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Cancer vaccines that make use of tumor antigens represent a
promising therapeutic strategy by stimulating immune
responses against tumors to generate long-term anti-tumor
immunity. However, vaccines have shown limited clinical
efficacy due to inefficient delivery. In this study, we focus
on vaccine delivery assisted by nanocomplexes for cancer
immunotherapy. Nanocomplex-mediated vaccination can
efficiently deliver nucleic acids encoding neoantigens to
lymphoid tissues and antigen-presenting cells. Polyethyleni-
mine (PEI) was conjugated with farnesylthiosalicylic acid
(FTS) to form micelles. Subsequent interaction with nucleic
acids led to formation of polymer/nucleic acid nanocom-
plexes of well-controlled structure. Tumor transfection via
FTS-PEI was much more effective than that by PEI, other
PEI derivatives, or naked DNA. Significant numbers of trans-
fected cells were also observed in draining lymph nodes
(LNs). In vivo delivery of ovalbumin (OVA; a model antigen)
expression plasmid (pOVA) by FTS-PEI led to a significant
growth inhibition of the OVA-expressing B16 tumor
through presentation of OVA epitopes as well as other
epitopes via epitope spreading. Moreover, in vivo delivery
of an endogenous melanoma neoantigen tyrosinase-related
protein 2 (Trp2) also led to substantial tumor growth inhibi-
tion. FTS-PEI represents a promising transfection agent for
effective gene delivery to tumors and LNs to mediate effective
neoantigen vaccination.
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INTRODUCTION
Vaccines that activate our immune system for prevention and treat-
ment of infections and other diseases play a significant role in human
healthcare.1 Cancer neoantigens derived from somatic mutations in
tumor tissues provide an attractive target for cancer immunother-
apies such as cancer vaccine.2 Vaccination against tumor-specific
neoantigens has the capability to decrease the induction of potential
central and peripheral tolerance.3,4 It has been reported that neoanti-
gen-based personalized vaccination shows remarkable therapeutic
potential in preclinical and early-phase clinical studies.5–7 However,
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significant challenges remain in the efficient and safe delivery of the
vaccine components to induce potent and generalized anti-cancer
T cell responses.8

Currently, a variety of delivery systems have been developed for gene
delivery including viral and non-viral carriers.9 Various non-viral sys-
tems have been reported including peptides, liposomes, and cationic
polymers.10 Synthetic polymers have attracted increasing attention in
nucleic acid delivery due to their versatility, favorable safety profiles,
and the ease of production.9–12 Nanocomplexes have been extensively
investigated for vaccine delivery since they could protect vaccines
from degradation, prolong retention time, and enhance lymphoid
organ targeting.13

We herein developed a delivery system based on polyethylenimine
(PEI), a cationic polymer that has been widely used in non-viral
gene delivery including intratumor injection.14 PEI has a high
charge density with proton sponge effect. Unprotonated secondary
amines of PEI absorb protons upon internalization into the endo-
some, resulting in more protons being brought into the endosome
and a concomitant increased influx of Cl– ions and water.15 This
can lead to endosomal bursting and the subsequent release of endo-
cytosed materials into cytosol.14 PEI is a water-soluble molecule that
can randomly interact with nucleic acids in aqueous solutions. By
anchoring PEI molecules on the surface of nanoparticles (NPs) of
defined sizes, a more effective and controllable interaction with nu-
cleic acids can be achieved.16 For example, PEI was modified with
cholesterol, deoxycholic acid, or lipoic acid to improve the ability
of the polymer to protect and deliver genes to cells. It is believed
that a more lipophilic PEI derivative facilitates the interaction
with cells.17,18 The lipid-derivatized PEI also self-assembles to
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Figure 1. Synthesis scheme and chemical characterization of FTS-PEI polymers

(A) FTS-PEI was synthesized via a condensation reaction from linear PEI. PEI was reacted with FTS at different ratios in DMF at room temperature with DCC as a condensing

reagent and DMAP as a catalyst. (B) 1H nuclear magnetic resonance (NMR) spectra of the FTS-PEI (5% FTS, PEI MW = 2.5 kDa). (C) The matrix-assisted laser desorption/

ionization (MALDI) spectra of free PEI (PEI MW = 2.5 kDa, black line) and FTS-PEI (5% FTS, PEI MW = 2.5 kDa, blue line).
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form NPs that provide more controlled interaction with nucleic
acids.

In this study, we coupled farnesylthiosalicylic acid (FTS) with PEI to
obtain an amphiphilic FTS-PEI conjugate that self-assembled to form
micelles. Water-insoluble FTS served as the hydrophobic region of
polymeric micelles, whereas PEI served as the cationic hydrophilic
domain to bind nucleic acid and increase cellular uptake. FTS is a
nontoxic RAS antagonist and can inhibit receptor-mediated RAS acti-
vation, resulting in the inhibition of RAS-dependent tumor growth.19

FTS-PEI was characterized with respect to the transfection efficiency
in vitro and in vivo. In addition, ovalbumin (OVA) was used as a
model antigen, and tyrosinase-related protein 2 (Trp2) was used as
an endogenous melanoma neoantigen to examine the efficiency of
FTS-PEI-mediated vaccination.20

RESULTS
Synthesis and characterization of FTS-PEI polymer

The synthesis route of the FTS-PEI polymer is shown in Figure 1A.
FTS was conjugated to PEI via condensation reaction. The
input molar ratio of FTS and PEI units was 1:20. The conjugation ef-
ficiency was determined based on UV absorbance at the wavelength
of 250 nm. By using a calibration curve made with FTS standards,
the molar percentage of FTS in the final polymer was determined
to be 3.2% with 72% of conjugation efficiency. The 1H nuclear mag-
netic resonance (NMR) spectra of the FTS-PEI showed the respective
PEI peaks (2.5�2.9 ppm) and FTS lipid peaks (0.9�1.0 ppm) (Figures
1B and S1A�S1C). The matrix-assisted laser desorption/ionization
(MALDI) spectra also showed that compared with free PEI, FTS-
PEI had a peak with slightly larger molecular weight (MW), indi-
cating FTS conjugation (Figure 1C).
Characterization of micellar nanocomplexes

FTS-PEI polymer self-assembled to form micelles in aqueous solu-
tions with a size of 164.2 nm and a zeta potential of 30.2 mV, as deter-
mined by a Zetasizer. FTS-PEI micelles were mixed with expression
plasmid (p)GFP at various N/P ratios (the molar ratio of nitrogen res-
idues [N] in the cationic polymer over phosphate [P] of nucleic acids).
The hydrodynamic sizes of blank FTS/PEI micelles and pGFP/FTS-
PEI nanocomplexes at N/P ratios from 0.5/1 to 10/1 were shown in
Figures 2A and S2A�S2C. At N/P ratios below 3.8, the net charges
of nanocomplexes were negative with the particle sizes around
100 nm. At the N/P ratio of 3.8, a significant increase in particle
size was observed with particle charges close to neutral. Further in-
creases in N/P ratios led to continuous increases in net positive
charges and decreases in particle sizes, suggesting gradual condensa-
tion of nucleic acid by the FTS-PEI polymer. Both blank FTS-PEI
micelles and pGFP/FTS-PEI nanocomplexes were spherical in
morphology, as shown by transmission electron microscopy (TEM)
(Figures S3A�S3C).

We then tested whether the cationic micelles could form stable com-
plexes with pGFP via gel retardation assay. As shown in Figure 2B,
complete complexation of pGFP by the FTS-PEI polymer was
achieved at an N/P ratio of 5/1 or greater. To further investigate the
interaction between FTS-PEI nanocarrier and pGFP, we examined
the impact of dextran sulfate on the displacement of DNA from
pGFP/FTS-PEI complexes and compared to pGFP/PEI complexes.
As shown in Figure 2C, at an N/P ratio of 1/1, pGFP was only partially
retarded by both PEI and FTS-PEI, but there appeared to have more
DNA retardation with pGFP/FTS-PEI complexes. Addition of
dextran sulfate to both DNA/polymer complexes led to gradual in-
creases in the amounts of displaced DNA with the increases in the
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Figure 2. In vitro and in vivo characterizations of DNA/FTS-PEI

nanocomplexes

(A) The hydrodynamic sizes and zeta potentials of FTS-PEI micelles (5% FTS, PEI

MW = 2.5 kDa) and expression plasmid (p)GFP/FTS-PEI nanocomplexes formed at

various N/P ratios. (B) Gel retardation assay of pGFP/FTS-PEI nanocomplexes at

different N/P ratios. Sampleswere incubated for 20min at room temperature prior to

electrophoresis on a 1.5% (w/v) agarose gel (120 V, 20 min). (C) Gel electrophoresis

assay of DNA displacement from pGFP/FTS-PEI nanocomplexes (N/P = 1) by

dextran sulfate at various S/P ratios. (D) Linear PEI (MW = 2.5 kDa or 25 kDa)

conjugated with different percentages of FTS (1% or 5%) were complexed with

pGFP at N/P ratios of 0.5/1, 1/1, and 2.5/1, respectively. A total of 12 nano-

complexes were obtained that vary in the FTS/PEI (m/m) as well as N/P ratios.

Nanocomplexes were individually administered via intratumor injection into tumor-

bearing mice. Tumor tissues were collected after 48 h, and transfection efficiency

was evaluated by fluorescence microscopic examination of GFP expression.
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S/P ratios (molar ratio between the sulfur from dextran sulfate [S] and
the phosphate from pGFP [P]) from 0.5 to 1. However, pGFP/FTS-
PEI appeared to be more resistant to dextran sulfate-mediated
DNA displacement compared to pGFP/PEI complexes. At an N/P
ratio of 5/1, pGFP could not be replaced by dextran sulfate at an
S/P ratio of 2.5 and 5, respectively. In contrast, an obvious release
of pGFP was observed from the PEI carrier at the corresponding
N/P ratios (Figure S4). These data suggest that FTS-PEI formed
more stable complexes with DNA compared to PEI.

We then went on to evaluate the nucleic acid delivery efficacy of
several polymer conjugates by loading pGFP into nanocomplexes
and comparing GFP expression in tumor tissues. Linear PEIs of
different MWs (2.5 kDa or 25 kDa) conjugated with different percent-
596 Molecular Therapy: Nucleic Acids Vol. 26 December 2021
ages of FTS (1% or 5%) were complexed with pGFP at N/P ratios of
0.5/1, 1/1, and 2.5/1, respectively. A total of 12 nanocomplexes were
obtained that vary in the MW of PEI and FTS/PEI (m/m) as well as
N/P ratios. They were individually administered via intratumor injec-
tion into B16F10 tumor-bearing mice, and tumor tissues were
collected after 48 h. Tumor transfection from FTS-PEI nanocom-
plexes was much more effective than that by PEI or naked DNA alone
(Figure 2D).Widespread transgene expression was observed in tumor
tissues treated with nanocomplexes with a PEI of 2.5 kDa and 5% FTS
derivatization at a N/P ratio of 1/1 (Figure 2D). This ratio was chosen
for all subsequent studies.

FTS-PEI nanocomplex-mediated transfection of tumor cells and

DCs

Effective nucleic acid-based vaccination requires efficient intracellular
antigen expression and pursuant immune cell activation to generate
an effective immune response. Therefore, we went to examine the
other target tissues of the pGFP/FTS-PEI nanocomplexes besides
tumor. Significant transfection was also observed in adjacent draining
inguinal lymph nodes (LNs) (Figure 3A). We confirmed the expres-
sion of GFP via immunofluorescence using a GFP-specific antibody.
We observed highly overlapping GFP green fluorescence and GFP-
specific staining (red) signals in both tumors and draining LNs, ruling
out the possibility of autofluorescence from the tissues (Figure 3B).
We further confirmed and quantified the gene expression using lucif-
erase as a reporter in tumors and LNs. Again, the highest level of gene
expression was achieved with the nanocomplexes with a PEI of
2.5 kDa and 5% FTS derivatization at a 1/1 N/P ratio (Figure 3C).

Following demonstration of significant transfection of both tumors
and adjacent LNs. We went on to quantify the percentages of trans-
fected cells and examine whether DCs were effectively transfected
by FTS-PEI, as DCs reside mostly in draining LNs and are believed
to be one of the main target cells of vaccination due to their capability
of antigen presentation and T cell activation. pGFP/FTS-PEI nano-
complexes were i.t. injected into 4T1.2-tdTomato-bearing mice.
The fluorescence-labeled 4T1.2 tumor cells harbor a stable transfec-
tion and express tdTomato. Our results showed significant levels of
GFP transfection in both tumor cells (tdTomato+) at around 12.9%
and DCs (CD11b+, major histocompatibility complex [MHC] class
II+) at around 4.8% (Figure 3D; p < 0.001, Student’s t test). Gating
strategies for both tumor cells and DCs were shown in Figure S5.
Moreover, compared to unmodified PEI, or PEI derivatized with
other lipid motifs, like OA and LA, FTS-PEI was much more effective
in transfecting both tumors and LNs (Figure 3E).

FTS-PEI nanocomplex-mediated anti-tumor immunity and

antigen presentation

The above studies clearly showed the efficacy of our nanocomplexes
in gene delivery to both tumor cells and antigen-presenting cells
(APCs). As an initial step to test whether delivery of an antigen
expression system via our nanocomplexes will lead to effective vacci-
nation, OVA was used as a model antigen. We tested the adaptive im-
mune response and anti-tumor efficacy of our vaccination strategy by



Figure 3. In vivo transfection of FTS-PEI

(A) GFP expression after 48 h in tumor tissues and LNs. (B)

Immunofluorescence staining of GFP in tumors and LNs.

(C) Luciferase expression after 48 h in tumors and LNs.

Data are presented as mean ± SEM, n = 3. p values were

generated by two-tailed Student’s t test. *p < 0.05, **p <

0.01, ***p < 0.001. (D) Fluorescence-activated cell sorting

(FACS) analyses of GFP expression in fluorescence-

labeled tumor cells (tdTomato+) in tumor tissues and DCs

(CD11b+, MHC class II+) in LNs. (E) Comparison of pGFP

transfection efficiency in tumors and LNs by PEI, OA-PEI,

LA-PEI, and FTS-PEI, respectively.
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establishing an OVA-expressing B16F10 mouse melanoma model
and delivering a pOVA vaccine through intratumor administration.
We found that pOVA-loaded nanocomplexes induced robust tumor
suppression with only three doses of vaccination (once every 6 days),
and tumor sizes were contained at less than 100mm3 for over 3 weeks.
Free pOVA showed a modest antitumor activity, whereas empty
plasmid vector-loaded nanocomplexes showed almost no anti-tumor
efficacy (Figure 4A).

Given the importance of adaptive immunity in driving antitumor re-
sponses, we examined whether intratumoral delivery of pOVA/FTS-
PEI could elicit systemic immunity that affects distant metastasis.
Following the 3rd vaccination, “metastatic” tumors were established
Molecular Therap
at the contralateral site by inoculating 1/10 of
the number of cells used to establish primary
tumors. Figure 4B shows that the growth of
the tumors at the distal site was significantly in-
hibited in mice that received administration of
pOVA/FTS-PEI only to primary tumors. We
reasoned that the increased antitumor activity
could be attributed to improved tumor cell
recognition through increased antigen presen-
tation. As shown in Figure 4C, the level of stain-
ing of the SIINFEKL epitope from OVA in the
context of H2K(b) was significantly higher in
the group treated with pOVA/FTS-PEI, sug-
gesting that the vaccination increased the levels
of antigen-loaded MHC class I on the surface of
tumor cells. The observation of an abscopal ef-
fect indicates that vaccination with pOVA/FTS-
PEI led to generation of systemic antitumor
immunity.

Epitope spreading has been reported to be
implicated in the induction of antitumor
cytotoxic T lymphocyte (CTL) responses
following vaccination. To examine whether
epitope spreading is also involved in the anti-
tumor immune response following vaccination
with pOVA/FTS-PEI, we isolated CD8+ T cells
from mice inoculated with B16F10-OVA tumor
cells and treated with PBS, pcDNA/FTS-PEI, free pOVA, or pOVA/
FTS-PEI and examined the cytotoxic effect on wild-type B16F10 cells.
As shown in Figure 4D, CD8+ T cells isolated from mice that were
challenged with B16F10-OVA tumor cells and treated with pOVA/
FTS-PEI showed significant toxicity toward wild-type B16F10 cells.
These CTL responses are B16F10 specific, as they showed no effect
on MC38 tumor cells. Figure 4E shows that the medium interferon
(IFN)-g level in the co-culture was the highest in the group of
pOVA/FTS-PEI, suggesting that FTS-PEI nanocomplexes can induce
anti-tumor activity across epitopes within a specific tumor cell line.
These data suggest that vaccination with pOVA/FTS-PEI induced
strong epitope spreading, which may contribute to the overall anti-
tumor activity.
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Figure 4. FTS-PEI nanocomplex-mediated anti-tumor immunity, antigen presentation, and epitope spreading

(A) PBS, pcDNA/FTS-PEI, free p-ovalbumin (pOVA), and pOVA/FTS-PEI were injected locally (intratumor) to B16F10-OVA (local tumors)-bearing mice once every 6 days for

three times. Tumor growth was monitored once every 2 days. (B) Re-challenged tumors (distant tumors) were established via inoculation of tumor cells at the contralateral

side after the 3rd vaccination of the primary tumors, and tumor growth in both groups weremonitored. Values reported are themean ±SEM, n = 5. p values were generated by

one-way ANOVA using the Tukey test for multiple comparisons. *p < 0.05, **p < 0.01, ***p < 0.001. (C) SIINFEKL-H2K(b) presentation by B16F10-OVA tumors treated with

pOVA/FTS-PEI or PBS. Cells were stimulated with recombinantmouse IFN-g (10 ng/mL) overnight to induce OVA surface expression. MFI, mean fluorescence intensity. Data

are presented as the mean ± SEM, n = 5. p values were generated by two-tailed Student’s t test. *p < 0.05, **p < 0.01, ***p < 0.001. (D) CD8+ T cells were isolated from

B16F10-OVA tumors treated with PBS, pcDNA/FTS-PEI, free pOVA, or pOVA/FTS-PEI and co-cultured with B16F10 or MC38 for 6 h. Tumor cells were collected afterward

for flow cytometry analysis for CFSE intensity. Data are presented as the mean ± SEM, n = 3. p values were generated by two-tailed Student’s t test. *p < 0.05, **p < 0.01,

***p < 0.001. (E) CD8+ T cells were isolated from B16F10-OVA tumors treated with PBS, pcDNA/FTS-PEI, free pOVA, or pOVA/FTS-PEI and co-cultured with B16F10 or

MC38 for 6 h. Culture medium was collected, and the level of IFN-g in the supernatant was measured by ELISA.
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The above study clearly shows the therapeutic efficacy of FTS-PEI-
mediated cancer vaccination using OVA as a model antigen. To
further investigate its potential in clinical translation, we went on to
examine the therapeutic benefit of vaccination with Trp2, an endog-
enous neoantigen. Trp2 is an enzyme involved in melanin synthesis
that undergoes N-glycosylation and translocation into the melano-
some in melanocytes. It has been reported to be a tumor-associated
neoantigen present in both melanocytes and melanoma, and as
such, Trp2 has been intensely studied as a viable therapeutic and pro-
phylactic vaccine candidate for melanoma. By using the same exper-
imental design as in the delivery of pOVA, we delivered a pTrp2 to
B16F10-bearing mice through intratumor administration. As shown
in Figure 5A, intratumor delivery of pTrp2 via FTS-PEI led to signif-
icant inhibition of tumor growth. In addition, treatment of the pri-
mary tumors led to a strong abscopal effect in inhibiting the growth
of untreated distal tumors (Figure 5B).

Effect of FTS treatment on PEI-mediated in vitro transfection

The significantly improved transfection efficiency of FTS-PEI over
PEI or other PEI derivatives prompted us to examine whether FTS
treatment will have an impact on transfection efficiency. Cultured
598 Molecular Therapy: Nucleic Acids Vol. 26 December 2021
B16F10 cells were pre-treated with different concentrations of FTS
ranging from 0.625 mM to 5 mM for 24 h, followed by PEI-mediated
pGFP transfection. FTS treatment led to a significant increase in
GFP transgene expression in tumor cells (Figure 6A). We then simi-
larly examined the effect of doxorubicin (Dox) and paclitaxel (PTX),
two commonly used anticancer agents on transfection, and the
transfection efficiency was quantitatively assessed by flow cytome-
try. As shown in Figure 6B, Dox and PTX had no significant impact
on transfection, whereas FTS pretreatment led to significant in-
creases in the numbers of GFP-positive cells in a dose-dependent
manner.

DISCUSSION
In general, locally delivered soluble antigens or molecular adju-
vants rapidly diffuse into systemic circulation due to their small
molecular sizes.21 They are disseminated systemically and are of
limited efficiency in targeting and accumulating in LNs, resulting
in a poor immune response.14 Intratumor injection of naked nu-
cleic acids has been shown to be capable of transfecting various
types of tumors, but the efficiency is relatively low and varies
greatly among different types of tumors.22,23 In addition, it has



Figure 5. FTS-PEI nanocomplex-mediated

neoantigen vaccination induces tumor inhibition

(A) PBS, pcDNA/FTS-PEI, free pTrp2, and pTrp2/FTS-PEI

were injected locally (intratumor) to B16F10 (local tumors)-

bearing mice, respectively, once every 6 days for three

times. (B) Re-challenged tumors (distant tumors) were

established via inoculation of B16F10 cells at the contra-

lateral side, 2 days after the final vaccination, and tumor

growth in all groups was monitored. Values reported are

the mean ± SEM, n = 5. p values were generated by one-

way ANOVA using the Tukey test for multiple compari-

sons. *p < 0.05, **p < 0.01, ***p < 0.001.
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limited efficiency in targeting APCs due to inefficient delivery to
lymphoid organs.24

Compared to soluble antigens, antigens in particulate form are more
effectively taken up by APCs through phagocytosis.25 Various PEI-
based nanocomplexes have been developed for tumor vaccination
via intratumor administration, including cholesterol, deoxycholic
acid, and lipoic acid derivatives of PEI. Our preliminary data showed
that FTS-PEI was more effective in mediating in vivo transfection via
intratumor injection compared to several other lipid-derivatized PEIs
such as LA-PEI and OA-PEI. One unique feature of FTS compared to
other lipid motifs (cholesterol or lipoic acid) lies in the presence of a
benzene ring in addition to a hydrophobic alkyl chain. The benzyl
rings in FTS-PEI can interact with the base p systems of nucleic acids
through hydrophobic interaction and p–p stacking.26 The multiple
modes of interactions between FTS-PEI and nucleic acids may offer
better protection against nuclease-mediated degradation and at the
same time facilitate the release of nucleic acids from endosomes
into cytosol, resulting in improved transfection.27 This is supported
by our data showing that pGFP formed more stable nanocomplexes
with FTS-PEI and was more resistant to dextran sulfate-mediated
displacement (Figures 2B and 2C). It is also interesting to notice
that treatment of cultured tumor cells with FTS led to enhanced trans-
fection in a dose-dependent manner (Figures 6A and 6B), whereas
Dox and PTX had no effect on transfection. FTS is a known inhibitor
of Ras signaling.19 More studies are needed to define whether Ras ac-
tivity negatively affects the transfection efficiency. It also remains to
be examined whether FTS can be effectively released in the tumor tis-
sues to similarly affect the in vivo transfection as noted in vitro.

Intratumor gene delivery via FTS-PEI led to efficient transfection of
both tumor cells and DCs in the draining LNs. This was translated
into effective control of tumor growth in a B16F10-OVA tumor
model. In addition to effective inhibition of the growth of vaccinated
tumors, we observed a significant antitumor effect on the distal non-
vaccinated metastatic tumors, suggesting development of a systemic
antitumor immunity following treatment of the primary tumor
with pOVA/FTS-PEI. Furthermore, vaccination of the B16F10-
OVA tumor with pOVA/FTS-PEI triggered a specific CTL response
against control B16F10 tumor cells, suggesting a possible involvement
of epitope spreading in the overall antitumor activity. It is well known
that there is significant heterogeneity both among tumors from
different patients and within the same tumors.28 The epitope
spreading subsequent to tumor vaccination opens the possibility of
eradicating both antigen-positive and antigen-negative tumor cells.

In summary, we have developed a simple and effective gene-delivery
nanocomplex (FTS-PEI) for tumor vaccination. Both tumor cells and
DCs in draining LNs were effectively transfected. Delivery of a model
antigen (OVA) led to the development of a strong systemic antitumor
immunity in a B16F10-OVA tumor model. We have further demon-
strated significant antitumor activity following vaccination with Trp2,
an endogenous melanoma neoantigen.

MATERIALS AND METHODS
Reagents

FTS was synthesized and purified following published literature.9 PEI
was purchased from Polysciences (Warrington, PA, USA). Dulbecco’s
modified Eagle’s medium (DMEM) and trypsin-EDTA solution were
purchased from Sigma-Aldrich (St. Louis, MO, USA). Pierce Firefly
Luciferase Glow Assay Kit was purchased from Thermo Scientific
(Waltham, MA, USA). OVA polyclonal antibody, fetal bovine serum
(FBS), and penicillin-streptomycin solution were purchased from In-
vitrogen (Grand Island, NY, USA).

Cell culture

Murinemelanoma cell line B16F10, murine triple-negative breast car-
cinoma cell line 4T1.2, and murine colon cancer cell line MC38 were
obtained fromATCC (Manassas, VA, USA). 4T1.2-tdTomato subline
was kindly provided by Dr. Da Yang. OVA-expressing B16F10 cells
were generated by transfection of B16F10 cells with pOVA followed
by G418 selection. All cell lines used in this work were cultured in
DMEM supplemented with 10% FBS and 1% penicillin/streptomycin
at 37�C in a humidified atmosphere with 5% CO2. All cell lines were
subject to periodic testing for mycoplasma using the LookOut Myco-
plasma PCR Detection Kit (Sigma).

Animals

Female BALB/c and C57BL/6 mice (4�6 weeks) were purchased from
The Jackson Laboratory (Bar Harbor, ME, USA). All animals were
housed under pathogen-free conditions according to the AAALAC
(Association for Assessment and Accreditation of Laboratory Animal
Molecular Therapy: Nucleic Acids Vol. 26 December 2021 599
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Figure 6. Effect of FTS treatment on PEI-mediated

in vitro transfection

(A) GFP expression of cultured B16F10 tumor cells

without transfection (negative control [NC]), cells trans-

fected with pGFP/PEI without FTS pre-treatment, and

cells transfected with pGFP/PEI and FTS pre-treatment

(0.625 mM, 1.25 mM, 2.5 mM, and 5 mM). (B) Flow cy-

tometry analysis of GFP+ cells transfected with pGFP/

PEI, with or without pre-treatment of FTS (0.625�5 mM),

doxorubicin (0.3�2.4 mM), and paclitaxel (0.5�4 mM).

Values reported are the mean ± SEM, n = 5. p values

were generated by one-way ANOVA using the Tukey

test for multiple comparisons. *p < 0.05, **p < 0.01,

***p < 0.001.
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Care) guidelines. All animal-related experiments were performed in
full compliance with institutional guidelines and approved by the
Animal Use and Care Administrative Advisory Committee at the
University of Pittsburgh.

Synthesis of polymers

FTS-PEI was synthesized via condensation reaction using linear PEI
(MW = 2,500 Da or 25,000 Da). PEI (129 mg, 3 mmol NH�) was re-
acted with FTS at different ratios (10.74 mg, 0.03 mmol; 53.7 mg,
0.15 mmol) in DMF (5 mL) at room temperature (RT) under stirring
with N,N0-dicyclohexylcarbodiimide (DCC; same equivalent to FTS)
as a condensing reagent and DMAP (5 mg) as a catalyst. After 16 h,
the reaction mixture was filtered by cotton, followed by addition of
50 mL diethyl ether. The mixture was centrifuged at 4,500 rpm for
10 min, and the precipitate was collected. Finally, the FTS-PEI poly-
mer was obtained by precipitation in ether for 3 times. 1H NMR
spectra were examined on a 600.0 MHz Bruker spectrometer using
DMSO-d6 as the solvent. MALDI analysis of FTS-PEI and PEI was
conducted by Scripps Research as a paid service.

Preparation and physicochemical characterization of nucleic

acid/FTS-PEI nanocomplexes

Plasmid DNA (0.5 mg/mL in distilled deionized [DD] water)
was mixed with FTS-PEI micelles (2 mg/mL in DD water) at
600 Molecular Therapy: Nucleic Acids Vol. 26 December 2021
desired N/P ratios. DNA/FTS-PEI nanocom-
plexes were allowed to incubate at RT for
20 min prior to further characterization.
Both in vitro and in vivo studies were
performed with freshly prepared nanocom-
plexes. The particle size and zeta potential
of nucleic acid/FTS-PEI nanocomplexes at
different N/P ratios were assessed by a
Zetasizer (Nano ZS instrument; Malvern,
Worcestershire, UK). The morphology of
FTS-PEI blank micelles and DNA/FTS-PEI
nanocomplexes was examined by TEM. The
micelles and DNA/polymer nanocomplexes
were mounted on a copper grid with nitrocel-
lulose-supporting film. The samples were
negatively stained with uranyl acetate and dried at RT before
examination.

Gel retardation assay and DNA replacement assay

pGFP/FTS-PEI complexes were prepared at different N/P ratios,
ranging from 0.5 to 10. (pGFP concentration was fixed at
0.02 mg/mL.) The resulting nanocomplexes were then electrophoresed
on a 1.5% agarose gel. The gels were prepared with 1.5% agarose in
Tris-acetate-EDTA (TAE) buffer containing 0.5 mg/mL ethidium
bromide (Biotium, Fremont, CA, USA). Samples were incubated at
RT for 20 min, and BlueJuice Gel Loading Buffer (10�; Invitrogen,
Grand Island, NY, USA) was added to the samples. Gel electrophoresis
was carried out at 120 V for 20 min, and the gel was subsequently visu-
alized using a UV illuminator. Free pGFP was served as a control.

For DNA replacement assay, pGFP/FTS-PEI complexes of various
N/P ratios were first prepared. Dextran sulfate was then added to
the samples at various S/P ratios (molar ratio between the sulfur
from dextran sulfate and the phosphate from nucleic acid). The sam-
ples were then similarly electrophoresed as described above.

In vivo transfection of DNA/FTS-PEI nanocomplexes

For in vivo transfection of pGFP/FTS-PEI, C57BL/6J mice aged
4�6 weeks were inoculated subcutaneously (s.c.) with B16F10 cells
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(1� 105) into the right flank. Mice were given intratumor injection of
blank FTS-PEI polymer or pGFP/FTS-PEI nanocomplexes of
different N/P ratios on day 6 after tumor inoculation (50 mg pGFP/
mouse). Mice were sacrificed at 48 h post-injection. Tumors and
LNs were collected, sectioned, and observed under a fluorescence
microscope (BZ-X710; KEYENCE, Osaka, Japan). In addition, the
sections were stained with Cy5-labeled anti-GFP monoclonal anti-
body to further confirm GFP transgene expression. Assessment of
in vivo gene transfer using p-luciferase (pLuc) was similarly per-
formed as described above. Mice were sacrificed at 48 h post-injec-
tion. Tumors and LNs were collected and subjected to luciferase assay.

Transfection of tumor cells and DCs by pGFP/FTS-PEI nanocom-
plexes was further assessed by flow cytometry. In this experiment,
4T1.2-tdTomato cells (1 � 105) were s.c. inoculated into the right
flank of female BALB/c mice to establish a tumor model. Mice simi-
larly received intratumor injection of pGFP/FTS-PEI nanocomplexes,
as described above, and tumors and LNs were collected 48 h later.
Tumors and LNs were cut mechanically with scissors and digested
with Liberase TL and DNase I. Tissues were further grinded and
filtered through a 70-mm cell strainer with red blood cells lysed by
ACK lysis buffer. Tumor cells were first gated under the Zombie
NIR� and CD45� cell population and further characterized by
tdTomato+ expression. DCs were first gated under Zombie NIR�

and CD45+ cells as a myeloid cell population and then further char-
acterized by using Gr-1�, CD11b+, and MHC class II+ gating. The
graphic representation of gating strategy was detailed in Figure S5.
Data are presented as the mean ± standard error of mean (SEM),
n = 3. p values were generated by two-tailed Student’s t test; *p <
0.05, **p < 0.01, and ***p < 0.001.

Immunization and anti-tumor efficacy

Female C57BL/6J mice aged 4–6 weeks were inoculated s.c. with
1 � 105 B16F10-OVA or B16F10 into the right flank. Vaccination
began when tumor sizes were�50 mm3. Mice were immunized by in-
tratumor injection of FTS-PEI nanocomplexes loaded with 50 mg
pOVA (pOVA/FTS-PEI) or pTrp2 (pTrp2/FTS-PEI). For FTS-PEI
nanocomplexes loaded with 50 mg empty backbone plasmid pcDNA
(pcDNA/FTS-PEI), free DNA and PBS were used as controls. Three
doses were given every 6 days. For the re-challenge model, tumor-
bearing mice with or without prior vaccinations were re-challenged
by s.c. inoculation of 1� 104 B16F10-OVA or B16F10 cells per mouse
into the contralateral side, the day after the final vaccination. The
growth of rechallenged tumor cells was compared to that of the
amounts of tumor cells inoculated into naive mice. Tumors
were measured every 3 days and calculated following the formula:
(L � W2)/2 in which L is the longest dimension (length), and W is
the longest perpendicular dimension (width). CO2 inhalation was
used to euthanize mice on the day of euthanasia.

Cytotoxicity assay

1 � 104 B16F10 or MC38 cells were seeded into flat-bottom 96-well
plates and cultured at 37�C for 6 h. B16F10 and MC38 cells were
stained with different concentrations of CFSE (B16F10, 1:20,000;
MC38, 1:5,000) prior to being seeded into the plates. CD8+ T cells
were isolated from mice immunized with PBS, pcDNA/FTS-PEI,
free pOVA, or pOVA/FTS-PEI. 1 � 105 T cells from each group
were co-cultured with both B16F10 and MC38 for 6 h. Tumor cells
were collected after co-culture for flow cytometry analysis for CFSE
intensity. Supernatants were harvested and assayed for IFN-g by a
murine IFN-g ELISA Kit (BD Biosciences, Pharmingen, San Diego,
CA, USA).

PEI-mediated in vitro transfection with cells pre-treated with

FTS, Dox, or PTX

B16F10 cells were seeded in 24-well plates at a density of 1 � 104

cells/well followed by overnight incubation in DMEM containing
10% FBS and 1% streptomycin/penicillin. The cells were pre-treated
with FTS (0.625�5 mM), Dox (0.3�2.4 mM), or PTX (0.5�4 mM)
for 24 h followed by pGFP (1 mg)/PEI transfection in Opti-MEMme-
dium. Cells transfected with pGFP/PEI without drug pre-treatment
were used as controls. 24 h later, GFP expression was examined under
a fluorescence microscope (BZ-X710; KEYENCE, Osaka, Japan) or
quantitatively analyzed by flow cytometry (BD Biosciences LSR II).

Statistical analysis

All values were presented as mean ± SEM. Statistical analysis was
performed with two-tailed Student’s t test for comparison between
two groups and one-way analysis of variance (ANOVA) for compar-
ison among multiple groups. Results were considered statistically
significant if p < 0.05.
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