into PNV to form OVAFTC@PNV. BMDCs (1 x 10°
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per well) were cultured with free OVAF'TC or the equivalent dose of OVA in
the form of OVAFITC@PNV for 24 h before flow cytometry analysis.

Immature BMDCs were cultured in 24-well plates (2 x 10° per well).
After 8 h, BMDCs were incubated with PBS, OVA@PNV, CpG@PNV,
CpG/OVA@PNYV, as well as physical mixture of empty PNV, CpG, and OVA
(weight ratio of PNV:CpG:OVA = 20:1:1, CpG or OVA 0.5 uyg mL~", n = 3)
at 37 °C with 5% CO,. After 20 h, cells were centrifuged and washed with
fluorescence activated cell sorting (FACS) buffer (1% FBS in PBS), incu-
bated with anti-CD16/32 at RT, and then stained with CD11c—FITC, CD80—
APC, CD86-PE/Cy7, and SIINFEKL/H-2KP—PE for 20 min at RT. Cells were
then washed twice by FACS buffer and detected by flow cytometer. Culture
medium was harvested for IL-12p70 and IL-6 ELISA assay.

Nanovaccines Boost the T Cell Activation Ability of BMDCs In Vitro:
BMDCs (1 X 10° cells) were treated with PBS, OVA@PNV (0.5 ug OVA
mL~"), CpG@PNV (0.5 pug CpG mL™"), or CpG/OVA@PNV (0.5 ug OVA
and 0.5 pg CpG mL™"), respectively, at 37 °C with 5% CO, (n = 3). After
20 h, CD8" T cells were isolated from OT-1 splenocytes and cocultured
with BMDCs from different groups. After 24 h, cells were harvested from
each well, washed, and added with counting beads before staining with
CD3-FITC, CD8-PE, and IFN-y*—APC. The number of IFN-y* T cells was
accessed via flow cytometer.

Biosafety of CpG/OVA@PNV In Vitro:  293T cells or L929 cells were
incubated overnight in 96-well plates with 3000 cells per well. PNVs were
added in different concentrations (5, 10, 50, 100 ug mL~") for coculturing
for another 24 h. Cell viability was analyzed via cell counting kit (CCK)-
8 cytotoxicity assay following manufacturer’s instruction (n = 6). Optical
density (OD) of samples were measured.

OD experiment — OD blank

Cell viability (%) = OD control — OD blank

x 100 (%) 3)

LN-Targeting and In Vivo DC Activation Ability of PNVs:  C57BL/6 mice
(n = 4-5) were injected with PBS, free CpG®7, and PNVs loading CpG®’
(20 ug CpG per mouse) in tail base and euthanatized 24 h postinjection.
Inguinal LNs and other organs were harvested for in vivo imaging system
(IVIS) imaging.

Mice (n = 3) were administrated with PBS, mixture of free CpG,
OVA, and empty PNV (CpG + OVA + PNV Mixture), OVA@PNYV, and
CpG/OVA@PNYV in tail base (20 pg CpG and 5 ug OVA per mouse). Mice
were euthanatized after 24 h and inguinal LNs were ground into single-cell
suspensions in ice PBS. Cells were then stained with fluorescently labeled
antibodies mentioned in the previous session and analyzed via flow cy-
tometry.

Evaluation of PNV-Induced Antigen-Specific T Cells in Spleen: Two sets
of experiments were conducted. C57BL/6 mice inoculated with 2 x 10°
B16-OVA and B16-F10 cells were immunized with CpG/OVA@PNV and
CpG/TCL@PNV, respectively, on days 3, 6, and 9. TCL was generated from
B16-F10 cells. Spleens from both sets of experiments were harvested on
day 16.

The number of Ag-specific T cells (IFN-y*) in spleen was determined by
ELISpot assay. According to the manufacturer’s instructions, splenocytes
were seeded in 96-well plates (10° cells per well) precoated with mouse
anti-IFN-y antibody. Splenocytes were stimulated with 25 ug mL™! OVA
or TCL for 24 h. A biotinylated antibody specific for IFN-y and alkaline
phosphatase conjugated to streptavidin were subsequently used to detect
the secreted IFN-y.

Splenocytes were also plated in 24-well plates (2 x 10° per well) and
pulsed with OVA or TCL. After 72 h, cells were centrifuged and washed
with FACS buffer, incubated with anti-CD16/32 at RT, and then stained with
CD3-FITC, CD8-APC/Cy7, and CD25-PE. Cells were then washed twice by
FACS buffer and analyzed by a flow cytometer.

Evaluation of Antitumor Efficacy of PNVs:  For therapeutic studies, TCL
was lysed from B16-F10 cells as described above. CpG and TCL were co-
encapsulated at different ratios. CpG/TCL@PNV (10/5) meant adminis-
tration of PNVs loading 10 pg CpG and 5 ug TCL per mouse. The prepared
ratios included 5/5, 10/5, 10/20, and 20/20.

For B16-F10 model, C57BL/6 mice were inoculated subcutaneously
with 1x 10° B16-F10 cells on the right flank per mouse at day 0 and then
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immunized with nanovaccines on days 3, 6, 9, and 16. Tumor growth was
monitored every other day and tumor volume was calculated by the fol-
lowing equation: tumor volume = length x width? x 0.5. For CD8* T cell
depletion study, C57BL/6 mice were inoculated subcutaneously with 1 x
10° B16-F10 cells on the right flank at day 0 and then immunized with
different vaccine formulations on days 3, 6, 9, and 16. CD8 antibody was
intraperitoneally injected with 100 pg per mouse every three days from day
2 for 5 times.

For B16-OVA tumor model, C57BL/6 mice were inoculated subcuta-
neously with 2 x 10° B16-OVA cells on the right flank of mice at day 0
and then immunized with nanovaccines on days 3, 6, 9, and 16.

For tumor metastasis model, C57BL/6 mice were inoculated intra-
venously with 5 x 10° B16-F10 cells on day 0 and then immunized
with PNVs on days 3, 6, 9, and 16. Four mice were randomly chosen
from each group and euthanatized. Lungs were harvested and fixed with
4% paraformaldehyde solution on day 24 postinoculation. Lungs were
weighted after fixation for 7 days. H&E staining was prepared by Service-
bio. Cytokine I1L-12p70 and IL-6 in serum were determined by ELISA kit.
Splenocytes were collected on day 24 postinoculation and seeded in a 96-
well plate (5 x 10° cells per well). After coculturing with TCL for 24 h, IFN-y
secreted by splenocytes was determined by ELISpot assay as previously in-
troduced.

Evaluation of PNV-Induced Long-Term Immune Memory:  C57BL/6 mice
were subcutaneously inoculated with 1 x 10> B16-F10 cells on the right
flank on day 0 and immunized with nanovaccines on days 3, 6, 9, and
27. Six cured mice were rechallenged by inoculation of 1 x 10° B16-F10
cells on the left flank at day 80 post initial tumor inoculation. PBMCs and
splenocytes were collected at day 120 and resuspended in ammonium-
chloride-potassium (ACK) lysis buffer to remove red blood cells. Cells were
then centrifuged and resuspended with counting beads (10 000 per well)
in FACS buffer. After being centrifuged at 1200 g for 4 min, cells were incu-
bated with anti-CD16/32 at RT and stained with CD4—FITC, CD8-PE/Cy7,
CD44-PE, and CD62L-APC/Cy7. Cells were then washed twice by FACS
buffer and analyzed by flow cytometer.

Protective Effects of PNVs:  For prophylactic study, C57BL/6 mice were
immunized by CpG/OVA@PNV vaccine twice on days —14 and —7. Mice
were then randomly divided into groups and were subcutaneously inocu-
lated with 2 x 10° B16-OVA cells or 1x 10° B16-F10 cells, respectively, on
the right flank at day 0. Tumor growth was monitored every other day.

Statistical Analysis:  All data were presented as mean + standard de-
viation. Unless otherwise indicated, significant differences among groups
were evaluated by one-way analysis of variance (ANOVA) with Tukey multi-
ple comparison tests, and the survival rate was analyzed by Kaplan—-Meier
technique with a log-rank test for comparison using GraphPad Prism (ver-
sion 8). *, p < 0.05; **p < 0.01; ***p < 0.001, and ****p < 0.0001.
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