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Abstract

The current success of mMRNA vaccines against COVID-19 has highlighted the effec-
tiveness of mMRNA and DNA vaccinations. Recently, we demonstrated that a novel
needle-free pyro-drive jet injector (PJI) effectively delivers plasmid DNA into the skin,
resulting in protein expression higher than that achieved with a needle syringe. Here,
we used ovalbumin (OVA) as a model antigen to investigate the potential of the PJI for
vaccination against cancers. Intradermal injection of OVA-expression plasmid DNA
into mice using the PJI, but not a needle syringe, rapidly and greatly augmented OVA-
specific CD8* T-cell expansion in lymph node cells. Increased mRNA expression of
both interferon-y and interleukin-4 and an enhanced proliferative response of OVA-
specific CD8" T cells, with fewer CD4* T cells, were also observed. OVA-specific in
vivo killing of the target cells and OVA-specific antibody production of both the IgG2a
and IgG1 antibody subclasses were greatly augmented. Intradermal injection of OVA-
expression plasmid DNA using the PJI showed stronger prophylactic and therapeutic
effects against the progression of transplantable OVA-expressing E.G7-OVA tumor
cells. Even compared with the most frequently used adjuvants, complete Freund's
adjuvant and aluminum hydroxide with OVA protein, intradermal injection of OVA-
expression plasmid DNA using the PJI showed a stronger CTL-dependent prophy-
lactic effect. These results suggest that the novel needle-free PJI is a promising tool
for DNA vaccination, inducing both a prophylactic and a therapeutic effect against
cancers, because of prompt and strong generation of OVA-specific CTLs and subse-

quently enhanced production of both the IgG2a and IgG1 antibody subclasses.
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1 | INTRODUCTION

The current success of vaccination against COVID-19 has highlighted
the therapeutic effectiveness of mRNA vaccines.! Compared with
traditional protein-based and attenuated pathogen vaccines, which
take time or sometimes are even difficult to produce, the nucleic
acid-base mMRNA and DNA vaccines have been considered to have
several advantages: they can be rapidly developed, flexibly adapted
to various mutations, and quickly produced on an industrial scale.?
Moreover, the large-scale vaccination programs using the mRNA
vaccines against COVID-19 have proved their efficacy and safety
worldwide. Unlike DNA vaccines, mRNA vaccines are more unsta-
ble and degrade easily; a deep-freeze storage and logistics system is
therefore needed for their distribution, which can be an obstacle to
worldwide delivery.

The COVID-19 mRNA vaccines use intramuscular administration
because it is easy to perform and generally well tolerated, with a low
risk for adverse reactions at the injection site. In addition, muscle
tissue has a generous blood supply, and therefore vaccine antigens
administered into muscle are rapidly absorbed into the circulation.
However, vaccine delivery to the skin has long been considered a
superior strategy for amplifying the vaccine response because the
skin has many resident DCs (including Langerhans cells and dermal
DCs), lymph vessels, and blood capillaries.?® DCs, a specialized cell
type with the most potent antigen-presenting ability in the immune
system, play a major role in inducing and orchestrating the immune
response. Indeed, accumulating evidence suggests that intradermal
injection has several advantages that make it superior to intramus-
cular injection. For example, compared with intramuscular injection,
intradermal injection of the yellow fever virus or influenza vaccines
was observed to enhance the prophylactic immune response in
healthy individuals and even in those whose response is otherwise
nonexistent or low.* Notably, intradermal vaccination has also been
shown to allow for a reduced antigen dose without loss of efficacy.>®
Moreover, intradermal administration of an mRNA vaccine more ef-
ficiently activates DCs at the site of injection, followed by a higher
vaccine-specific T-cell response and greater antibody production.”

In contrast with the typical needle injection, needle-free injec-
tion offers several advantages that are useful in situations of large-
scale vaccination or limited vaccine supply: dose-sparing because of
intradermal efficiency, elimination of needle-stick injuries and cross-
contamination by re-use, and lower healthcare costs.® Very recently,
we developed a novel needle-free PJI that has the advantage of
adjustability in the dose delivered and depth of delivery through a
choice between two types of explosive.g'12 Luciferase- and OVA-
expression DNA were efficiently delivered to dermal tissue by in-
tradermal injection with the PJI, and protein expression was found
to be far higher than with a typical needle syringe.”*° In addition,
OVA-specific antibody production was greatly enhanced.'® Similarly,
when the SARS-CoV-2 spike protein expression DNA was intrader-
mally injected using the PJI, enhanced production of neutralizing
antibodies to the virus and inhibition of viral infection in a mouse
model were observed (Nishikawa et al., submitted).
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In the present study, we investigated whether intradermal injec-
tion using the PJI can induce potent antitumor immunity in a mouse
transplantable tumor model expressing OVA as a model antigen.
Compared with injection using a needle syringe, intradermal injec-
tion of OVA-expression plasmid DNA using the PJI was observed to
induce a much stronger antitumor immune response, with genera-
tion of antigen-specific CTLs, followed by killing of the target cells
and antigen-specific antibody production. Those results indicate
that the PJI is a promising tool for inducing antitumor immunity by

DNA vaccination against cancers.

2 | MATERIALS AND METHODS

21 | Mice

C57BL/6 mice were purchased from Sankyo Labo Service. OT-1 and
OT-Il T-cell receptor transgenic mice were kindly provided by, re-
spectively, Dr. K. Takahashi (Yokohama City University) and Dr. T.
Yoshimoto (Hyogo Medical University). All mice were maintained
under pathogen-free conditions, and all animal experiments were
approved by the President and the Institutional Animal Care and
Use Committee of Tokyo Medical University and were performed
in accordance with institutional, scientific community, and national
guidelines for animal experimentation and the Animal Research:

Reporting of In Vivo Experiments guidelines.

2.2 | Cellculture

E.G7 cells (CRL-2113), a derivative of EL-4 thymoma cells transfected
with OVA cDNA, were purchased from the American Type Culture
Collection (ATCC). E.G7 cells, lymph node cells, and spleen cells were
cultured at 37°C under 5% CO,/95% air in RPMI 1640 medium con-
taining 10% FBS, L-glutamine (2mM), penicillin (100 U/ml), strepto-
mycin (100 pg/ml), and B-mercaptoethanol (50 uM).

2.3 | Intradermalinjection using the PJI

The PJI (called Actranza) was provided by the Daicel Corporation,
and 25mg ignition powder and 40mg smokeless powder were
used for mice (Figure 51).9712 After the mouse abdominal skin
was shaved, 20 ul OVA-expression plasmid DNA (pOVA, 2 mg/ml;
Addgene) or GFP-expression plasmid DNA (pGFP, GFP cDNA sub-
cloned in the pCAGGS vector,® provided from Dr. Miyazaki, 2 mg/
ml) was intradermally injected into both the right and left flank
areas (two sites each, total four sites/mouse) using the PJI or a
needle syringe (Micro-Fine Insulin Syringe 30G x 8 mm needle; BD
Biosciences). OVA protein in PBS (1 or 10 mg/ml; Sigma-Aldrich)
was emulsified in an equal volume of CFA (BD Difco), and 100 ul of
the emulsified mixture (CFA/OVA, 500pg as a positive control or
50 g for comparison with AlumVax) was subcutaneously injected
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into two sites in both flanks. OVA protein (Sigma-Aldrich) in PBS
(1 mg/ml) was mixed with an equal volume of 2% aluminum hy-
droxide (AlumVax Hydroxide: OZ Biosciences), and 100 ul of OVA
protein precipitated with AlumVax (alum/OVA, 50 pg) according to
the manufacturer's instruction was subcutaneously injected into
two sites in both flanks.

2.4 | Cell transfer

Naive CD62L*CD8™" T cells were purified from spleen cells of OT-I
mice using the naive CD8" T Cell Isolation Kit and autoMACS Pro
(Miltenyi Biotec). Naive CD62L*CD4" T cells were purified from
spleen cells of OT-1I mice using the naive CD4* T Cell Isolation Kit
and autoMACS Pro (Miltenyi Biotec). The purity of the CD62LTCD8"
and CD62L*CD4* T cells was routinely assessed at >95%. At 1day
before immunization, a mixture of both cells (1x10°) in 200l PBS
was injected intravenously.

2.5 | Tetramer staining assay

Phycoerythrin (PE)-conjugated tetramers of MHC class | H-2K®
and its restricted peptide epitope of OVA (OVA,., .., peptide,
SIINFEKL) and of MHC class 11 I-A® and its restricted peptide epitope
of OVA (OVA,,;_ 450 peptide, ISQAVHAAHAEINEAGR) were pur-
chased from MBL. After immunization, draining inguinal lymph node
cells were stained with the MHC class I-OVA peptide tetramer and
FITC-conjugated anti-CD8 (KT15; MBL) or MHC class I1-OVA pep-
tide tetramer and FITC-conjugated anti-CD4 (GK1.5; BioLegend)
according to the manufacturer's protocol. The resulting cells were
analyzed using a FACSCanto Il flow cytometer (BD Biosciences)
and the FlowJo software application (version 10: Flo Jo). Flow cy-
tometry gating strategy for the tetramer staining assay is shown in
Figure S2A,B.

2.6 | FACS analysis of skin and lymph node cells

For detection of DCs presenting OVA peptide SIINFEKL in the MHC
class | H-2K® or GFP expression in the skin cells and lymph node
cells, mice were intradermally injected with 20pl pOVA or pGFP
(2mg/ml, four sites each) using PJI or a needle syringe. At 24 or 48 h
later, the mouse abdominal skin tissue was cut out and washed in
PBS, minced, and treated with 1 mg/ml dispase Il (FUJIFILM Wako
Pure Chemical) in RPMI 1640 medium containing 5% FBS at 4°C
overnight. The skin sample was further treated with 1 mg/ml col-
lagenase (FUJIFILM Wako Pure Chemical) at 37°C for 2-3 h with
shaking. After passing through a 70-mm strainer, the single-cell
suspension of skin cells and lymph node cells was then stained
with PE antimouse MHC class | H-2K® bound to OVA peptide
SIINFEKL antibody (25-D1.16),** APC-Cy7-conjugated anti-CD11c
(N418, BioLegend), and FITC- or APC-conjugated anti-MHC class

Il (M5/114.15.2, BioLegend). For intracellular cytokine staining of
lymph node cells, the single-cell suspension was restimulated for
4h with 50ng/ml PMA and 500 ng/ml ionomycin in the presence of
5ug/ml brefeldin A. Cells were stained with Pacific Blue-conjugated
anti-CD4 (GK1.5, BioLegend) and APC-Cy7-conjugated anti-CD8
(53.6.8, BioLegend) for 15min, then fixed with Fixation Buffer
(eBioscience) overnight. Then, these cells were permeabilized with
Permeabilization Buffer (eBioscience) and stained intracellularly
with FITC-conjugated anti-IFN-y (XMG1.2, BioLegend) and PE-
conjugated anti-IL-4 (11B11, eBioscience) for 30 min. Resultant cells
were analyzed on a FACSCanto Il flow cytometer (BD Biosciences)
followed by FlowJo software application.

2.7 | Real-time RT-PCR

Total RNA was prepared from draining inguinal lymph node cells using
the RNeasy MiniKit(Qiagen),and cDNA was prepared using the oligo(dT)
primer and SuperScript IV Reverse Transcriptase (Invitrogen). Real-time
quantitative PCR was performed using SYBR Premix Ex Taq Il and a
Thermal Cycler Dice real-time system (Takara) according to the manufac-
turer's instructions. Hypoxanthine guanine phosphoribosyl transferase
(HPRT) was used as a housekeeping gene to normalize mRNA. Relative
expression of real-time PCR products was determined using the AAC,
method to compare mRNA expression of the target and housekeeping
genes. The specific primer pairs used for each gene in the quantitative
RT-PCR analysis were IFN-y, 5-CGGCACAGTCATTGAAAGCCTA-3'
and 5-GTTGCTGATGGCCTGATTGTC-3'; interleukin 4 (IL-4), 5'-
CCTGCTTCACCAGAGATCTGTCC-3' and 5-GAAGCCCTACAGAC
GAGCTCAC-3'; HPRT, 5 TTGTTGTTGGATATGCCCTTGACTA-3" and
5-AGGCAGATGGCCACAGGACTA-3' (TaKaRa).

2.8 | Western blot analysis

After intradermal injection of 20 ul pOVA (5 mg/ml four sites each)
using PJI, the mouse abdominal skin tissue was cut out, minced, and
lysed in a RIPA buffer (20mM Tris HCI pH 7.4, 150mM NaCl, 1%
Triton X-100, 1% sodium deoxycholate, and 0.1% SDS) containing
protease inhibitor cocktail (Sigma-Aldrich) with sonicating. After
centrifugation, protein concentration in the supernatant was de-
termined using bicinchoninic acid (BCA) Protein Assay Kit (TaKaRa).
The supernatant (5 ug/lane) was separated on an SDS-PAGE under
reducing conditions and transferred to a polyvinylidene difluoride
membrane (Millipore, Bedford, MA). The membrane was then
blocked, probed with anti-OVA (3G2E1D9, Santa Cruz) or anti-actin
(Sigma-Aldrich), followed by antimouse IgG conjugated to horserad-
ish peroxidase, and visualized with the enhanced chemiluminescence
(ECL) detection system (Amersham Pharmacia Biotech) according
to the manufacturer's instructions. Image capture was performed
using the iBright FL1500 Imaging System (Thermo Fisher Scientific).
The intensity of each band was quantified using ImageJ software
(National Institutes of Health).:®
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2.9 | Proliferation assay

Draining inguinal lymph node cells (1x10* cells in 200pl) were
stimulated in the presence or absence of 3 pM MHC class | H-2K"-
restricted OVA,;, ,,, peptide (Life Technologies) or MHC class I
I-AP-restricted OVA,,;_ 35, Peptide (Invitrogen) for 72h. Cell pro-
liferative activity was determined using the CellTiter-Glo 2.0 Cell
Viability Assay (Promega), and luminescence intensity was measured
using the GloMax Discovery Microplate Reader (Promega) according

to the manufacturer's instructions.

2.10 | Serum antibody titer

Blood was collected by cardiac puncture and the resultant serum
was analyzed for concentrations of OVA-specific total IgG and
IgG1 and IgG2a subclasses by mouse anti-OVA antibody subtype/
subclass ELISA kits (Chondrex; Bethyl Laboratories; Abcam). OVA
protein was coated onto an ELISA plate at 10 pg/ml in a carbonate
buffer and incubated at 4°C overnight. After the plate was blocked
with 5% BSA, serially diluted serum samples were added onto the
plate and incubated at 4°C overnight, and then further incubated
with horseradish peroxidase-conjugated antimouse total IgG, IgG1,
and IgG2a. Color development used a 3,3,5,5"-tetramethylbenzidine
substrate set (BioLegend), and absorbance at 450nm was detected

in a microplate reader (iMark Microplate Reader: Bio-Rad).

2.11 | Invivo killing assay

C57BL/6 mouse splenocytes were incubated with and without
MHC class | H-2K"-restricted OVA ¢ 544 Peptide (SIINFEKL, 1 M)
at 37°C for 1 h and were washed with complete medium and PBS.
The pulsed target splenocytes and unpulsed splenocytes were
then incubated with, respectively, 5 and 0.5 pM CFSE (Invitrogen)
at 37°C for 10 min with gentle agitatation.'® After the cells were
washed, an equal number of peptide-pulsed CFSEME" cells and un-
pulsed CFSE™" cells (2 x 10° cells each) were injected intravenously
into mice vaccinated using the PJI or a needle syringe. At 4 h later,
spleens were harvested and analyzed using a FACSCanto Il flow cy-
tometer and the FlowJo software application (version 10). The flow
cytometry gating strategy for the in vivo killing assay is shown in
Figure S2C.

2.12 | Invivo tumor growth

E.G7-OVA cells were harvested at the exponential growth phase and
washed with PBS. Subsequently, 2x10° cells/100 ul were subcuta-
neously injected into right flank of C57BL/6 mice. Tumor size was
measured daily using electronic calipers and was expressed as a vol-
ume (mm°) using the volume equation 0.5 (ab?), in which a is the long
diameter and b is the short diameter. For depletion of CD4* T cells or
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CD8™" T cells, each mouse was injected i.p. with 0.5 mg rat antimouse
CD8 (53-6.7), anti-CD4 (GK1.5; all from the ATTC), or normal rat
IgG (Sigma-Aldrich) as control antibody in 200l PBS 1day before
tumor inoculation, once daily for the following 5 consecutive days
as reported.t’

2.13 | Statistical analysis

Data are expressed as the mean+SEM for each group. Statistical
analyses were performed in the GraphPad Prism software applica-
tion (version 9: GraphPad Software), using the unpaired two-tailed
Student t-test for comparisons involving two groups or a one- or
two-way ANOVA with the Tukey multiple comparison test for com-
parisons involving three or more groups. A p-value <0.05 was con-

sidered to indicate a statistically significant difference.

3 | RESULTS

3.1 | Intradermal injection of OVA-expression
plasmid DNA with the PJI, but not a needle syringe,
efficiently augmented OVA-specific CD8* T cells

To investigate whether intradermal vaccination using the PJI can
induce potent antitumor immunity, OVA was used as the model
antigen. First, to increase sensitivity to OVA-specific immune re-
sponses, mice received intravenous injections of OT-I-derived
naive CD8" T cells and OT-lI-derived naive CD4* T cells 1day be-
fore immunization (Figure 1A). The next day, the mice were intra-
dermally injected once with OVA-expression plasmid DNA using
the PJI or a needle syringe, together with PBS and the emulsified
CFA/OVA protein as negative and positive controls, respectively.
At 1 week later, draining lymph node cells were stained with MHC
class I-OVA peptide tetramer and anti-CD8, or MHC class II-OVA
peptide tetramer and anti-CD4. Injection using the PJI, but not a
needle syringe, greatly augmented the frequency of OVA-specific
CD8" T cells (Figure 1B,D). However, the frequency of OVA-
specific CD4" T cells was just slightly enhanced after both types of
injection (Figure 1C,E). As a positive control, injection of emulsified
CFA/OVA protein efficiently augmented the frequencies of both
T-cell types (Figure 1B-E). Consistent with those results, injection
using the PJI, but not a needle syringe, greatly enhanced the mRNA
expression of both IFN-y and IL-4 in the draining lymph node cells
(Figure 1F,G).

Next, to examine the recall antigen-specific response, the
lymph node cells were restimulated with the MHC class I-restricted
OVA 5,564 Peptide or MHC class ll-restricted OVA;,, .., peptide,
and their proliferative response was determined. Injection using
the PJI, but not a needle syringe, greatly induced antigen-specific
proliferation in response to the MHC class I-OVA peptide, although
injection with emulsified CFA/OVA protein failed to induce prolifer-

18-20 (

ation Figure 1H). In contrast, injection using the PJI only slightly
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FIGURE 1 Intradermalinjection of ovalbumin (OVA)-expression plasmid DNA with the pyro-drive jet injector (PJI), but not a needle
syringe, efficiently augmented OVA-specific CD8* T cells. (A) Mice intravenously injected with OT-I-derived naive CD8* T cells and OT-II-
derived naive CD4" T cells 1day before were then intradermally injected once with OVA-expression plasmid DNA (pOVA) using the PJI or a
needle syringe, PBS, and OVA protein combined with complete Freund's adjuvant (CFA/OVA, 500 g) as a positive control. At 1 week later,
the draining lymph node cells were stained with OVA-specific MHC class | tetramer and anti-CD8, or OVA-specific MHC class Il tetramer
and anti-CD4. (B, C) Representative plots are shown, and (D, E) average percentages of positive cells were calculated and compared. mRNA
expression of (F) IFN-y and (G) IL-4 in the draining lymph nodes were compared. The draining lymph node cells were also stimulated in the
presence or absence of (H) MHC class I-restricted OVA,,,_,,, peptide or () MHC class ll-restricted OVA,,, .., peptide, and 72h later, the
proliferative response was determined. Data shown are the mean+SEM (n = 3, D-G; n = 4, H, |) of three independent experiments. p-values
were determined using one-way ANOVA with the Tukey test for multiple comparisons. *p <0.05, **p <0.01, ***p<0.001.

induced proliferation in response to the MHC class II-OVA peptide, (A) Analysis of
while injection of emulsified CFA/OVA protein greatly increased Injection  skin cells
proliferation, probably because of its preferable activation of CD4" * *

T cells rather than CD8" T cells*®2° (Figure 1I). These results sug- 0 24

gest that just a single intradermal injection of OVA-expression plas- (B) DCs

mid DNA using the PJI, but not a needle syringe, in transferred mice

Skin

efficiently augmented the OVA-specific CD8" T-cell response, and 24 h later 0.000 ] 0.000

slightly augmented the specific CD4" T-cell response in draining PBS

lymph nodes.

0.000 0.000

3.2 | Intradermal injection of GFP-expression
plasmid DNA with the PJI, but not a needle

syringe, significantly augments the transduced GFP
expression in both whole skin cells and resident DCs

pGFP

0.027 ] 0.029

To try to detect the DCs presenting the OVA peptide SIINFEKL
in the MHC class | H-2K®, FACS analysis of skin cells and draining
lymph node cells using antibody specific for mouse MHC class | H-
2K® bound to OVA peptide SIINFEKL (25-D1.16)** was performed (©
after intradermal injection of OVA-expression plasmid DNA using

FSC

GFP

: N o & 004 1
the PJI or a needle syringe. However, any significantly positive e
cells in both skin and draining lymph node were hardly detected 7‘3 0.03 -
(Figure S3), probably due to limitation of the sensitivity. Therefore, %
we next used GFP-expression plasmid DNA to detect by FACS cells '§ 0.02 -
expressing the transduced GFP. GFP* cells in whole skin cells, as well z
as resident DCs were detected 24 h later after injection with the PJI ?3 0.01 A
(Figure 2). Similarly augmented GFP expression was not observed &
with a needle syringe (Figure 2) nor in the draining lymph node cells © 0- w o = w © =
48h later (Figure S4). Therefore, although the DCs presenting OVA E E o E E o
peptide SIINFEKL in the MHC class | were hardly detected, these =z z
results suggested that intradermal injection of GFP-expression plas- pGFP pGFP

mid DNA with the PJI, but not a needle syringe, significantly aug-

mented the transduced GFP expression in both whole skin cells and FIGURE 2 Intradermal injection of GFP-expression plasmid

resident DCs. DNA with the pyro-drive jet injector (PJI), but not a needle syringe,
significantly augmented the transduced GFP expression in both the
whole skin cells and resident DCs. (A) Mice that did not receive a
prior cell transfer were intradermally injected with GFP-expression

3.3 | Intradermal injection of OVA-expression plasmid DNA (pGFP) or PBS using the PJI or a needle syringe, and
plasmid DNA using the PJI, but not a needle syringe, PBS (A). At 24h later, the skin cells and the draining lymph node
efficiently induced OVA-specific in vivo killing and cells were analyzed for GFP expression in the whole cells or CD11c*

MHC class II" DCs. Representative plots are shown (B), and average
percentages of positive cells were calculated and compared (C). Data
shown are the mean +SEM (n = 3) of two independent experiments.
Next, we examined whether injection using the PJI would induce p-values were determined using one-way ANOVA with the Tukey
potent immunity, including CD8* T-cell-mediated killing activity and test for multiple comparisons. *p <0.05, **p <0.01, ***p <0.001.

antibody production
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CD4" T-cell-mediated antibody production. For the in vivo killing
assay, mice that did not receive a prior cell transfer were intrader-
mally injected using the PJI or a needle syringe twice, at a 2-week
interval, with OVA-expression plasmid DNA and PBS (Figure 3A).
At 1 week later, the mice received an equal number of MHC class
I-restricted OVA,5, 4, Peptide-pulsed CFSEMe" cells and unpulsed
CFSE™ cells. OVA-specific in vivo killing activity in the spleen cells
was then analyzed by flow cytometry. Injection using the PJI, but not
a needle syringe, was associated with significant killing of the tar-
get cells in vivo (Figure 3B,C). For the antibody production analysis,
mice that received an equal number of OT-I-derived naive CD8* T
cells and OT-ll-derived naive CD4" T cells 1day before immuniza-
tion, were intradermally injected using the PJI or a needle syringe
twice, at a 2-week interval, with OVA-expression plasmid DNA, PBS,
and CFA/OVA protein (Figure 4A). At 1 week later, titers of anti-OVA
antibodies in serum were measured. Injection using the PJI, but not a
needle syringe, was significantly associated with increased produc-
tion of OVA-specific total IgG antibodies, including both the IgG2a
and 1gG1 subclasses (Figure 4B-D). In contrast, injection of emulsi-
fied CFA/OVA protein as a positive control enhanced the production
of all OVA-specific antibodies much more. Therefore, intrader-
mal injection of OVA-expression plasmid DNA using the PJI aug-
ments not only the CD8* T-cell response, including specific CD8"

(A) OVA-peptide
Unpulsed CFSE™" pulsed CFSE"3"
splenocytes splenocytes

T-cell-mediated killing, but also the CD4" T-cell response, including
possible Th1 and Th2 immune responses and the resultant CD4* T-

cell-mediated antibody production.

3.4 | Intradermal injection of OVA-expression
plasmid DNA with the PJI, but not a needle syringe,
showed strong prophylactic and therapeutic effects
against the progression of E.G7-OVA tumor

We next examined the protective effects of vaccination with OVA-
expression plasmid DNA on the progression of the transplantable
E.G7-OVA tumor. Mice that did not receive a prior cell transfer
were intradermally injected using the PJI or a needle syringe twice,
at a 2-week interval, with OVA-expression plasmid DNA and PBS
(Figure 5A). At 1 week later, mice were subcutaneously inoculated
with E.G7-OVA tumor, and tumor growth was monitored. Tumor
growth was almost completely inhibited in mice injected using the
PJI, but similar inhibition of tumor growth was not observed with
injection using a needle syringe (Figure 5B).

We then explored the therapeutic antitumor effects of intrader-
mal injection with OVA-expression plasmid DNA using the PJI. Mice
were first inoculated with E.G7-OVA tumor. At 3days later, the mice

P
E OV A-specific
€ killihg
3
c
)
(G]
CFSE
1st 2nd iv.
Injection Injection |Injection
1 1 R 4h _  FACS analysis
I 1 1 gl L
Day 0 7 14 21 of splenocytes (C) _80- s
9
pOVA < sksksk
(B) 2 60 [ d
PBS Needle PJI _=;
] ] o
%
1 [0
L &
g 527 47.3|1.546 45.4| | 706 29.4 =
7% - o ETR
El e |lelle
S E ]
o o o 5
CSFE E S o
[}
z
pOVA

FIGURE 3 Intradermal injection of ovalbumin (OVA)-expression plasmid DNA using the pyro-drive jet injector (PJI), but not a needle
syringe, efficiently induced OVA-specific in vivo killing in spleen cells. (A) Mice that did not receive a prior cell transfer were intradermally
injected twice at a 2-week interval with OVA-expression plasmid DNA and PBS using the PJI or a needle syringe. At 1 week later, mice
received an equal number of MHC class I-restricted OVA,,_,,, peptide-pulsed CFSEMe" cells and unpulsed CFSE"" cells, and OVA-specific
in vivo killing activity in the spleen cells was analyzed by flow cytometry. (B) Representative histograms are shown, and (C) average specific
killing was calculated and compared. Data shown are the mean+SEM (n = 5) of two independent experiments. p-values were determined
using one-way ANOVA with the Tukey test for multiple comparisons. **p <0.01, ***p<0.001.
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FIGURE 4 Intradermal injection of ovalbumin (OVA)-expression plasmid DNA with the pyro-drive jet injector (PJI), but not a needle

syringe, efficiently increased OVA-specific antibody production of both the IgG1 and IgG2a subclasses. (A) Mice that were intravenously
injected with an equal number of OT-I-derived naive CD8" T cells and OT-lI-derived naive CD4" T cells 1day before were then intradermally
injected twice at a 2-week interval with OVA-expression plasmid DNA using the PJI or a needle syringe, PBS, and OVA protein (500 ug)
combined with complete Freund's adjuvant (CFA). At 1 week later, the titers of (B) anti-OVA total IgG antibody, and the (C) IgG2a and (D)
1gG1 isotype antibodies were measured in serum. Data shown are the mean+SEM (n = 5) of three independent experiments. p-values were
determined using one-way ANOVA with the Tukey test for multiple comparisons. *p <0.05.

were intradermally injected with OVA-expression plasmid DNA and
PBS using the PJI or a needle syringe, and tumor growth was mon-
itored (Figure 5C). Again, tumor growth was significantly inhibited
in mice injected using the PJI, but not in those injected using a nee-
dle syringe (Figure 5D). Therefore, intradermal injection using the
PJI, but not a needle syringe, showed a strong prophylactic effect as
well as a therapeutic effect against the progression of transplantable

tumor.

3.5 | The prophylactic effect against the
progression of E.G7-OVA tumor was stronger after
intradermal injection of OVA-expression plasmid
DNA using the PJI than after injection of CFA/OVA
protein or alum/OVA protein

CFA is a water-in-oil emulsion containing an antigen and inactivated
Mycobacterium tuberculosis. It is widely used in rodents and is consid-
ered to be the most effective adjuvant available for consistent pro-
duction of high-titer antibodies.'82° AlumVax is a wet colloidal gel of
2% aluminum hydroxide that is the adjuvant most commonly used in
approved prophylactic vaccines for humans because of its excellent
safety profile and ability to enhance the protective humoral immune

response.?’?2 We therefore assessed the prophylactic antitumor
effects of intradermal injection with OVA-expression plasmid DNA
and with those frequently used adjuvants. Mice that did not receive a
prior cell transfer were intradermally injected with OVA-expression
plasmid DNA using the PJI or a needle syringe, alum/OVA protein,
or CFA/OVA protein. At 1 week later, mice were subcutaneously in-
oculated with E.G7-OVA tumor, and tumor growth was monitored
(Figure 6A). Tumor progression was significantly inhibited only after
intradermal injection of OVA-expression plasmid DNA using the PJI
and not after intradermal injection of CFA/OVA protein or alum/
OVA protein (Figure 6B). To examine the molecular mechanism, de-
pletion experiments using anti-CD4, anti-CD8, or control I1gG were
performed (Figure 6C). The depletion of CD8" T cells, but not CD4*
T cells, completely reversed the prophylactic effect (Figure 6D).
These results suggest that the prophylactic effect against the pro-
gression of E.G7-OVA tumor is stronger with intradermal injection of
OVA-expression plasmid DNA than with injection of CFA/OVA pro-
tein or alum/OVA protein, and that induction of CTLs is important
for the prophylactic effect, and that the antibody response may not
be necessary for this effect under experimental conditions.

To further investigate any difference in the induction of antitu-
mor responses between OVA-expression plasmid DNA with the PJI,
CFA/QVA protein, and alum/OVA protein, we next focused on CD8"
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Intradermal injection of ovalbumin (OVA)-expression plasmid DNA with the pyro-drive jet injector (PJI), but not a needle

syringe, showed strong prophylactic and therapeutic effects against the progression of the E.G7-OVA tumor. (A) Mice that did not receive

a prior cell transfer were intradermally injected twice at a 2-week interval with OVA-expression plasmid DNA using the PJI or a needle
syringe, and PBS. (B) At 1 week later, mice were subcutaneously inoculated with E.G7-OVA tumor, and tumor growth was monitored. (C) At
3days after inoculation with E.G7-OVA tumor, mice were injected intradermally with OVA-expression plasmid DNA and PBS using the PJI or
a needle syringe, and (D) tumor growth was monitored. Data shown are the mean+SEM (n = 5) of two independent experiments. p-values
were determined using two-way ANOVA with Tukey test for multiple comparisons. *p <0.05, ***p<0.001.

T cells and performed time kinetic analysis on the frequency of OVA-
specific CD8" T cells induced in nontransferred mice after a single
injection of these cells (Figure 6E). The frequency of OVA-specific
CD8" T cells was rapidly increased 7days after the injection of
alum/OVA protein but gradually decreased thereafter (Figure 6F,G).
However, the injection of CFA/OVA protein did not significantly
increase the frequency (Figure 6F,G). In contrast, the frequency of
OVA-specific CD8™ T cells started to increase more than 7 days later
after injection with PJI, was greatly enhanced on day 14, and gradu-
ally decreased thereafter (Figure 6F,G). Therefore, these results sug-
gest that the induction of OVA-specific CD8" T cells by PJI is likely
to take more time than that by alum/OVA protein, but be higher. In
contrast, OVA-specific CD8" T cells were hardly induced by injec-
tion with CFA/OVA protein in nontransferred mice. CFA should be

effective for the induction of antitumor effects via antibodies.*®-2°

3.6 | Multiple intradermal injections of OVA-
expression plasmid DNA with the PJI efficiently
generated OVA-specific CD8" T cells compared with
those with alum/OVA

Finally, to further explore the mechanism whereby PJI induces the
potent antitumor effects, the time kinetic analysis on the genera-
tion of OVA-specific CD8" T cells after multiple injections was com-
pared among OVA-expression plasmid DNA with PJI, CFA/OVA, and
alum/OVA protein. Mice that did not receive a prior cell transfer
were intradermally injected one to three times at a 2-week interval
with OVA-expression plasmid DNA using the PJI or a needle syringe
together with PBS, OVA protein (both 50g) combined with CFA/
OVA or alum/OVA (Figure 7A). At 1 week later after each injection,

the draining lymph node cells were stained with OVA-specific MHC
class | tetramer and anti-CD8. Even 1week after the first injection
with the PJI, the frequency of OVA-specific CD8* T cells tended to
increase, after two injections the frequency greatly enhanced, and
after three injections the frequency was still kept high (Figure 7B,C).
In contrast, for alum/OVA the frequency rapidly increased after
the first injection and gradually decreased thereafter (Figure 7B,C).
Again, the injection of CFA/OVA protein did not significantly in-
crease the frequency (Figure 7B,C). Therefore, consistent with the
results in Figure 6E,F, the time kinetics to induce the generation of
OVA-specific CD8* T cells differed among them, and the effect of
PJI was slightly slower, but the maximum induction level by PJI is
higher than that by alum/OVA, which could explain the different
outcomes between them for the antitumor effects.

4 | DISCUSSION

In the present study, we used OVA as a model antigen and OVA-
expressing transplantable tumor E.G7-OVA to investigate the
potential use of a novel needle-free PJI for vaccination against
cancers. First, flow cytometry analysis using tetramers of MHC
class | H-2K® and its OVA peptide and MHC class Il I-A® and its
OVA peptide revealed that, 1week later, OVA-specific CD8* T-
cell expansion was greatly augmented after intradermal injection
of OVA-expression plasmid DNA into transferred mice using the
PJI, but not after injection using a needle syringe (Figure 1B,C). In
contrast, expansion of OVA-specific CD4" T cells was barely de-
tectable with a tetramer of MHC class Il I-AP and its OVA peptide
(Figure 1C,E). This could be because the plasmid DNA rapidly ac-
tivates the MHC class | pathway and subsequent cellular immune
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FIGURE 6 The prophylactic effect against the progression of E.G7-OVA tumor was stronger after intradermal injection of ovalbumin
(OVA)-expression plasmid DNA using the pyro-drive jet injector (PJI) compared with after injection of OVA protein combined with complete
Freund's adjuvant (CFA/OVA, 500 ug) or OVA protein combined with alum (alum/OVA, 50 ug). (A) Mice that did not receive prior cell transfer
were intradermally injected once with OVA-expression plasmid DNA using the PJI, CFA/OVA and alum/OVA protein. (B) At 1 week later,
mice were subcutaneously inoculated with E.G7-OVA tumor, and tumor growth was monitored. Data shown are the mean+SEM (n = 5) of
two independent experiments. (C, D) For depletion of CD4* T cells or CD8* T cells, each mouse was injected i.p. with 0.5 mg rat antimouse
CD8, anti-CD4, or normal rat IgG as control antibody in 200l PBS 1day before tumor inoculation, once daily for the following 5 consecutive
days, and tumor growth was monitored. Data shown are the mean+SEM (n = 5). (E-G) For time kinetic analysis on the induction of OVA-
specific CD8" T cells, mice that did not receive prior cell transfer were intradermally injected once with OVA-expression plasmid DNA using
the PJI and with CFA/OVA, and Alum/OVA. On days 0, 7, 14, and 21, the draining lymph node cells were stained with OVA-specific MHC
class | tetramer and anti-CD8. Representative plots are shown (F), and average percentages of positive cells were calculated and compared
(G). Data shown are the mean+SEM (n = 3-5) of two independent experiments. p-values were determined using two-way ANOVA with the

Tukey test for multiple comparisons. *p <0.05, **p<0.01, ***p <0.001.

responses, whereas it may take more time to activate the MHC
class Il pathway and subsequent humoral immune responses.?®
This is because plasmid DNA has to be transcribed and translated
to protein, which is then phagocytosed by DCs and subsequently
activates the MHC class Il pathway.23 Use of the PJI was associ-
ated not only with augmented IFN-y mRNA expression, but also
augmented IL-4 mRNA expression in draining lymph node cells in
transferred mice (Figure 1F,G). But, in nontransferred mice, intra-
cellular cytokine staining analyses revealed that PJI augmented the
frequency of only IFN-y*CD8™ T cells but not IFN-y*CD4" T cells,
suggesting the differentiation into Tc1 cells (Figure S5). Consistent
with these results, with respect to OVA-specific recall responses,
proliferation of draining lymph node cells was greatly induced by

MHC class I-restricted OVA,., ,,, peptide and slightly induced by
MHC class ll-restricted OVA,,,_,., peptide (Figure 1H,1). These re-
sults suggested that an OVA-specific CD8" T-cell response is much
more quickly and efficiently induced and an OVA-specific CD4" T-
cell response is reasonably induced in the draining lymph nodes
with intradermal injection of OVA-expression plasmid DNA using
the PJI. Moreover, OVA-specific in vivo killing of the target cells
was significantly increased (Figure 3B,C), and greatly enhanced
OVA-specific antibody production of both the IgG2a and IgG1 sub-
classes was also observed (Figure 4C,D). These results suggested
that the intradermal injection of OVA-expression plasmid DNA
using the PJI augments not only the CD8* T-cell response, but also
the CD4" T-cell response, including both the Th1 and Th2 immune
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responses. Notably, intradermal injection of OVA-expression plas-
mid DNA using the PJI, but not a needle syringe, twice at a 2-week
interval showed a strong prophylactic antitumor effect on the
progression of transplantable E.G7-OVA tumor (Figure 5A,B). The
strong prophylactic antitumor effect was likely to be attributable
to the induction of OVA-specific CTLs and production of antibod-
ies. Intriguingly, a strong therapeutic effect was also observed
when mice were first inoculated with the E.G7-OVA tumor and,
just 3days later, intradermally injected with OVA-expression plas-
mid DNA using the PJI (Figure 5C,D). Moreover, even when com-
pared with the well known and frequently used adjuvants CFA8-20

20-22 combined with OVA protein, the prophylactic effect

and alum,
against the tumor was stronger with intradermal injection using the
PJI 1 week later (Figure 6B) in a CD8" T-cell-dependent, but not a

CD4* T-cell-dependent, manner (Figure 6C,D). Given the very short

time between injection using the PJI and tumor inoculation, the ob-
served therapeutic effects are therefore mainly a result of prompt
and strong generation of OVA-specific CTLs associated with use
of the PJI. Moreover, the time kinetics to induce the generation of
OVA-specific CD8* T cells after a single injection (Figure 6E-G) and
multiple injections (Figure 7) is different among OVA-expression
plasmid DNA with PJI, CFA/OVA protein, and alum/OVA protein.
The induction of OVA-specific CD8" T cells by PJl is slightly slower
compared with alum/OVA protein, probably because it may take
time to transcribe and translate DNA to produce protein (Figure Sé)
in DCs and activate MHC class | pathway, compared with injected
protein, which is then phagocytosed by DCs and activates the
cross-presentation pathway. But, the maximum induction level
by PJI is higher than that by CFA/OVA or alum/OVA, which could
explain the higher prophylactic antitumor effects (Figures 6 and
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7). In the experiment in Figure 6, we used OVA protein 500 g for
CFA, which may be the maximum condition, and 50 pg for alum,
which is recommended to use for alum according to the manu-
facturer's instruction, and in the experiment in Figure 7, we used
equal amounts of OVA protein, 50pg, for both CFA and alum for
comparison. In both cases, CFA/OVA hardly induced strong CD8"
T-cell-mediated immune responses, although it induced strong
antibody production (Figure 4).18-2° |n addition, it was not easy to
adjust the same experimental conditions between OVA-expression
plasmid DNA with PJI and CFA/OA or alum/OVA protein, because
the former was plasmid DNA that preferentially activates the MHC
class | pathway?® and the latter is protein with adjuvants that pref-
erentially activates the MHC class Il pathway.'®~?? Therefore, we
used them under respective optimal conditions as much as possi-
ble. Therefore, our results suggested that novel needle-free PJlis a
promising tool for DNA vaccination, inducing a prophylactic effect
and demonstrating a therapeutic effect against cancer, likely to be
because of prompt and strong generation of antigen-specific CTLs
and the subsequent production of antibodies of both of the IgG2a
and IgG1 isotypes.

Previously, we compared the efficiency of the PJI and a needle
syringe to deliver plasmid DNAs of luciferase or OVA into the skin
and to induce subsequent protein expression.*® Protein expression
in the skin was ~10 times higher with use of the PJI than with a nee-
dle syringe, likely to be because plasmid DNA injected intradermally
using the PJI spreads widely through the dermis from the epider-
mis, while plasmid DNA injected using a needle syringe spreads only
within the central area of the dermis.’® Also, compared with use of
a needle syringe, use of the PJI effectively introduces the plasmid
DNA into the nucleus at a higher frequency.’® Although this explana-
tion accounts for the efficient induction of OVA-specific CTLs with
the use of the PJI, whether resident DCs in the epidermis such as
Langerhans cells and dermal DCs are indeed preferentially induced
after injection of plasmid DNA using the PJI rather than a needle sy-
ringe remains to be clarified. Because the injection power of the PJI
is primed by gunpowder, the injection occurs at very high flow rate
(approximately 1 ml s™),*? and the flow rate for injection with a nee-
dle syringe is less than 0.025 ml s™2.?% Because the injection flow rate
affects subsequent protein expression,24 the much higher injection
flow rate with the PJI than with a needle syringe is likely to account
for the augmented protein expression. Notably, the transfection
efficiency of plasmid DNA with cationic liposomes was previously
demonstrated to be dramatically enhanced by shear stress?>—that
is, stress applied parallel or tangential to the surface of cells—and
to regulate cell physiology, facilitating endocytosis, and uptake of
extracellular molecules.?>%” A possible explanation is the induction
of torsion in the hydrophilic lipid in the cellular membrane, resulting
in instability of the membrane bilayer and the formation of transient
pores in the membrane.?8739 Intriguingly, that hypothesis has led to
the approach of taking advantage of shear-induced cell deformation
to deliver biomolecules such as plasmid DNAs, RNAs, and proteins
into the cellular cytosol or nucleus through the microfluidic or nano-
fluidic system.3® Consistent with those reports, shear stress caused
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by the rapid flow rate with the PJI was recently demonstrated to
increase the endocytosis of plasmid DNA and its internalization into
cells, resulting in enhanced protein expression.31

After the plasmid DNA is intradermally injected into the skin
using the PJI, DNA uptake occurs via the endocytosis pathway in
cells such as Langerhans cells and dermal DCs, keratinocytes, and
other somatic cells located in the epidermis and dermis. In skin-
resident DCs, protein is endogenously expressed by the plasmid
DNA, processed into small peptides, and efficiently presented on
MHC class | molecules that strongly activate antigen-specific CD8*
T cells and generate their CTLs. In contrast, in other somatic cells,
the protein is endogenously expressed by the plasmid DNA, and its
secreted protein or dead cells expressing the protein are phagocy-
tosed by the skin-resident DCs. The DCs then process the protein
into small peptides and efficiently present them on MHC class Il
molecules, which activate antigen-specific CD4* T cells, and also on
MHC class | molecules via the cross-presentation pathway,>? which
activates antigen-specific CD8" T cells. Therefore, the properties of
the PJI as discussed earlier contrast considerably with the proper-
ties of an antigen protein combined with Alum or CFA. Injection of
plasmid DNA using the PJI directly activates mainly the MHC class |
pathway and subsequent cellular immunity, while an antigen protein
with Alum or CFA activates mainly the MHC class Il pathway and
subsequent humoral immunity, together with the MHC class | path-
way via the cross-presentation pathway. Moreover, alum markedly
induces the generation of Th2 cytokines including IL-4, resulting in
the production of the IgG1 isotype antibody,33 and CFA preferably
activates Th1 cells secreting IFN-y.34

Gene delivery systems are mainly categorized into two groups:
viral or nonviral vector-based delivery and physical delivery.®>%¢ The
latter includes electroporation,37 ultrasound method,?® needle-free

3641 microfluidic or nanoflu-

injector,39 gene gun,40 microneedle,
idic system,30 and so on. Biodegradable microneedle is a pain-free
method for delivering DNA across the skin in a slow-releasing man-
ner.3%4! Although various types of devices for needle-free injectors
have been developed, only the pyro-drive one is ours.>’ Because
other needle-free injectors utilize spring or compressed gas as an
actuation mechanism,®’ the flow rate for injection of the PJI would
be higher than others. The gene gun is a device used for gene deliv-
ery by bombarding the target cells with DNA-coated microparticles
such as high-density gold.2° The DNA-coated gold microparticles are
accelerated to high velocity by helium gas pressure and penetrated
through cell membranes into the target cells. The gene gun was orig-
inally developed to deliver gene through cell walls into planet cells.*°
It was previously reported that gene delivery by gene gun is superior
in the ability to induce CTLs and humoral immune responses to that
of jet injector or needle syringe.*>*® However, for clinical application
to humans, PJI should be better because it is compact and safe in
that there is no risk of microparticles remaining in the body after in-
jection, as with the gene gun, although further studies are necessary
to prove the efficacy and safety in humans.

Considering the evidence overall, the present study suggests that

intradermal vaccination with OVA-expression plasmid DNA using the
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PJI, but not a needle syringe, induces a strong antitumor immune re-
sponse via enhanced generation of antigen-specific CTLs, with sub-
sequent killing of the target cells, and that efficient antigen-specific
antibody production is also enhanced. Notably, induction of prophy-
lactic antitumor immunity was faster and stronger with the injection
of OVA-expression plasmid DNA using the PJI than with the injection
of OVA protein combined with alum or CFA. This observation is prob-
ably attributable to higher uptake of DNA and the consequent effi-
ciently increased protein expression by resident DCs in the skin and
efficient migration and augmentation of DC maturation in the drain-
ing lymph nodes to generate antigen-specific CTLs. The novel needle-
free PJI is therefore a promising tool for DNA, and possibly mRNA,

vaccination to induce potent antitumor immunity against cancers.
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