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mRNA vaccines have attracted considerable attention as a result of the 2019 coronavirus pandemic; 
however, challenges remain regarding use of mRNA vaccines, including insufficient delivery owing to the 
high molecular weights and high negative charges associated with mRNA. These characteristics of mRNA 
vaccines impair intracellular uptake and subsequent protein translation. In the current study, we prepared 
a minimal mRNA vaccine encoding a tumor associated antigen human gp10025–33 peptide (KVPRNQDWL), 
as a potential treatment for melanoma. Minimal mRNA vaccines have recently shown promise at improv-
ing the translational process, and can be prepared via a simple production method. Moreover, we previously 
reported the successful use of iontophoresis (IP) technology in the delivery of hydrophilic macromolecules 
into skin layers, as well as intracellular delivery of small interfering RNA (siRNA). We hypothesized that 
combining IP technology with a newly synthesized minimal mRNA vaccine can improve both transdermal 
and intracellular delivery of mRNA. Following IP-induced delivery of a mRNA vaccine, an immune response 
is elicited resulting in activation of skin resident immune cells. As expected, combining both technologies led 
to potent stimulation of the immune system, which was observed via potent tumor inhibition in mice bear-
ing melanoma. Additionally, there was an elevation in mRNA expression levels of various cytokines, mainly 
interferon (IFN)-γ, as well as infiltration of cytotoxic CD8+ T cells in the tumor tissue, which are responsible 
for tumor clearance. This is the first report demonstrating the application of IP for delivery of a minimal 
mRNA vaccine as a potential melanoma therapeutic.
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INTRODUCTION

Vaccination is considered the most effective means for con-
trolling and preventing the prevalence of infectious diseases.1) 
In 2020, the United States Food and Drug Administration 
(FDA) approved two mRNA vaccines to combat the 2019 
coronavirus (COVID-19) pandemic.2) In fact, the accelerated 
development of these COVID-19 mRNA vaccines relied on 
years of preclinical and clinical research aimed at enhancing 
the use of mRNA vaccines for cancer therapy.3) As a result 
the COVID-19 pandemic, considerable attention has been 
focused on the development and use of mRNA vaccines and 
therapeutics for a wide variety of human diseases, including 
for heart disease, autoimmune disorders, rare genetic diseases, 
human immunodeficiency virus (HIV), and has also provoked 
a breakthrough in the area of cancer vaccines.4–6) Cancer vac-
cines mostly encode for different tumor-associated or tumor-
specific antigens (TAAs or TSAs) aimed at stimulating cell-
mediated immune responses, such as cytotoxic T lymphocytes 
(CTLs), which have the potential effect of attacking malignant 
cells.4,7)

Over the past decade, nucleic acid-based cancer vaccines, 
including mRNA vaccines and DNA vaccines, have been 
suggested as a promising platform over other conventional 
vaccines (e.g., peptide vaccines and viral vector-based vac-
cines) for various reasons, including improved safety, efficacy 
and the potential to elicit humoral- and cell-mediated immune 

responses.2,8) However, nucleic acid-based vaccines are pre-
ferred over other traditional vaccines, while mRNA vaccines 
offer advantages over DNA vaccines.9) Unlike DNA vaccines, 
mRNA vaccines lack the possibility for genomic integration, 
resulting in minimal concerns for gene disruption, mutagen-
esis and tumorigenesis.8–10) Moreover, mRNA vaccines are 
distinguished by their short half-life and well-tolerated safety 
profile, as well as their rapid, high-yield, safe, and cost-effec-
tive production.1,3,7–10) On the other hand, mRNA vaccines also 
have some disadvantages that limit their application, such as 
high molecular weights, instability, immunogenic properties, 
and insufficient in vivo delivery, which can lead to degrada-
tion of mRNA vaccines, inhibition of antigen expression, 
and consequently weak immune cell activation.4,7,10–12) Hence, 
researchers and mRNA vaccine manufacturers are focusing 
their efforts on overcoming these difficulties via different 
approaches, such as designing various delivery vehicles for 
improving cellular uptake and cytoplasmic translation and im-
proving the purification methods to eliminate double-stranded 
contamination that provokes innate immunity to result in 
mRNA vaccine degradation.4,8,13) Furthermore, modifications 
in the backbone of mRNA vaccines, including the poly(A) 
tail, the 5′ cap, un-translated regions, the sequence patterns 
in the open reading frame (ORF), and also incorporation of 
modified nucleotides, can contribute to overcoming the above-
mentioned hurdles associated with mRNA vaccines.8)

In the current work, a minimal mRNA based vaccine 
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encoding TAA human gp100(25–33) (KVPRNQDWL) as a po-
tential melanoma therapeutic was prepared by introducing a 
short poly(A) tail 20-nt (M.W.: 20460). Despite the resultant 
increase in length of the mRNA sequence, the poly(A) tail is 
crucial for protecting the mRNA vaccine from de-capping and 
degradation, as recent studies have shown that shortening the 
poly(A) tail sequence could enhance the translation process 
in addition to simplifying the synthesis process.4,7,8,14) While 
the negative charges and high molecular weights (105–106) 
of naked non-formulated mRNA vaccines can impair their 
intracellular uptake and efficacy, clinical trials have dem-
onstrated success in inducing a potent anti-tumor immune 
response after intranodal, intradermal, and subcutaneous 
(s.c.) injection of naked mRNA cancer vaccines.1,3,7,8) How-
ever, intranodal injection involves complicated procedures, 
and achieving high efficiency of injected naked mRNA vac-
cines is related to the high frequency of dendritic cells in 
the draining lymph nodes.2,7,9) Additionally, various antigen 
presenting cells (APCs) reside in the skin, making it an ideal 
immunocompetent site to augment the vaccine response.4,7) As 
a result, the intradermal route has been widely used for vac-
cine delivery.3,4,7) In addition to the need for special training, 
intradermal injection can also increase the risk of undesirable 
side effects at the injection site, such as swelling, infection, 
erythema, and pain.2,15–17) Accordingly, our work focused on 
using iontophoretic transdermal technology, in which a weak 
electric current (0.3–0.5 mA/cm2) is applied for non-invasive 
delivery of hydrophilic macromolecules via the skin.15–19) Ion-
tophoresis (IP) relies on various mechanisms, including elec-
trorepulsion, electroosmosis and recently, intercellular cleav-
age of both tight and gap junctions.15–19) In the present study, 
we utilize two unique features related to IP: the first is the 
ability to deliver hydrophilic macromolecules via the stratum 
corneum of the skin; and the second is the potential to im-
prove cellular uptake of negatively-charged macromolecules, 
as reported previously for small interfering RNA (siRNA).20,21) 
However, In fact, IP and electroporation are used previously 
for the delivery of charged compounds like DNA, RNA and 
peptides. Despite the used voltage in electroporation is ex-
tremely higher and reach up to 100 Volt compared to IP (10 V 
or less), it has been reported that electroporation succeeded in 
the delivery of mRNA mouse zygotes and facilitated clustered 
regularly interspaced short palindromic repeats CRISPR-
associated protein 9 (CRISPR/Cas9)-based genome editing.22) 
Also, electroporation has been shown to enhance the deliv-
ery efficiency of large, self-amplifying mRNA in vivo, upon 
measuring reporter gene expression and immunogenicity of 
genes encoding HIV envelope proteins.23) Taken together, this 
proved that mRNA is generally stable electrically not only 
to the low voltage of the IP but also, to the high voltage of 
electroporation. Herein, we investigated the potential effect of 
combining a newly synthesized minimal mRNA vaccine with 
non-invasive transdermal IP technology to enhance the trans-
dermal delivery of naked non-formulated minimal mRNA 
vaccine as a potential melanoma therapeutic. We investigated 
the potential effect on reducing tumor volume in mice bear-
ing melanoma and the mRNA expression levels of various 
cytokines by RT-PCR. Finally, we confirmed the stimulated 
immune response through immunohistochemistry analysis for 
the infiltrated cytotoxic CD8+ and CD4+ T cells in the tumor 
tissue and systemically by detecting serum interferon (IFN)-γ.

MATERIALS AND METHODS

Animal and Tumor Cells  Male C57BL/6J mice (5 weeks 
old) were obtained from Japan SLC, Inc. (Shizuoka, Japan). 
Dulbecco’s modified Eagle’s medium (DMEM) containing 
both 10% fetal bovine serum (FBS) and 1% (v/v) antibiotics 
penicillin/streptomycin (100 U/mL) was used for culturing 
B16F1 murine melanoma cells (Dainippon Sumitomo Pharma 
Biomedical Co., Ltd., Osaka, Japan), and these cells were in-
cubated at 37 °C in 5% CO2 atmosphere. All animal protocols 
were evaluated and approved by the Animal and Ethics Re-
view Committee of Tokushima University.

Materials  The fluorescein isothiocyanate (FITC)-la-
beled oligonucleotide GGA GCC ACC ATG AAG GTG CCC CGG 
 AAC CAG GAC TGG CTG TGA AAA AAA AAA AAA AAA  
AAA AA (M.W.: 19800) was purchased from Hokkaido Sys-
tem Science Co., Ltd. (Hokkaido, Japan). Optimal cutting 
temperature (OCT) compound, Dako Fluorescence Mount-
ing Medium and Cellstain® DAPI Solution (4′,6-diamidino-
2-phenylindole, dihydrochloride) were obtained from Sakura 
Finetek (Tokyo, Japan), Agilent (Santa Clara, CA, U.S.A.) and 
FUJIFILM Wako Pure Chemical Corporation (Osaka, Japan), 
respectively. An Ag-AgCl electrode was purchased from 3M 
Health Care (Minneapolis, MN, U.S.A.). ISOGEN with Spin 
Column RNA extraction reagent was purchased from Nippon 
Gene Co., Ltd. (Tokyo, Japan). All primers were purchased 
from Eurofins Genomics (Tokyo, Japan) and their sequences 
are shown in Table 1. PrimeScript™ RT Master Mix (Perfect 
Real Time) and TB Green® Premix Ex Taq™ II (Tli RNaseH 
Plus) were purchased from TaKaRa Bio (Shiga, Japan). Bovine 
serum albumin (BSA) was purchased from Merck (Tokyo, 
Japan). Rabbit anti-mouse CD4, CD8 and Quantikine enzyme-
linked immunosorbent assay (ELISA) Kit (MIF00, R&D Sys-
tems) were obtained from Funakoshi Co., Ltd. (Tokyo, Japan). 
Goat anti-rabbit immunoglobulin G (IgG) H&L (Alexa Fluor® 
488) was purchased from Abcam (ab150077, Tokyo, Japan). 
All other reagents used in this study were of the highest grade 
available.

Iontophoresis Technology for Delivery of FITC-Labeled 
Oligonucleotide  FITC-labeled oligonucleotide was used 
as a model of mRNA to investigate transdermal delivery by 
IP. IP was conducted according to our previous report with 
some modifications.19) In brief, after anesthetizing the mice 
with chloral hydrate (400 mg/kg mouse) dissolved in phos-
phate buffered saline (PBS) intraperitoneally, their dorsal 
skin was shaved for IP application. Then, moistened nonwo-
ven fabric (0.5 cm2) containing FITC-labeled oligonucleotide 
(10 µg/50 µL) was attached to the shaved dorsal skin, and 
another wetted nonwoven fabric (0.5 cm2) containing PBS 
(50 µL) was placed 1 cm away. Each piece of the wetted 
nonwoven fabric was connected to Ag-AgCl electrodes. The 
Ag-AgCl electrodes with nonwoven fabric containing labeled 
oligonucleotide or PBS (7.4) were connected to the cathode 
and anode, respectively, of a power supply (TTI Ellebeau, Inc., 
model TCCR-3005, Tokyo, Japan). IP was performed with a 
fixed current of 0.17 mA/0.5 cm2 for 1 h. Finally, mice were 
incubated for 3 h, followed by excision of their skin for cross-
sectioning.

Intradermal Distribution of FITC-Labeled Oligonucle-
otide after Applying Iontophoresis  Mice were euthanized 
after the incubation time (3 h), and their skin was excised, em-
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bedded in OCT compound, and then frozen with dry ice/etha-
nol. Sections (10 µm thick) were cut from the frozen blocks 
using a cryostat (CM3050S; Leica Biosystems, Tokyo, Japan). 
Dako Fluorescence Mounting Medium was used for mounting 
the 10 µm thick frozen sections onto MAS-coated glass slides. 
Finally, the skin sections were stored in the dark until dry 
for subsequent observation of intradermal distribution of the 
labeled oligonucleotide using a confocal laser scanning micro-
scope (LSM700, Carl Zeiss, Jena, Germany).

Preparation of Minimal Naked mRNA Vaccine as a 
Potential Melanoma Therapeutic  Capped 62-nt mRNA 
encoding decapeptide MKVPRNQDWL, which is shown as 
5′_m7G-(5′) ppp(5′)_Gm_Gm_AGC CAC CAU GAA GGU GCC CCG  
GAA CCA GGA CUG GCU GUG AAA AAA AAA AAA AAA  
AAA AAA_3′ (m7G, 7-methyl-G; Gm, 2′-O-methyl-G), was 
synthesized according to a previous report.14) Briefly, 5′ 
phosphorylated 62-nt RNA was synthesized using standard 
phosphoramidite chemistry on an automated DNA/RNA 
synthesizer. RNA was deprotected in a 1 : 1 mixture of 40% 
aqueous methylamine and 28% ammonium solution at 65 °C 
for 20 min, followed by overnight treatment with 1 M tetrabu-
tylammonium fluoride (TBAF) in tetrahydrofuran (THF) solu-
tion at room temperature. Deprotected RNA was then purified 
by reversed-phase HPLC (RP-HPLC). The synthesized 5′ 
phosphorylated RNA was chemically capped using 7-methyl-
guanosine diphosphate imidazolide (Im-m7GDP) in a reaction 
mixture of 20 µM RNA, 10 mM Im-m7GDP, 10 mM CaCl2, and 
10 mM 2-nitroimidazole in dimethyl sulfoxide (DMSO). First, 
aqueous solutions of RNA and CaCl2 were mixed and lyophi-
lized. After being suspended in DMSO, DMSO solutions of 
Im-m7GDP and 2-nitroimidazole were added. The mixture was 
heated at 55 °C for 3 h, followed by RNA recovery via alcohol 
precipitation. Capped RNA was further purified by RP-HPLC. 
After purification, capped RNA was alcohol-precipitated and 
re-dissolved with water. The RNA concentration was mea-
sured based on absorbance at 260 nm using a NanoDrop 2000 
spectrophotometer (Thermo). Capped mRNA was analyzed 
by LC-MS using an Agilent 1260 Infinity II LC/MSD system, 
and the mass was found to match the theoretical mass: Calcd, 
20732.63; Found 20735.64 (+3.01).

Therapeutic Effect of Iontophoretic Delivery of a Mini-
mal mRNA Vaccine on Tumor Regression  Male C57BL/6J 
mice (6 weeks old) were subcutaneously challenged into their 
flank with B16F1 cells (105 cells/mouse) suspended in PBS 
(day 0). The mRNA vaccine therapeutic was initiated on day 
5 after tumor inoculation. Five doses of vaccine were admin-
istered every 3 d for a total of 13 d. Mice were immunized 
by a fixed volume (30 µg/50 µL/dose mouse) of mRNA vac-
cine, which was administered via one of two routes, namely 
s.c. injection or IP. IP was applied above the tumor tissue 
and was carried out at 0.17 mA/0.5 cm2 for 1 h as described 

above. Previously, sham-IP did not show a significant effect 
on tumor regression so non-treated control group (-IP) was 
used.16) Tumor burden was determined every other day using 
a digital caliper according to the following equation: Tvol 
(mm3) = length × width2 × 0.5. At day 22 after tumor inocula-
tion mice were euthanized and the skin, spleen and tumor tis-
sues were harvested and stored at −80 °C for further analysis.

RNA Extraction  Skin tissue (90 mg) and tumor tissue 
(45 mg) were weighed and subsequently homogenized in the 
presence of 1 mL of ISOGEN Lysis reagent using TissueRup-
tor II (QIAGEN, Germany). The homogenate was then incu-
bated for 5 min at room temperature. Finally, ISOGEN with 
Spin Column RNA extraction reagent was used for purifying 
and extracting the total RNA according to the manufacturer’s 
instructions. Total RNA concentration and purity were mea-
sured with a Nanodrop 8000 (Thermo Fisher Scientific, DE, 
U.S.A.).

RT-PCR for Quantitative Analysis of Various Cytokines 
in Different Tissues  cDNA was prepared from the reverse 
transcription of 2 µg of total RNA extract using PrimeScript™ 
RT Master Mix and a MJ Mini Personal Thermal Cycler 
(BioRad Laboratories, Hercules, CA, U.S.A.). The reverse 
transcription reaction was conducted at 37 °C for 15 min, 
while inactivation of reverse transcriptase was conducted at 
85 °C for 5 min. RT-PCR analysis was performed using TB 
Green™ Premix Ex Taq™ II and a Thermal Cycler Dice Real 
Time System III (TaKaRa Bio). For analysis of the mRNA 
expression levels of IFN-γ, tumor necrosis factor (TNF)-α, 
interleukin (IL)-6, IL-12b and glyceraldehyde-3-phosphate de-
hydrogenase (GAPDH), cDNA was denatured at 95 °C for 30 s, 
followed by 40 cycles of 95 °C for 5 s and 60 °C for 30 s for 
amplification. The sequences of the primers used are shown 
in Table 1. The mRNA expression levels of IFN-γ, TNF-α, 
IL-6 and IL-12b were calculated using the 2−ΔΔCt method by 
normalization relative to GAPDH mRNA.

Investigation of Infiltrated Cytotoxic CD8+ and CD4+ 
T Cells in the Tumor and Spleen Tissues by Immunohis-
tochemistry Analysis  At day 22 post tumor inoculation in 
immunized mice, the tumor and spleen tissues were collected, 
embedded in OCT and stored at −80 °C, as described above. 
Then, frozen blocks of tumor tissue were cut into 10 µm 
thick sections using a cryostat (CM3050S; Leica Biosystems, 
Tokyo, Japan), and subsequently immunostained for both 
CD8+ and CD4+ T cells. Tissue sections were washed first by 
PBS, followed by blocking with 1.5% BSA dissolved in PBS 
containing 0.1% Tween-20 for 15 min at room temperature. 
Tissue sections were then incubated with the diluted rabbit 
anti-mouse CD8 and CD4 primary antibodies separately for 
18 h at 4 °C. Then, the sections were incubated with the di-
luted Alexa 488-labeled goat anti-rabbit IgG for 1 h at room 
temperature. DAPI was used for staining the nucleus. Finally, 

Table 1. Primer Sequences Used for RT-PCR

Gene Forward (5′ to 3′) Reverse (5′ to 3′)

GAPDH (mouse) AGGTCGGTGTGAACGGATTTG GGGGTCGTTGATGGCAACA
IFN-γ (mouse) ACAGCAAGGCGAAAAAGGATG TGGTGGACCACTCGGATGA
TNF-α (mouse) CAGGCGGTGCCTATGTCTC CGATCACCCCGAAGTTCAGTAG
IL-6 (mouse) CTGCAAGAGACTTCCATCCAG AGTGGTATAGACAGGTCTGTTGG
IL-12b (mouse) CTGGAGCACTCCCCATTCCTA GCAGACATTCCCGCCTTTG
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tumor sections were mounted with Dako Fluorescence Mount-
ing Medium and allowed to dry. The sections were observed 
using a confocal laser scanning microscope (LSM700, Carl 
Zeiss, Jena, Germany).

ELISA  Male C57BL/6J mice (6 weeks old) were subcu-
taneously challenged into their flank with B16F1 cells (105 
cells/mouse) on day 0. Mice were immunized with mRNA 
vaccine via one of two routes, namely s.c. injection or IP as 
mentioned above. Blood was collected on days 6, 9, 10 and 22 
after tumor inoculation. Blood samples were stored at 4 °C for 
3 h followed by centrifugation (Tomy, MX-160, Tokyo, Japan) 
at 2490 g/30 min for separation of serum, which was stored at 
−80 °C until assayed. Finally, serum IFN-γ concentration was 
determined by sandwich ELISA using Quantikine kit (MIF00, 
R&D Systems).

Statistical Analysis  One-way ANOVA with Tukey post-
hoc test was used for evaluating statistical differences among 
3 groups. Data are presented as mean ± standard deviation 
(S.D.).

RESULTS AND DISCUSSION

In the present study, the negatively charged, high molecular 
weight (M.W.: 19800) FITC-labeled oligonucleotide (green sig-
nal) was used as a model of mRNA to investigate the potential 
effect of IP technology on mRNA delivery into skin layers. 
Non-treated healthy skin was used as a control, which showed 
the absence of any fluorescence signal (Fig. 1a). On the other 
hand, Fig. 1b shows the homogenous distribution of the FITC-
labeled oligonucleotide in the skin layers to a depth of about 
100 µm after IP application. Copious amounts of immune 
cells are known to reside in the skin, including epidermal 
Langerhans cells (LCs) and dendritic cells (DCs).16,24–26) The 
most distinguished immune cells in the skin are epidermal 
LCs, which are known for their ability to extend their den-
drites and elicit a strong immune response.15,16,27) Penetration 
of the FITC-labeled oligonucleotide to depths of 100 µm after 
IP application indicates its accumulation within the epider-
mal layer, which ranges from 100 to 200 µm in thickness.15) 
Consequently, the FITC-labeled oligonucleotide can be en-
gulfed by the epidermal LCs for subsequent activation of an 
immune response. Based on these results, we can conclude 
that IP application was successful at inducing a homogenous 
distribution of the high molecular weight FITC-labeled oli-
gonucleotide in the epidermal layer of the skin, which was 
achieved via various mechanisms including electrorepulsion, 
electroosmosis and intercellular cleavage of both tight and gap 
junctions.15–17,24)

We subsequently investigated therapeutic outcomes fol-
lowing immunization of mice bearing melanoma with a 
non-formulated naked mRNA vaccine encoding TAA human 
gp100(25–33) (KVPRNQDWL) using IP. It has been reported 
that inclusion of a short poly(A) tail can simplify mRNA 
preparation as well as improve its stability and enhance in-
tracellular translation.4,7,8,14) We therefore prepared a minimal 
mRNA vaccine with a short poly(A) tail 20-nt (M.W.: 20460) 
against melanoma challenge. Furthermore, mRNA is known 
to be highly negatively charged, which impairs its intracellular 
uptake.1,3,7,8) Consequently, in this study we anticipated that IP 
application would not only improve the delivery of minimal 
mRNA into skin layers, but also enhance intracellular uptake 

by APCs as reported previously for IP delivery of siRNA.20,21) 
In a more detail the effect of various endocytosis inhibitors 
(e.g., amiloride, filipin, sucrose, and low temperature expo-
sure) was studied and after visualization by confocal micros-
copy, the IP-induced cellular uptake pathway of siRNA (M.W.: 
12000) was found to be due to the activation of many specific 
signaling molecules related to endocytosis.20) Additionally, 
endosomes were found to leak macromolecules exhibiting mo-
lecular weights <70000.21) Thereby, we have prepared a 
minimal mRNA with a lower molecular weight (M.W.: 20460) 
that can achieve an endosomal escape. In addition, previ-
ous reports suggest that inclusion of a short poly(A) tail can 
enhance mRNA translation. A potent immune response was 
therefore expected by combining the mRNA therapeutic with 
IP technology.

Mice bearing melanoma were treated with the minimal 
naked mRNA vaccine by different routes (either s.c. injection 
or IP). As predicted, a significant regression in tumor volume 
was observed at each day after IP application compared to 
non-vaccinated mice, with an exception at days 10 and 12, in 

Fig. 1. Intradermal Distribution of FITC-Labeled Oligonucleotide 
(green) after IP Application

10 µm thick skin sections were prepared for observation by confocal microscopy. 
(a) control group (-IP). (b) Intradermal distribution of FITC-labeled oligonucle-
otide after IP application (0.17 mA/0.5 cm2, 1 h) followed by 3-h incubation. Scale 
bars = 100 µm.

Fig. 2. Effect of Immunization with mRNA Vaccines on Tumor Inhibition
After challenging mice with B16F1 cells (day 0), 5 doses of therapeutic mRNA 

vaccine were administered every 3 d (indicated by arrows) by different routes 
(either s.c. injection or IP). Tumor volume was measured every other day using 
a digital caliper. Values represent the mean ± S.D. (n = 4). (*p < 0.05, **p < 0.01, 
***p < 0.0001).
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which no significant difference was observed (Fig. 2). On the 
other hand, s.c. injection of the minimal mRNA vaccine did 
not show a significant reduction in tumor volume at all days 
except for the last day (day 22), in which a slight significant 
difference was noted compared to non-vaccinated mice. Fur-
ther, when comparing IP application and s.c. injection, there 
was a non-significant difference noted at all days, with the 
exception of days 16, 20, and 22, in which slight significant 
differences were noted (Fig. 2). Taken together, these findings 
demonstrate the successful delivery of a minimal mRNA vac-
cine into skin layers by IP application, resulting in subsequent 
stimulation of an immune response as demonstrated by a re-
duction in tumor burden after immunization.

Following IP application, the mRNA vaccine was likely 
distributed homogenously into skin layers, where epidermal 
immune cells reside, mainly LCs that can extend their den-
drites and survey the skin to capture the vaccine, resulting 
in subsequent cytoplasmic delivery of the vaccine via cellu-
lar uptake.16,28,29) Reduction in tumor volume was likely due 
to infiltration of cytotoxic tumor-specific CD8+ T cells into 
the tumor microenvironment, in addition to secretion of the 
most critical inflammatory cytokine, IFN-γ, for tumor regres-
sion.30–34) To confirm these hypotheses, mRNA expression 
levels of various cytokines, including IFN-γ, TNF-α, IL-6 and 
IL-12b, were detected by RT-PCR. Previously, sham-IP did not 
show a significant effect on mRNA expression levels of vari-
ous cytokines so non-treated control group (-IP) was used.16) 
Results revealed a significant difference in mRNA expression 
levels of all cytokines in both the skin and tumor tissues in 
the IP-vaccinated group compared to either the non-vaccinated 
group or the s.c-vaccinated group, with an exception only for 
IL-6 in the tumor tissue, in which no significant difference 
was observed (Figs. 3a, b). Furthermore, the s.c-vaccinated 
group did not show any significant difference compared to 
the non-vaccinated group (Figs. 3a, b). The cytokines likely 
contributed to fighting melanoma growth via various mecha-
nisms, including activation of adaptive immunity.16,35–37) IL-
12b plays a role in up-regulating the secretion of IFN-γ, which 
is considered one of the key factors for tumor regression based 
on its ability to: inhibit angiogenesis, increase intra-tumoral 
levels of major histocompatibility molecules (MHC I and II), 
and promote apoptosis.30,33,34,38–40) Moreover, IFN-γ augments 

the differentiation of cytotoxic CD8+ T cells, which are known 
to have a lethal effect on tumor cells.28) Consequently, both 
IFN-γ and IL-12b are considered crucial cytokines for acti-
vating adaptive immunity. Moreover, other pro-inflammatory 
cytokines, particularly TNF-α and IL-6, also play a critical 
role in eliciting an immune response by enhancing the traf-
ficking of DCs toward the draining lymph nodes (DLNs) and 
the infiltration of cytotoxic CD8+ T cells in the tumor tis-
sue.28,30,34,41,42) Based on these previous findings, we analyzed 
tumor and spleen tissues in the present study for infiltrated 
cytotoxic CD8+ and CD4+ T cells after immunization with the 
minimal mRNA vaccine by IP application.

Figures 4a and b show infiltration of both cytotoxic CD8+ 
and CD4+ T cells (green signals) in both tumor and spleen tis-
sues in the IP-vaccinated group compared with the non-vacci-
nated group. Infiltration of cytotoxic CD8+ and CD4+ T cells 
in the tumor microenvironment is critical for tumor regres-
sion, as previously noted,43–46) and these results demonstrate 
the ability of our IP-administered minimal mRNA vaccine to 
elicit cell-mediated adaptive immunity, which is considered a 
main element required for tumor clearance. Moreover, based 
on the unique features of the mRNA vaccines in stimulating 
both the cellular and humoral immunity we are expecting the 
ability of our minimal mRNA vaccine on stimulating the hu-
moral immunity.

Finally, to evaluate the potency of our minimal mRNA vac-
cine at inducing a systemic immune response, serum IFN-γ 
levels were detected at various days following vaccination. 
Serum IFN-γ levels were significantly different in the s.c- 
and IP vaccinated groups compared with the non-vaccinated 
group, with an exception at day 9 for the s.c-injected group 
(Fig. 5). However, there was a non-significant difference be-
tween the s.c- and IP- vaccinated groups at days 6, 9, and 
10, while serum IFN-γ levels in the IP-vaccinated group were 
slightly higher than those in the s.c-vaccinated group. More-
over, at day 22 following the full 5-dose treatment, IFN-γ 
serum levels in the IP-vaccinated group were strongly up-
regulated (11.83 ± 0.87 pg/mL) compared to the s.c-vaccinated 
group (1.49 ± 0.18 pg/mL). These results demonstrate the abil-
ity of our minimal mRNA vaccine to induce and maintain a 
systemic immune response via permanent stimulation of skin 
resident immune cells.16) Moreover, delivery of the minimal 

Fig. 3. Quantitative Analysis of mRNA Expression Levels of Inflammatory Cytokines in Different Tissues of mRNA-Vaccinated Mice
(a) Skin tissue and (b) tumor tissue. Mice were immunized with the mRNA vaccine via IP or s.c. injection as mentioned previously. At day 22 after tumor inoculation, 

mice were euthanized and tissues were collected. Quantitative evaluation of mRNA expression levels of different cytokines, namely IFN-γ, TNF-α, IL-6 and IL-12b, using 
RT-PCR was performed. Data are mean ± S.D. (n = 3). (*p < 0.05, **p < 0.01, ***p < 0.001).
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Fig. 4. Immunohistochemical Detection of Infiltrated Cytotoxic CD8+ and CD4+ T Cells in Tumor and Spleen Tissues Collected at Day 22 after 
Tumor Inoculation in Mice Immunized with the mRNA Vaccine Using IP

(a) Tumor tissue, (b) spleen tissue. CD8+ and CD4+ T cells are represented by the green (Alexa 488) fluorescence. Nuclei are stained blue (DAPI). Scale bars = 50 µm.
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mRNA vaccine via IP showed a significantly potent induction 
of systemic and localized immunity, melanoma regression and 
elevation in cytokine expression compared to s.c. injection, 
which showed a weak (and non-significant) effect. These find-
ings are likely driven by the unique features of IP technology 
in being able to homogeneously distribute and accumulate the 
minimal mRNA vaccine into skin layers, and subsequently 
expose it for engulfment by skin-abundant immune cells in 
addition to improving intracellular uptake of the vaccine. On 
the other hand, the mRNA vaccine is expected to quickly 
diffuse after s.c. injection, which can impair the activation 
of APCs. Taken together, results of the present study dem-
onstrate successful immune system activation and melanoma 
regression by combining a newly synthesized minimal mRNA 
with IP technology, and offer a new step in the field of mRNA 
vaccination. Moreover, we are planning in our next step to 
include our minimal mRNA vaccine in the form of nanopar-
ticles to provide a complete protection against skin nucleases 
and to obtain a higher effect.

CONCLUSION

In conclusion, we demonstrated the efficiency of IP tech-
nology in overcoming challenges associated with the stratum 
corneum for delivery of hydrophilic macromolecules using a 
non-formulated minimal mRNA vaccine encoding for TAA 
against melanoma challenge. As expected, a potent immune 
response was induced after combining IP technology with the 
minimal mRNA vaccine, which resulted in tumor inhibition 
and up-regulation of cytokine expression, as well as infiltra-
tion of cytotoxic CD8+ and CD4+ T cells into the tumor 
microenvironment. To our knowledge, this is the first report 
demonstrating the successful transdermal delivery of a mini-
mal mRNA vaccine using IP technology.
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