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Abstract Intradermal administration of antigen-encoding
RNA has entered clinical testing for cancer vaccination.
However, insight into the underlying mechanism of RNA
uptake, translation and antigen presentation is still limited.
Utilizing pharmacologically optimized naked RNA, the
dose-response kinetics revealed a rise in reporter signal
with increasing RNA amounts and a prolonged RNA trans-
lation of reporter protein up to 30 days after intradermal
injection. Dendritic cells (DCs) in the dermis were shown
to engulf RNA, and the signal arising from the reporter
RNA was significantly diminished after DC depletion.
Macropinocytosis was relevant for intradermal RNA uptake
and translation in vitro and in vivo. By combining intrader-
mal RNA vaccination and inhibition of macropinocytosis,
we show that effective priming of antigen-specific CD8™

Abderraouf Selmi and Fulvia Vascotto have contributed equally
to the first authorship. Mustafa Diken and Sebastian Kreiter have
contributed equally to the last authorship.

<l Mustafa Diken
Mustafa.Diken @TrOn-Mainz.de

< Sebastian Kreiter
Sebastian. Kreiter @ TrOn-Mainz.de

TRON:-Translational Oncology at the University Medical
Center of Johannes Gutenberg University gGmbH,
Freiligrathstra3e 12, 55131 Mainz, Germany

Research Center for Immunotherapy (FZI), University
Medical Center of Johannes Gutenberg University, Mainz,
Germany

Department of Dermatology, University Medical Center
of Johannes Gutenberg University, Mainz, Germany

Cluster for Individualized Immune Intervention (CI3),
Mainz, Germany

5 BioNTech RNA Pharmaceuticals GmbH, Mainz, Germany

T-cells also relies on this uptake mechanism. This report
demonstrates that direct antigen translation by dermal DCs
after intradermal naked RNA vaccination is relevant for
efficient priming of antigen-specific T-cells.
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Abbreviations

APC  Antigen-presenting cell
DC Dendritic cell

DT Diphtheria toxin

DTR  Diphtheria toxin receptor
eGFP Enhanced green fluorescent protein
HA Hemagglutinin

IFN  Interferon

LN Langerin

Luc Luciferase

SEM  Standard error of mean

Introduction

The skin is a highly active immune organ containing a large
population of resident antigen-presenting cells (APCs)
[1]. The skin of a healthy individual is estimated to con-
tain around 20 billion T-cells, which is nearly twice the
number present in circulation [2]. T-cells and the other
cellular components involved form a network of immune
cells which was named the skin immune system [3]. The
efficacy of this system is demonstrated by the lifelong pro-
tection conferred by intradermally administered vaccines
against rabies [4].
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In vitro-transcribed synthetic mRNA encoding for
tumor antigens is one of the promising future vaccine for-
mats, which is administered into the skin. This approach
was explored in preclinical studies starting in the early
2000s [5] demonstrating that humoral and cellular immune
responses can be induced. Clinical trials were performed in
various cancer indications utilizing either naked synthetic
RNA or combinations of synthetic RNA and adjuvants
intradermally [6-8].

We recently gained insight into the mechanisms of
uptake of RNA administered into lymph nodes which is
currently in clinical testing (NCT01684241). We could
show that immature dendritic cells (DCs) engulf RNA after
intralymphatic injection enabling expression of encoded
antigens. This uptake is mediated by macropinocytosis, a
fluid-phase uptake mechanism that is constitutively active
in immature DCs [9, 10]. Here, we asked the question
which tissue resident cells and which mechanism con-
tributes to the uptake of RNA administered intradermally,
which would allow expansion of antigen-specific CD8™
T-cells. In order to answer these questions, we employed
pharmacologically optimized RNA with improved stability,
translational performance, and presentation of the encoded
antigen on MHC class I and II molecules [11-13].

In this study, we demonstrate direct involvement of der-
mal DCs in macropinocytosis-mediated RNA uptake as
well as efficient priming of antigen-specific T-cells in the
context of intradermal RNA vaccination.

Materials and methods
Animals

Female 8- to 12-week-old C57BL/6 mice were purchased
from Janvier or Harlan Laboratories. CD11c-DTR (diph-
theria toxin receptor) mice on C57BL/6 background were
kindly provided by K. Steinbrink (Department of Derma-
tology, Johannes Gutenberg University of Mainz). All ani-
mal experiments complied with the guidelines set by the
Johannes Gutenberg University of Mainz.

Synthetic peptides

Chicken ovalbumin (OVA)-derived SIINFEKL peptide
(H2-Kb-restricted OVA257-264) was obtained from Jerini
Peptide Technologies (JPT).

RNA constructs

pSTI-A120 and pSTI-MITD vectors were used as plas-

mid templates for in vitro transcription of naked antigen-
encoding RNAs [12, 14]. eGFP and LUC constructs in

@ Springer

the pST1-A120 vector backbone encode for the enhanced
green fluorescence and firefly luciferase proteins, respec-
tively. SIINFEKL and HA constructs in the pST1-MITD
vector backbone encode for the immunodominant epitope
(aa 257-264) of OVA and partial sequence of influenza
hemagglutinin (strain A/PR/8/34; aa 60-285 fused to aa
517-527), respectively.

In vitro transcription, labeling of RNA and transfer
into cells

RNA was generated by in vitro transcription as described
previously [15]. HA construct was used to generate Cy5-
labeled RNA using Cy5-UTP according to manufac-
turer’s instructions (GE Healthcare). For in vitro pulsing,
1-3.10% cells were centrifuged and incubated with RNA
in RNase-free PBS (Ambion) for 15 min in a volume of
10-20 w1 followed by cultivation in the respective medium
at 37 °C with 5 % CO,. For in vitro experiments, cells were
treated with rottlerin (10 wM; Calbiochem) or DMSO as
control for 30 min at 37 °C prior to RNA pulsing.

Immunization of mice and de novo priming of T-cells

C57BL/6 mice anesthetized with xylazine/ketamine were
injected intradermally in ear pinna or flank with 20 pg of
RNA formulated in PBS or PBS only as control using a
single-use 0.3-ml syringe with an ultrafine needle (31G,
Becton-Dickinson). For CD8* T-cell de novo priming, four
intradermal immunizations of SIINFEKL-RNA on days 0,
3,7 and 11 were performed into the right or left ear pinna
of mice using alternate injections.

Cell isolation from mouse ears

Ears were excised, soaked in 70 % ethanol and washed
with PBS. The ears were split into halves and incubated
in 0.4 mg/ml liberase (Sigma-Aldrich) in RPMI 1640 with
penicillin (500 U/ml)/streptomycin (500 pg/ml; gibco Life
Technologies) for 1.5 h at 37 °C. Reaction was inactivated
by adding complete RPMI 1640 containing 5 % FCS, and
cell suspension was incubated in Medicon chamber (Medi-
machine, BD) for 7 min for the disaggregation of the tissue.
Next, cell suspensions were mashed through a 70-pm-pore
size filter and centrifuged at 200g for 8 min. Cells were
resuspended in PBS for flow cytometry analysis.

Isolation of epidermal and dermal cell suspensions

Ear skin was trypsinized with 0.5 % trypsin (GE Health-
care) in HBSS (BioWhittaker) for 30 min at 37 °C followed
by gentle pipetting in HBSS containing 0.05 % DNase
(Sigma-Aldrich) and 30 % FCS to retrieve the epidermal
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cells from dissociated epidermal sheets. Cells were then
filtered through a 70-pm nylon mesh. After removal of
the epidermis, dermal cell suspensions were prepared by
mincing the dermal tissue into small pieces and their incu-
bation for 2 h at 37 °C with a solution of HBSS contain-
ing 0.1 % collagenase (Sigma-Aldrich), 0.05 % DNase
and 2 % FCS. Epidermal and dermal cells were identi-
fied by expression of CD11c, CD24 and EpCam (Langer-
hans cells: CDI11c"CD24"EpCam™; Langerin (LN)~
dermal DCs: CD11ctCD247; and LNt dermal DCs:
CDI11ctCD24"EpCam™).

Depletion of CD11¢* DCs in CD11¢-DTR mice

CDl11c-DTR mice were injected i.p. with 4-8 ng of diph-
theria toxin (DT)/g (Sigma-Aldrich) of body weight dis-
solved in PBS at days 0 and 1. PBS-treated groups served
as controls.

Antibodies and flow cytometry analysis

For analysis of skin DCs, the following antibodies were
used: Pacific Blue anti-mouse MHCII (M5/114.15.2; Bio-
Legend), FITC anti-mouse CDI11c (HL3; BD), PE anti-
mouse CD11c (HL3; BD), PE anti-mouse CD24 (M1/69;
BD), PeCy7 anti-mouse CD326 (EpCam; clone G8.8;
e-Bioscience) and APC anti-mouse F4/80 (BMS8; BD).
MHC-peptide tetramer staining from blood and spleen
samples was performed with H-2 Kb/SIINFEKL tetramer
(Beckman Coulter) and CD8 antibody (Invitrogen). Flow
cytometry data were acquired using FACS Calibur or
LSRII flow cytometer (BD) and analyzed by FlowJo soft-
ware (Tree Star).

ELISPOT assay

5 x 10° spleen cells/well were pulsed with peptide (2 g/
ml) in microtiter plates coated with an anti-interferon
(IFN)-y antibody (10 pg/ml; clone AN18, Mabtech). After
18-h incubation at 37 °C, IFN-y secretion was detected
with an anti-IFN-y antibody (clone R4-6A2, Mabtech) as
described previously [9].

Ex vivo luciferase assay

Single-cell suspensions from ears of mice were used for
luminescence assay as previously described [10]. Briefly,
1-5 x 10° cells/100 ul were plated in 96-well Nunc white
plates (Thermo Scientific), and 100 pl Bright-Glo luciferin
reagent (Promega) was added to the cell suspension. After
3-min incubation with gentle shaking, bioluminescence
counts were measured with an Infinite M200 plate reader
(Tecan) for 1 s.

In vivo bioluminescence imaging

Uptake and translation of Luc-RNA were evaluated by
in vivo bioluminescence imaging using the Xenogen IVIS
Spectrum imaging system (Caliper Life Sciences) as previ-
ously described [10]. p-luciferin (75 mg/kg body weight;
Perkin-Elmer) dissolved in PBS was injected intraperito-
neally at indicated time points after administration of LUC-
RNA; 5 min after luciferin injection, emitted photons from
live animals were measured for 1 min. Regions of interest
(ROIs) from were determined at the injection area, and bio-
luminescence was quantified as total radiance (photons/s)
using IVIS Living Image 4.0 Software.

Immunofluorescence

Eight-uym sections of cryo-conserved ears treated with
eGFP-RNA or PBS as a control were attached on Super-
frost slides, dried overnight at room temperature (RT) and
fixed in 4 % paraformaldehyde (PFA) for 10 min at RT
in the dark. Sections were washed 3 times with PBS and
blocked using PBS supplemented with 1 % BSA, 5 %
mouse serum, 5 % rat serum and 0.02 % Nonidet for 1 h at
room temperature in the dark. Sections were stained using
Alexa 488 labeled anti-eGFP antibody (ThermoFisher)
over night at 4 °C. After washing twice with washing buffer
(PBS supplemented with 1 % BSA and 0.02 % Nonidet)
and once with PBS, slides were stained for 3 min with
Hoechst (Sigma), washed 3 times with PBS, once with dis-
tilled water and mounted using mounting medium Fluoro-
mount G (eBioscience). Immunofluorescence images were
acquired using an epifluorescence microscope (ApoTome,
Zeiss).

Statistics

Statistical analysis was performed by GraphPad Prism 4
software (Graphpad Software) employing unpaired two-
tailed Student’s ¢ test and one-way or two-way ANOVA
test with Bonferroni’s multiple comparison test. p values
are provided where applicable and data are displayed as
mean + SEM.

Results

To characterize the potential of synthetic RNA in inducing
CD8™ T-cell priming and expansion, naive C57BL/6 mice
were repetitively immunized with pharmacologically opti-
mized RNA encoding the SIINFEKL epitope of chicken
ovalbumin. To ensure that the results are not influenced by
the anatomical site, we injected the vaccine intradermally
in the ear pinna as well as in the flank (Fig. 1a). Five days
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Fig. 1 Intradermal RNA vaccination induces antigen-specific T-cell
expansion. a Experimental setting. C57BL/6 mice (n = 5) were
immunized intradermally (i.d.) in the ear pinna (ear) or in the flank
with SIINFEKL-RNA (20 pg) on day 0, 3, 7 and 11 or left untreated
as control. b Frequencies of SIINFEKL-specific CD8* T-cells were
assessed via tetramer staining in the peripheral blood and spleen
of treated mice 5 days after the last immunization. ¢ SIINFEKL-
specific CD8' T-cell response was analyzed in spleen by IFN-y
ELISPOT assay 5 days after the last immunization. Bars represent
mean + SEM, *p < 0.05, **p < 0.01, one-way ANOVA test

after the last vaccination, the epitope-specific T-cell fre-
quency was determined by MHC-tetramer as well as IFN-y
ELISPOT assay. The induction of the immune responses
was robust, resulting in frequencies of around 3-4 % of
SIINFEKL-specific CD8' T-cells among total CD8"
T-cells assessed via the tetramer staining in the peripheral
blood and spleen (Fig. 1b). In line with this, vaccination
at both sites induced similar frequencies of IFN-y secret-
ing antigen-specific CD8" T-cells as revealed by IFN-y
ELISPOT assay (Fig. 1c). Indeed, no significant differences
were observed between the different vaccination sites rul-
ing out that the anatomical site of the ear pinna is respon-
sible for the effects observed. Further studies were there-
fore performed with the accepted gold-standard intra-pinna
injection allowing maximum control for intradermal appli-
cation of the fluid.

@ Springer

The establishment of a dose—response relationship is an
important step for the vaccine development. In the field of
RNA vaccination, an accepted parameter predicting epitope
density on the surface of APCs is the kinetics of the trans-
lated protein. Utilizing the firefly luciferase-encoding RNA
(Luc-RNA) and in vivo bioluminescence imaging, we
characterized the dose and time kinetics after intradermal
injection of optimized RNA. Interestingly, we observed a
linear dose-response for RNA amounts from 1 up to 20 pg
and the signal of the RNA-encoded luciferase (Fig. 2a).
Another important parameter affecting the total amount of
translated protein is the time kinetics of translation. After
intradermal injection of 20 ug Luc-RNA, we observed an
signal increase from 2 up to 6 h post-injection, followed by
a prolonged expression at plateau until day 3 (Fig. 2b, c).
Surprisingly, we were able to measure signal above back-
ground for 30 days proving the translational efficacy of the
optimized RNA used. Again, we investigated the influence
of the injection site by measuring the time kinetic in the
flank as well as the ear pinna, which showed slightly faster
signal decay in the flank (Fig. 2d).

After characterizing relevant pharmacological param-
eters for optimized synthetic RNA, we asked whether
we could define in more detail the origin of the signal
in the skin tissue. We first explored whether the epider-
mis or the dermis would differ in RNA uptake. For this
purpose, the epidermal and dermal sheets separated after
intradermal injection of Luc-RNA were quantified using
an ex vivo luciferase assay. Interestingly, the signal was
observed predominantly in cells originated from the der-
mis (Fig. 3a). Utilizing eGFP-encoding RNA, this obser-
vation could be validated in the cryosections of the ear
pinna (Fig. 3b). Moving from the analysis of different
localization to the subsets of cells, we employed Cy5-
labeled RNA for the flow cytometric characterization of
different cell types transfected in the skin. We found no
relevant signal in the epidermis (Fig. 3c), whereas the der-
mal dendritic cells (DCs) and macrophages (F4-807 cells)
exhibited a positive signal. Dissecting the DC populations
further, we found that LNT dermal and LN~ dermal DCs
were the main RNA-transfected dermal DC populations
(Fig. 3c right panel). Finally, it was important to provide
functional evidence for DC involvement in RNA uptake
and translation. This was studied by making use of the
CD11c-DTR mouse model [16], which allows temporal
DC depletion after application of DT. As expected, we
observed a significant bioluminescence signal reduction
in mice after depletion of DCs, to one-third of the signal
obtained in control mice (Fig. 3d). However, in these mice
residual luciferase signal still can be detected in the ear
due to the incomplete depletion of dermal DCs by the DT
(data not shown).
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Fig. 2 RNA expression in skin is dose dependent and sustained in
time utilizing optimized RNA constructs. a C57B1/6 mice (n = 3)
received intradermal (ear) different doses (1, 5, 10 and 20 pg) of
RNA encoding for luciferase (Luc-RNA). Translation of Luc-RNA
was evaluated by in vivo bioluminescence imaging 24 h later. b
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@ Springer



1080

Cancer Immunol Immunother (2016) 65:1075-1083

[
o

6000 -
[ control

5000 -
Il RNA
4000

3000

2000 -

Luc signal (cps)

1000

-

Epidermis

o

Dermis

Epidermis
14
12

% of Cy5-RNA* cells
(=)

oON MO

DC F4/80 CD3 DC

25000+

] -pT
Il +DT

20000+

15000

10000

Luc signal (cps)

5000

0,
Epidermis Dermis

Fig. 3 Translation of the RNA-encoded protein is confined to dermis.
a C57Bl/6 mice (n = 3) received i.d (ear) Luc-RNA (20 pg) or buffer
as control. Epidermal and dermal sheets were isolated and enzy-
matically digested. Ex vivo luminescence was measured. b C57Bl/6
mice (n = 3) received i.d (ear) GFP-RNA (20 pg) or buffer as con-
trol. After 24 h, ears were cryoconserved for immunfluorescence
analysis. ¢ C57B1/6 mice (n = 3) received i.d (ear) Cy5 labeled RNA
(20 pg) or buffer as control. Epidermal and dermal sheets were iso-

As we had already demonstrated that the inhibition of
macropinocytosis abrogates RNA engulfment by DCs
in vitro and in vivo upon intranodal injection [10], we
hypothesized that this mechanism might also apply to der-
mal DCs. Employing rottlerin as a macropinocytosis inhib-
itor, we first investigated its effect on RNA uptake in vitro
using a single-cell suspension obtained from skin. The
cells were treated with rottlerin or the vehicle and there-
after pulsed with Luc-RNA. The luminescence assay per-
formed 24 h after RNA pulsing showed a strong reduction
in the luciferase signal in rottlerin-treated cells due to the
weaker RNA uptake by DCs (Fig. 4a). To rule out that the
observed phenomenon is attributable only to in vitro condi-
tions, we also adopted the same setting in an in vivo experi-
ment. After treatment of the skin with intradermal rottlerin
injection, Luc-RNA was injected intradermally and the
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lated and enzymatically digested, and cells were used for flow cytom-
etry. Graphs indicate % of Cy5+ cells in each indicated population.
d C57B1/6 CD11c-DTR transgene mice (n = 3) were treated with
4-8 ng/g of body weight diphtheria toxin (+DT) or buffer (—DT) i.p.
on dO and d1. On d2, mice received i.d (ear) Luc-RNA (20 pg). Epi-
dermal and dermal sheets were isolated and enzymatically digested,
and cells were used for ex vivo luminescence assay. Bars represent
mean + SEM, *p < 0.05, unpaired 7 test

bioluminescence signal was measured 4, 8 or 24 h later. In
line with the in vitro data described above, the luciferase
signal was strongly reduced in the rottlerin pre-treated
group (Fig. 4b, c) fitting to the hypothesis that luciferase
expression by dermal DCs count on the RNA uptake by
macropinocytosis.

We then asked whether direct RNA uptake by dermal
DCs after intradermal RNA vaccination is relevant for the
induction of T-cell immunity. To this end, we combined the
setting of intradermal rottlerin pre-treatment as described
above before each of the four vaccinations using SIIN-
FEKL-encoding RNA (Fig. 5a). Interestingly, the quantifi-
cation of the immune response 5 days after the last vaccina-
tion revealed a high frequency of SIINFEKL-specific CD8*
T-cells with a good effector function, which were strongly
diminished in the rottlerin pre-treated group (Fig. 5b—d).
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Fig. 4 Macropinocytosis is relevant for RNA uptake in vitro
and in vivo. a Cells suspensions from the ears of C57Bl/6 mice
(n = 3) treated for 30 min with rottlerin (10 uM) or vehicle
(DMSO) as control were pulsed ex vivo with Luc-RNA, and bio-
luminescence flux was measured. Bar represents mean + SEM,
##%¥p < (0.0001, unpaired ¢ test. b Experimental setting. C57B1/6

These results prove that antigen translation in dermal DCs
after intradermal RNA vaccination is relevant for the prim-
ing of antigen-specific T-cells thanks to the efficient antigen
processing and presentation by the transfected DCs.

Discussion

Direct vaccination with naked antigen-encoding RNA
against cancer obviates the need for the laborious ex vivo
generation as well as transfer of RNA-transfected DCs and
is therefore regarded as a promising strategy which entered
into clinical setting [17]. Intradermal administration is yet a
frequently used feasible route for introduction of RNA into
APCs resident in the skin. Although various preclinical and
clinical T-cell responses were observed upon intradermal
administration of RNA, surprisingly few data exist for the
kinetics of protein expression, the cell type internalizing
RNA and the underlying mechanism of RNA uptake. The
only study to date hypothesized a saturable Ca™-dependent
process without defining the exact mechanism and nature of
the cells responsible for RNA internalization [18]. Utiliz-
ing RNA-encoded reporter proteins and model antigens, we
aimed in this study to identify these factors which in turn
play important roles for the induction of T-cell responses
upon intradermal RNA administration.

When we first investigated the kinetics of protein
expression after RNA injection, we obtained linear increase

mice (n = 3) were treated i.d (ear) with rottlerin (10 uM) or vehi-
cle (DMSO) as control, 10 min prior to intradermal injection of
Luc-RNA (20 pg), and in vivo bioluminescence was monitored at 4,
8 and 24 h after injection. Bars represent mean 4+ SEM, **p < 0.01,
##k%p < 0.0001 + SEM, two-way ANOVA test. ¢ Representative bio-
luminescent images of mice are shown

in the protein expression up to 20 pg injected dose of RNA,
which differs from the previous observation made by
Probst et al. [18]. Although the authors also found a linear
increase in luciferase expression, this was only from 1 up
to 5 ug of RNA, and for higher RNA amounts (up to 80 pg
RNA), the maximum amount tested in that study, the signal
was saturated. In our experience, we could observe persis-
tence of luciferase signal up to 30 days, while data from the
literature so far showed signal between 3 and 9 days [18,
19] indicating the potency of our pharmacologically opti-
mized RNA. The RNAs utilized in our studies so far differ
mainly in the stabilizing elements (e.g., cap analog, 5’- and
3/-UTR, poly-A-tail, antigen routing sequences. Further
studies might show whether higher amounts of such opti-
mized RNA will allow further gain in dermal protein trans-
lation. Interestingly, when investigating the signal decay
kinetics upon intradermal injection of Luc-RNA into two
different anatomical sites, ear pinna and flank, we observed
a faster decay in the latter. The reason for these differences
might be found in the distinct cellular and structural com-
position of the two skin loci although as discussed above it
did not translate into different T-cell responses.

By using fluorescently labeled RNA and flow cytometry,
we could further show for the first time that upon intra-
dermal RNA injection in mice, dermal DCs are the main
population in the dermis internalizing the RNA. As earlier
investigations were restricted to the histological analyses
that lack the sensitivity and quantitative throughput of flow

@ Springer



1082 Cancer Immunol Immunother (2016) 65:1075-1083
a rottlerin or vehicle (i.d. ear )
day o 3 7 11 16 .
N 0 A SIINFEKL RNA (i.d. ear)
¢ Tetramer staining (Blood, spleen)
ELISpot
b c trol rottlerin + vehicle +
. contro
% 3.0- : [ control A RNA x RNA
|<_'J 2.5 o [ rottlerin-RNA 0.06% 0.29% | | 2.10%
%’ 2.0 Bl vehicle-RNA T | m :
(3 k) ]
+ 1.54 om ‘
g 10 T
g 2 | |
® 0.5 ) B! 1
; 0.0 c 0.14% | | 0.43% 2.06%
Blood  Spleen g | Y Ty -
o 1
7 i
d
gt A : '
vehicle-RNA R SIINFEKL Tetramer
rottlerin-RNA *
control
0 50 100 150 200

IFN-y spots/5x05 splenocytes

Fig. 5 Efficient T-cell priming relies on uptake of RNA via macro-
pinocytosis. a Experimental setting. C57BL/6 mice (n = 5) were
injected i.d. with rottlerin (10 uM) or vehicle (DMSO) into ear pinna
10 min prior to injection of SIINFEKL-RNA (20 pg) on day 0, 3, 7
and 11 or untreated as control. b Frequencies of SIINFEKL-specific
CD8* T-cells were assessed via tetramer staining in the peripheral

cytometry, they were most probably not able to analyze
the skin DC subsets in detail [18, 20]. Moreover, we could
pinpoint the mechanism of RNA uptake as macropinocy-
tosis by making use of the macropinocytosis inhibitor rot-
tlerin. In line with previous findings that macropinocyto-
sis is involved in the uptake of intranodally administered
naked RNA by lymph node-resident DCs [10], blockage of
this mechanism not only led to severe decrease in uptake
but also significantly abrogated the induction of antigen-
specific T-cell responses in the intradermal setting. Prior
attempts reported in the literature to define the mechanism
might have been failed due to the use of toxic or unspecific
inhibitors of uptake [18].

Our data demonstrate that pharmacologically optimized
RNA constructs administered intradermally enable sus-
tained translation and efficient T-cell priming. Dermal DCs
were identified for the first time as the main DC population
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blood and spleen 5 days after the last RNA immunization. ¢ Repre-
sentative FACS plots were shown. d SIINFEKL-specific CD8" T-cell
response in spleen was analyzed by IFN-y ELISPOT assay 5 days
after the last RNA immunization. Bars represent mean + SEM,
*p < 0.05, one-way ANOVA test

in the skin involved in RNA uptake in this setting. Further-
more, RNA uptake by dermal DCs via macropinocytosis is
revealed as a key step in the induction of T-cell responses.
Approaches augmenting this uptake mechanism could serve
to potentiate intradermal RNA vaccination against cancer.
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