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ABSTRACT

Glucocorticosteroids (GCS) have an established role in oncology and are administered to cancer patients
in routine clinical care and in drug development trials as co-medication. Given their strong immune-
suppressive activity, GCS may interfere with immune-oncology drugs. We are developing a therapeutic
cancer vaccine, which is based on a liposomal formulation of tumor-antigen encoding RNA (RNA-LPX)
and induces a strong T-cell response both in mice as well as in humans. In this study, we investigated
in vivo in mice and in human PBMCs the effect of the commonly used long-acting GCS Dexamethasone
(Dexa) on the efficacy of this vaccine format, with a particular focus on antigen-specific T-cell immune
responses.

We show that Dexa, when used as premedication, substantially blunts RNA-LPX vaccine-mediated immune
effects. Premedication with Dexa inhibits vaccine-dependent induction of serum cytokines and chemokines
and reduces both the number and activation of splenic conventional dendritic cells (cDC) expressing vaccine-
encoded antigens. Consequently, priming of functional effector T cells and therapeutic activity is significantly
impaired. Interestingly, responses are less impacted when Dexa is administered post-vaccination. Consistent
with this observation, although many inflammatory cytokines are reduced, IFNa, a key cytokine in T-cell
priming, is less impacted and antigen expression by cDCs is intact. These findings warrant special caution
when combining GCS with immune therapies relying on priming and activation of antigen-specific T cells and
suggest that careful sequencing of these treatments may preserve T-cell induction.
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Introduction The roll-out of immune checkpoint inhibitors as approved
standards of care in many cancer indications and earlier
treatment lines has motivated the exploration of therapies
such as vaccines, immune-modulators, and adoptive transfer
of autologous reprogrammed immune cells.®® Any effective
cancer immunotherapy is inevitably associated with immune
activation, release of proinflammatory cytokines and activa-
tion of cytotoxic T cells.

The intended strong immune response can escalate into
a life-threatening cytokine release syndrome or result in auto-
reactive T cells, for which GCS are considered an effective
countermeasure.

To which extent GCS-mediated immune suppression may
negatively impact the course of a patient's disease or interfere
with treatment, in particular with immunotherapy, has not
been systematically investigated yet. A limited set of data
indicates that Dexa administration is associated with poorer
outcome of cancer patients in general’'* and that it specifi-
cally interferes with immune-checkpoint blockade as well as
chemotherapy.">'°

Glucocorticosteroids (GCS) are among the most commonly
administered drugs in oncology. The long-acting GCS
Dexamethasone (Dexa) is routinely prescribed to patients
with advanced cancer for a variety of reasons, including
fatigue, loss of appetite, neuropathic and bone pain, night
sweats, edema associated with CNS tumors, and to prevent
or treat side effects of chemotherapies or targeted drugs such
as hypersensitivity, allergic reactions, nausea, and vomiting'.

In addition to their broad application in routine palliative
care, GCS are used in clinical trials due to their strong
immune-suppressive activity to prevent or to combat
immune-related adverse effects of novel drug candidates.

GCS mediate anti-inflammatory effects through binding to
the glucocorticoid receptor. This complex translocates to the
nucleus and initiates multi-facetted alterations in gene expression.
Moreover, direct interactions with a variety of pathways have
been described.*” As a result, GCS have a plethora of down-
stream effects and can modulate the immune system in various
ways, which are still not fully understood.
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We are developing cancer vaccines which are based on
tumor-antigen encoding RNA. Being a natural TLR7/8 ligand,
RNA has intrinsic adjuvant activity and the antigen is deliv-
ered in an HLA-independent manner. RNA is non-integrating
and therefore considered as safe. We have optimized the cap
structure, the 5'- and 3'-untranslated region and poly(A)-tail
of antigen-encoding RNA for high stability and translation
efficiency.’’*! The encoded antigen is fused to the MHC class
I signal sequence and transmembrane and cytoplasmic
domains for routing to the endoplasmic reticulum, resulting
in increased presentation efficacy of MHC class I and II
epitopes.”” The RNA is formulated as lipoplex (RNA-LPX)
which, upon intravenous application, is selectively taken up
by dendritic cells (DC) resident in lymphoid compartments
throughout the body.”” Induction of a type I IFN response
concurrent to presentation of the vaccine antigen promotes
efficient priming and expansion of CD8" and CD4" T cells
against the vaccine-encoded antigen and results in strong
anti-tumor immunity in mice.”>* First clinical data in
patients with advanced melanoma indicate execution of the
mode-of-action and activity of RNA-LPX vaccines in
humans.*®?!

To understand potential interference of the long-acting
GCS Dexamethasone with our RNA-LPX vaccine, we studied
its effects on vaccine-induced innate and adaptive mechan-
isms when employed under circumstances typically occurring
in clinical care.

Materials and methods
Cell lines and mice

Female 8-12 week old BALB/c mice (Janvier Labs) or C57BL/6
mice (Envigo) were kept and treated as approved by the Ethics
Committee for animal research of Rhineland-Palatinate,
Germany. For experiments shown in Figure 5(e-g), 6(a,b),
Supplementary Figure 3, and Supplementary Figure 4(b,c),
6-12 week C57BL/6 mice were purchased from Charles River
Labs, and activities and procedures were performed in accor-
dance with a protocol reviewed and approved by the
Institutional Animal Care and Use Committee (IACUC) at
Genentech, an AAALAC-accredited animal care and use pro-
gram. CT26 colon carcinoma cells were purchased in 2011
(ATCC CRL-2638, lot no. 58494154). MC38 cells were a kind
gift from R. Offringa, Leiden University Medical Center.
Master and working cell banks were generated immediately
upon generation or receipt of cells; early passages were used
for experiments. Cells were tested for mycoplasma contamina-
tion every 3 months.

RNA and peptides

RNAs were synthesized by BioNTech RNA Pharmaceuticals
GmbH.” gp70 RNA codes for the H-2L% restricted epitope
AH1,53.43; derived from the murine leukemia virus envelope
glycoprotein 70 (gp70) with a single amino acid substitution at
position five (V427A, AH1-A5)”" elongated by three amino
acids at the N-terminus and by one amino acid at the
C-terminus. H-2 DP-restricted neoepitopes derived from

mutations in Adpgk and Repsl genes identified in the MC38
mouse tumor cell line were described before.>* Therapeutic
vaccination of MC38 tumor-bearing mice was conducted with
a decatope RNA-LPX encoding the 10 MC38-derived neoanti-
gens  Adpgk-M222-M172-M164-M91-M24-M143-M86-M46-
M186 described by Capietto et al.’® Neoantigen vaccine RNAs
encode 27 amino acids with the mutated amino acid in the
center (position 14). Neoantigen sequences on a decatope were
separated by 10mer non-immunogenic glycine/serine linkers.*>
All epitope sequences were embedded into a construct based on
the previously described pST1-Sp-MITD-2hBgUTR-A120 plas-
mid backbone developed for immuno-pharmacologically opti-
mized gene delivery.”> gp70 AHI-A5 (SPSYAYHQF,
gp70423_431, V427A) was synthesized by JPT Peptide
Technologies GmbH, Berlin.

Mouse models

For vaccination, RNA was formulated with liposomes consist-
ing of DOTMA and DOPE at a charge ratio (+):(-) of 1.3:2
yielding negatively charged RNA-Lipoplexes (RNA-LPX) as
described previously.”> RNA-LPX comprising 20 ug gp70
RNA, 15 ug Repsl and Adpgk RNA each or 30 pg eGFP
RNA was injected iv. in C57BL/6 or BALB/c mice as
described in Figures 1 and 6(a). If not otherwise stated,
Dexamethasone (Ratiopharm or Mylan) was injected i.p. at
a dose of 4 mg/kg in 200 uL PBS. For lung metastasis experi-
ments, 5 x 10°> CT26 cells were injected i.v. in 100 uL PBS and
treatment with 40 pg gp70 RNA-LPX and Dexa was per-
formed as depicted in Figure 5(a). CT26 lung tumor burden
was quantified after tracheal ink (1:10 diluted in PBS) injec-
tion and fixation with Fekete’s solution (5 ml 70% ethanol,
0.5 ml formalin, and 0.25 ml glacial acetic acid). A total of
1 x 10° MC38 tumor cells was implanted subcutaneously in
the right hind flank in 100 uL of HBSS + matrigel. MC38
tumor-bearing mice were vaccinated with 50 ug RNA-LPX
and treated with 4 mg/kg Dexamethasone as depicted in
Figure 5(e), 5 mg/kg Methylprednisolone (Pfizer) or with
0.25 mg/kg Dexamethasone 5 minutes post-vaccination.
Tumors were monitored at least twice per week and mice
were euthanized if tumors became ulcerated or exceeded the
acceptable size limit of 2000 mm® according to IACUC.

Protein quantification

Blood from mice was retrieved 6 h after vaccination, serum
generated and stored at —20 °C. Serum concentrations of
cytokines were determined using a bead-based, custom
(Figure 2) or Cytokine & Chemokine Convenience 26-Plex
Mouse ProcartaPlex multiplex immunoassay supplemented
with murine IFNa (Thermo Fisher
Scientific) (Supplementary Figure 5) according to the manu-
facturer’s instructions. Fluorescence was measured with the
Bioplex200 System (Biorad) and analyzed with ProcartaPlex
Analyst 1.0 software (Thermo Fischer Scientific).

To study cytokine secretion from human PBMC, bufty
coats from voluntary healthy donors were obtained as part
of the Genentech blood donor program on the day of PBMC
isolation. Informed written consent was obtained from all
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Figure 1. Experimental design. (a), BALB/c mice (n = 9) were vaccinated with
20 pg gp70 RNA-LPX on d 0 and 7. Dexa (4 mg/kg) was injected i.p. 3 h before
or after vaccination (arrows). Control mice were vaccinated with RNA-LPX, but
not Dexa treated. Blood was taken 6 h after both vaccinations to analyze
cytokine release and on d 5, 12, 21, 28 and 35 for immune cell analysis by
flow cytometry. Five mice were sacrificed on d 12 for analysis of antigen-specific
cytokine release in splenocytes. (b), C57BL/6 mice (n = 5) were vaccinated with
15 pg Adpgk + 15 pg Reps1 RNA-LPX on d 0 and 7 with and without Dexa
(4 mg/kg) treatment and underwent a similar analytic regimen as described in
(@). On d 35, all mice were sacrificed for analysis of splenocytes for antigen-
specific IFNy release and cytotoxicity.

donors. The buffy coats were diluted 1:1 with PBS and iso-
lated by density centrifugation using SepMate-50 tubes and
Lymphoprep Medium (both StemCell Technologies). Red
blood cells were lysed with ACK lysis buffer and the remain-
ing PBMCs were washed with PBS and passed twice through
a 70 pm filter.

In a 96-U-well plate, 3.50 x 10> cells were plated and
stimulated with 10 yg/mL eGFP RNA-LPX with or without
0.1 uM Dexamethasone. After 17 hours, the cells were pelleted
down, the supernatants were collected and stored at —80 °C
until analysis. Supernatant concentrations of human cytokines
were determined in thawed samples using a bead-based, cus-
tom Bio-Plex group II 4-plex (BioRad) or pre-mix Milliplex
panel I 30-Plex (Millipore).

Tissue preparation

Splenocytes were isolated by gently passing spleens through
a 70 pm cell strainer followed by erythrocyte lysis using an
ACK buffer. For analysis shown in Figure 6(b-d) and
Supplementary Figure 3(e) and 5(c-d), spleens were injected
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with 100 uL of enzymatic solution containing Liberase (Roche
Blendzyme-2, 2.5 mg/mL) and DNAse I (Invitrogen) and
incubated for 10 minutes before single-cell preparation.

Murine blood was collected into heparinized tubes by
retro-orbital bleeding or by puncture of the vena facialis.
Following antibody or MHC tetramer staining, blood was
lysed using BD FACS™ Lysing Solution (BD Biosciences).

Tumor samples were cut into small fragments and placed
in digestion buffer (DMEM, 5% Fetal Bovine Serum, 10 mM
HEPES, 2 mg/mL Collagenase D (Roche), 100 pg/mL DNAse
I (Roche) and 50 nM desatinib®® (BioVision)) for 15 minutes
with gentle mixing at 37 °C.

Flow cytometry

The following antibody clones were used for staining of mur-
ine samples: CD8 (53-6.7), CD25 (PC61), FoxP3 (FJK-16s),
CD4% (DX5), CD80 (16-10A1), CD45 (30-F11) (all BD
Biosciences), CD4 (RM4-5), CD19 (1D3), CD11b (M1/70),
CD11 ¢ (N418), F4/80 (BM8), MHC-II (M5/114.15.2),
PDCAL1 (927), CD4 (GK1.5), CD3 (17A2), CD19 (6D5) (all
Biolegend), IFNy (XMGI1.2), granzyme B (GBI11) (both
Invitrogen) or CD8 (KT-15, MBL).

Antigen-specificity was determined by staining with readily
available (gp70, Adpgk, Repsl) or custom (M86; H2-K,-
KILTFDRL, M143; H2-Dy-SAIRSYQYV) MHC class
I tetramers (MBL International Corporation). Viability was
determined using the LIVE/DEAD™ Fixable Yellow Dead Cell
Stain Kit or Fixable Aqua Dead Cell Stain Kit (Invitrogen).

Intracellular staining of IFNy and granzyme B was performed
using the cytofix/cytoperm kit (BD Biosciences) after stimulation
of 4 x 10° splenocytes with 2 pg/mL gp70 AH1-A5 or no peptide
for 1 h, and in the presence of 10 pg/mL brefeldin A (Sigma) and
GolgiStop (1:500, BD Biosciences) for 4 hours at 37 °C.

FoxP3 was stained using the eBioscience™ Foxp3/
Transcription Factor Staining Buffer Set (Invitrogen).
Absolute cell numbers were determined with BD Trucount™
Absolute Counting Tubes (BD Biosciences).

Staining of human APC was performed with the following
antibody clones: BDCA-3 (AD5-14H12), BDCA-2 (AC144),
CD14 (TUK4), (all Miltenyi Biotec), CD123 (6H6), BDCA-1
(L161) (both Biolegend), HLA-DR (G46-4), CD80 (L307.4)
(both BD Biosciences). Viability was determined using the
LIVE/DEAD™ Fixable Blue Dead Cell Stain Kit (Invitrogen).
On 6-well plates, 3 x 10° PBMC were plated and stimulated
with 10 pg/mL eGFP RNA-LPX with or without 0.1 uM
Dexamethasone. After 17 hours, the non-adherent cells were
collected into a 50 mL tube, the adherent cells were detached
using StemPro Accutase Cell Dissociation Reagent (Thermo
Fisher Scientific) and pooled together with the non-adherent
fraction for a subsequent flow cytometry staining.

Flow cytometry data was acquired on a BD FACSCelesta,
BD FACSymphony, or BD Fortessa X20 (BD Biosciences) and
analyzed with FlowJo 10.5 software (Tree Star).

IFNy ELISpot assay

Enzyme-linked ImmunoSpot assays detecting IFNy release of
MC38-specific T cells were performed as previously described.””



€1758004-4 M. VORMEHR ET AL.

a BALB/c
CXCL10
IFNy 1L12p70 IL6
40- 4n e e DS 100+ R s xe
—_ B T,
s0{ ° i 801 ¢ g %
= ] 34 - £ | |
E £ 2 150- .
g °® g ° E 604 2 L vy
B gof e S e w2 g s TR A
> ° 4 n o 404 o 1004
° vy © o
z ° & e m® = ° 9
& i - vy ©
10 MERE L] v 204 O 504
Ane s 1 s . o
- 0 T e e WD @ P
RN 2 RSN S N & \\+ < <¢ oéo \(\ 2> xR
& o o FAACRPS I RO R - S
Y < XOQ’ Qo"v QP &£ OQ;‘\‘ o"} N QO Qoa-’ +’Z>Q 9 @Qo
42 > Lo 'bQ oF 42 Q oF
& XO°+ & OQ’+ < & QO <
C57BL/6
IFNy IL12p70 IL6 CXCL10 IFNo
150+ FkkE RRRE KRR kKR 3+ R ns ns = ns 500+ Fkkk kKK kkkk Rk 200 ns = ns ns 1000+ ns ns  ** ns
[ ]
_ . =l K. 4001 Ti1s0] ¢ N R
£ 100 © so— arreeee v 3 = T E o — v
£ . 2 : -u Yoy E3004 e ... 2 - .:. Yy 3,600-—'—'--‘“-‘— """"" v
= . g | = N O g 1001 * e M &400 s
> ° v 52004 ® hrt . S 4007 vy
Z 50- & 1 t 2 ¢ z =
- ., 2 100 S 501 2004
* | !
sy A/ Sor T
AT T o O
o “ 4
PRSI P &P &P RN
S N P N R N R N R
N & & 3 & & FF N & P N & & E & P L
x Q x < 2% % x Q DN Q 2% @ X <
P @ 2 P @ & @ & o & & &
PSS 2 PO XQQ VIS < 2 X X XQQ’ x x
b BALB/c
IFNy 1L12p70 IL6 CXCL10
100+ 2.5 50+
2004 -= Vaccine
—~ 754 3 2.09 40 j -e- +Dexa post (1x)
T £ I E 1754
=3 2 1.54 E 30+ 2 -
2 504 P 2 > 150 -e- +Dexa post + pre
> '3 1.0 © 20 b a
= 1
™ ] = o
25+ 2 5 104 S 125+
0 T T 0.0 T T 0 T T 100 T T
. Qo . . & N
5 © 5© © © 0 & S
° o N g ° © & &
1’3 O O O & O O &
Ky @ K K4 K &\"’ Ky Ny
3 oS 3 oS 3 PN Il &

Figure 2. Dexamethasone suppresses RNA-LPX vaccine induced release of immune-response promoting cytokines. (a), Serum cytokine levels were analyzed in the
serum of BALB/c mice (upper panel, n = 7 for control, n = 6 for groups treated as described in Figure 1(a)) and of C57BL/6 mice (lower panel, n = 5, treated as
described in Figure 1(b)) 6 h post first vaccination. Mean (line) and individual values (symbols) are shown. The dotted line represents the mean of the control group.
(b), Comparison of mean serum cytokine levels 6 h after the first and the second gp70 vaccination in BALB/c (n = 7 for control, n = 6 for treated groups, treated as

described in Figure 1(a)).

Restimulation of 5 x 10> splenocytes was achieved by the addition
of 4 x 10* MC38 tumor cells. All samples were tested in duplicates.

Cytotoxicity assay

Splenocytes (3.5x10° in 10 mL medium) were stimulated over-
night at 37° C and 5% CO, in the presence of 100 U/mL IL2
(Proleukin S, Novartis) and 1 x 10° MC38 cells. Lysis of
2 x 10° MC38 cells grown for 24 hours in a 96-well E-Plate
(OMNI Life Science) was monitored after the addition of
3 x 10° CD8" T cells isolated from splenocytes (CD8a (Ly-
2) MicroBeads, Miltenyi Biotec) by xCELLigence RTCA MP
(ACEA Biosciences).

Statistics

Two-way ANOVA and Dunnett’s multiple comparisons test
were used to determine statistically significant differences in
Figure 4(b) and Supplementary Figure 4(b). Figure 4(a),
Figure 5(f), Supplementary Figure 2, Supplementary Figure 3
(b) were analyzed via two-way ANOVA and Sidak’s multiple
comparisons test. Kruskal-Wallis and Dunn’s test were
applied to analyze Figure 5(b). One-way ANOVA and
Sidak’s multiple comparisons test were used in Figure 6(e).
One-way ANOVA and Dunnett’s multiple comparisons test
were used for all other comparisons. For analyses shown in
Figure 5(b,d) and Supplementary Figure 3(a) outliers were
removed using a ROUT test (Q = 1%). If not otherwise



indicated, all analyses were two-tailed and carried out in
comparison to the control group using GraphPad Prism 8.
n.s. (not significant), P > .05, *P < 0.05, **P < 0.01,
P < 0.001, P < 0.0001.

Results

We explored the effect of GCS on vaccination with three
antigens expressed in commonly studied mouse tumor models:
We immunized BALB/c mice with the H2-L%-restricted epitope
AH1 53 431 derived from the murine leukemia virus envelope
protein gp70 expressed in the CT26 colon carcinoma cell
line™*” and C57BL/6 mice with the H2-DP-restricted mutant
Repsl and Adpgk-neoepitopes discovered in MC38 colon car-
cinoma tumor cells.** The vaccine epitopes were formulated as
RNA-LPX and intravenously administered on day 0 and 7.
Mice were either premedicated with Dexamethasone (Dexa)
3 hours prior to both vaccinations (Dexa pre) or, to simulate
the management of immune-related toxicity, were Dexa-treated
3 hours after the first and in some experiments also after
the second vaccination (Dexa post 1x and 2x, respectively).
A third regimen combined Dexa 3 hours after the first and
3 hours prior to the second vaccination to simulate a clinical
scenario of immune-related adverse-event management result-
ing in cautionary premedication for the consecutive immu-
notherapy exposures (Dexa post + pre) (Figure 1).

First, we measured serum levels of IFNy, IL12p70, IL6, and
CXCL10 which are key mediators of the intrinsic adjuvanti-
city of RNA-LPX vaccines and contribute to the efficient
priming and expansion of antigen-specific T cells. As shown
in mouse studies®>> and ongoing clinical trials,”>*” > these
cytokines and chemokines are not detectable at baseline, have
a fast, pulsatile, and transient release kinetics with peak levels
around 4-6 hours and return to baseline levels within
24 hours after immunization.

In line with this notion, 6 hours after the first immuniza-
tion of BALB/c mice with gp70 epitope (Figure 2(a), upper
panel) and of C57BL/6 mice with two mutant epitopes
(Figure 2(a), lower panel), release of these cytokines was
detected in the vaccine-only group (Vaccine). In all Dexa-
treated groups, however, serum cytokines were very low and
IFNy and IL6 were barely above detection level. Having
shown that Dexa interferes with these immune-modulatory
factors intended for promoting T-cell priming at first anti-
gen-encounter, we assessed cytokine levels in BALB/c mice
after a second vaccination with gp70 epitope (Figure 2(b)).
In the group receiving only vaccine, IL12p70 and IL6 levels
after the second vaccination were comparable to those after
the first vaccination, and IFNy levels were considerably
higher. In contrast, in mice subjected to the pre and the
post + pre Dexa regimen, serum IFNy, IL12p70 and IL6
were hardly measurable after the second vaccination. Mice
which had received a single Dexa dose after the first vacci-
nation (Dexa post 1x) demonstrated cytokine levels after
the second vaccination that were closer to those observed
under nonimmune suppressed conditions after the first vac-
cination, indicating recovery of the involved immune-cell
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populations with regard to their capability to secrete these
key cytokines.

Immune-cell populations in peripheral blood 5 days after
the first vaccination showed the strongest differences in CD4"
T cells. These were significantly lower in the Dexa pre-
medicated group as compared to the vaccine-only group.
This treatment regimen was also associated with lower CD8"
T- and CD45" cell numbers. This effect was statistically sig-
nificant in gp70-vaccinated BALB/c mice and less profound in
Repsl- and Adpgk-vaccinated C57BL/6 mice (Figure 3(a)).
CD4" CD25" FoxP3" regulatory T cell (Treg) numbers in
vaccinated mice with Dexa pre-treatment were lower as com-
pared to the vaccine-only group. However, in particular mice
pre-treated with Dexa displayed a significantly higher fraction
of Tregs within the CD4" T cell population (Figure 3(b)).
Numbers of B cells and NK cells were not altered by the
treatment with Dexa (Supplementary Figure 1).

Dexa had a more pronounced inhibitory effect on antigen-
specific T cells induced with the three different vaccine anti-
gens than on naive, non-antigen-specific CD8" T cells
(Figure 4(a)).

When we investigated the kinetics of antigen-specific T-cell
responses in gp70-vaccinated mice in more detail, we found
that the frequency of circulating vaccine-induced antigen-
specific T cells of the vaccine-only group increased quickly,
peaked at day 10 and was maintained at high levels for the
entire observation period of 35 days. Dexa pre-treatment, in
contrast, was associated with severely reduced expansion of
antigen-specific CD8" T cells. In the group receiving Dexa
only after the first vaccination (Dexa post 1x), expansion
kinetics and fractions of gp70-specific CD8" T cells were
more similar to, yet significantly below those of the non-
Dexa-treated, vaccine-only group (Figure 4(b), left).
Interestingly, kinetics of antigen-specific CD8" T cells
induced with the two other vaccine epitopes differed from
what we observed in the gp70 model. Vaccination with the
strong and immune-dominant Adpgk epitope resulted in up
to 30% of circulating antigen-specific CD8" T cells in the
control group. T-cell expansion was not compromised at all
by Dexa post-administered after the first vaccination (Dexa
post 1x). All other Dexa regimens, including Dexa post 2x,
resulted in significantly impaired expansion and survival of
antigen-specific CD8" T cells, nevertheless reaching low two-
digit percentages at peak expansion (Figure 4(b), middle). In
contrast, expansion of T cells induced by vaccination with the
much weaker Repsl epitope was heavily suppressed by all
tested Dexa regimens, including Dexa post-treatment after
the first vaccination (Figure 4(b), right).

As a consequence of Dexa treatment, a significantly lower
fraction of CD8" splenocytes isolated 5 days after the second
vaccination was capable of secreting the effector cytokine
IFNy and the cytotoxic effector protein granzyme B (gzmB)
upon ex vivo restimulation with the gp70 epitope, further
indicating impairment of an effective antigen-specific
response (Figure 4(c), Supplementary Figure 2). Again, this
effect was most pronounced with Dexa pre-treatment.

For qualitative assessment of the immune response induced
against the two MC38-derived neoepitopes, CD8" T cells were
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Figure 3. RNA-LPX-vaccinated mice premedicated with Dexa exhibit low CD4* and CD8" blood T-cell numbers and elevated Treg fractions. (a), CD4*, CD8" or CD45*
cells per pL peripheral blood 5 d after the first treatment of BALB/c mice (n = 9, upper panel) with gp70 RNA-LPX or C57BL/6 mice (n = 5, lower panel) with Reps1
+ Adpgk RNA-LPX and Dexa co-medication (see Figure 1(a)) as quantified by flow cytometry. (b), CD4" CD25* FoxP3* Tregs per uL peripheral blood 5 d after the first
vaccination (left) and fraction of Tregs within the CD4* T cell population after two vaccinations (right) of BALB/c mice (upper panel, n = 9, left; n = 5, right) treated
with gp70 RNA-LPX, or C57BL/6 mice (lower panel, n = 5) treated with Reps1 + Adpgk RNA-LPX and Dexa co-medication. Mean (line) and individual values (symbols)

are shown. The dotted line represents the mean of the control group.

isolated from splenocytes at day 35 of the experiment and tested
for killing of MC38 tumor cells. About 80% of tumor cell lysis
was observed with T cells from the vaccine-only group, con-
firming the potency and strong immunogenicity of RNA-LPX
vaccination. In contrast, T cells from immunized mice treated
with Dexa pre or post + pre were not capable of tumor cell lysis
(Figure 4(d)). IFNy secretion upon costimulation with MC38
cells was significantly reduced in Dexa-treated groups, further
indicating that the antigen-specific T cells induced in lower
numbers were qualitatively not capable of efficiently exerting
a cytotoxic function (Figure 4(e)).

To investigate the impact of Dexa treatment on the therapeu-
tic activity of RNA-LPX vaccination, BALB/c mice were injected
i.v. with CT26 tumor cells for hematogenous tumor dissemina-
tion into the lung and repetitively treated with gp70 RNA-LPX
vaccination (Figure 5(a)). Fifteen days after tumor inoculation,
animals treated with irrelevant RNA-LPX presented numerous
lung tumor nodules, whereas almost no tumor burden was
visible in gp70-vaccinated animals (Figure 5(b), Supplementary
Figure 3(a)). Pre-treatment with Dexa in CT26 tumor-bearing
mice almost fully reversed the strong anti-tumor activity
induced by gp70 RNA-LPX vaccination. In this model, vaccine
efficacy was not at all impaired when Dexa was administered
post-vaccination. Accordingly, Dexa pre- but not post-treatment
significantly affected antigen-specific CD8" T cells (Figure 5(c),
Supplementary Figure 3(b)) and strongly reduced the gp70-
specific CD8" T cell to Treg ratio in the blood (Supplementary
Figure 3(c)). Overall, a significant correlation between the

fraction of gp70-specific CD8" T cells in the blood and the
number of tumor nodules per lung was found (Figure 5(d)).

To corroborate these findings in a second tumor model,
C57BL/6 mice were inoculated subcutaneously with MC38
tumors. Ten previously described mutated tumor neoantigens,
including Adpgk, served as vaccine targets.35 Mice received four
weekly doses of the vaccine starting 11 days after tumor inocula-
tion, with pre- or post-treatment with Dexa (Figure 5(e)). Tumor
growth was significantly inhibited by the neoantigen vaccine,
resulting in tumor regression in all mice (Figure 5(f)). Again,
Dexa administration prior to vaccination reduced the efficacy of
the vaccine significantly and only two of 10 mice showed pro-
nounced tumor regression. Application of steroid treatment after
vaccination partially restored anti-tumor activity of the vaccine.
Neoantigen-specific CD8" T cell responses against three out of 10
vaccine targets (Adpgk, M86, M143) were studied with a pool of
MHC class I tetramers in the blood, spleen, and tumor of mice 5
days after the first vaccination. Particularly in the blood and spleen,
the organs where RNA-LPX primed T cells reside during and
shortly after priming, Dexa treatment strongly affected neoanti-
gen-specific (Ki67", gzmB") T cell numbers (Figure 5(g),
Supplementary Figure 3(d)). Effects were strongest in animals pre-
medicated with Dexa, although differences between Dexa regi-
mens were small. Variability of neoantigen-specific T cell numbers
in the tumors was large and no significant effect of Dexa was
observed (Supplementary Figure 3(e)).

Of note, Dexa pre-treatment with doses as low as
0.25 mg/kg had measurable, although weaker, effects on
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Figure 4. Priming, expansion, and cytotoxicity of antigen-specific T cells induced by RNA-LPX vaccination are severely suppressed by Dexa. (a), The number of
nonspecific tetramer-negative or antigen-specific tetramer-positive CD8* T cells per pL blood of the Dexa-treated groups was divided by the median number of
nonspecific tetramer-negative or antigen-specific tetramer-positive T cells per pL blood, respectively, of the vaccine-only group as measured 5 d after the first
vaccination. Depicted is the fold change of nonspecific CD8" T cells or gp70- (left, n = 9), Adpgk- (middle, n = 5) and Reps1- (right, n = 5) specific CD8"* T cells as
compared to the control group. Mean+SEM is depicted. (b), Fraction of antigen-specific CD8* T cells in peripheral blood of RNA-LPX and Dexa-treated mice (gp70-
specific (left:n=90ond0to 11,n=50nd 12, n =4 on d 13 to 35; Adpgk- (middle) and Reps1-specific (right): n = 5). Mean £ SEM is depicted. Vertical dotted lines
represent days of treatment. (c), Splenocytes of BALB/c mice (n = 5) were ex vivo restimulated with gp70 AH1-A5 peptide 12 d after treatment start. IFNy positive
(left) and IFNy granzyme B (gzmB) double-positive (right) CD8* T cells were determined by intracellular cytokine staining. Mean (line) and individual values (symbols)
are shown. Values from unstimulated samples were subtracted (see also Supplementary Figure 2). (d), Percent lysis of MC38 cells 6 h post-co-culture with isolated
CD8* T cells as measured by xCELLigence RTCA MP. Mean+SEM is depicted (n = 3). (e) IFNy secretion upon ex vivo restimulation of splenocytes with MC38 tumor
cells (n = 5) determined by ELISpot. Mean (line) and individual values (symbols) are shown. The dotted line represents the mean of the control group. n.d., not
detectable.

CD4" T cells, CD8" T cells as well as vaccine-induced Concomitant administration of 0.25 mg/kg Dexa or
gp70-specific CD8" T cells (Supplementary Figure 4(a)). Methylprednisolone (MPS), a shorter-acting steroid,
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Figure 5. Therapeutic activity of RNA-LPX vaccination is significantly weakened by Dexa co-medication. (a-d), For a hematogenous lung dissemination tumor model,
BALB/c mice (n = 20) were injected i.v. with CT26 tumor cells and treated as shown in (a). (b), Tumor nodules per lung of individual mice (left) and representative
lung images (right). 500 nodules per lung was the upper limit of detection (ULOD). (c), Fraction of gp70-specific T cells in CD8" T cells in the blood of mice (n = 10)
15 d after injection of tumor cells. (d), Correlation between tumor nodules per lung and the fraction of gp70-specific (Tetramer™) T cells in the blood. Tumor nodule
values of 0 are not depicted but included in the spearman r and corresponding p value. (e-g), C57BL/6 mice (n = 10) were inoculated s.c. with MC38 tumor cells and
treated as indicated in (e). (f), Mean tumor growth per group (left) and in individual mice (right). (g), Neoantigen (Adpgk, M86, and M143)-specific CD8" T cells in the

blood (n = 10). Mean (line) and individual values (symbols) are shown.

however, did not significantly affect therapeutic activity,
CD8" T cell numbers, or the fraction of antigen-specific
T cells in vaccinated MC38 tumor-bearing mice
(Supplementary Figure 4(b,c)).

To investigate why Dexa treatment particularly prevented
the expansion of antigen-specific T cells as opposed to naive
T cells (Figure 4(a), Supplementary Figure 3(b)), we further
analyzed its impact on conventional DCs (cDC). C57BL/6
mice were injected with RNA-LPX encoding eGFP and trea-
ted with Dexa 3 hours before (Dexa pre), simultaneous with
(Dexa sim), or 3 hours after (Dexa post) vaccination (Figure 6
(a)). In line with Figure 2(a), proinflammatory cytokines such
as IL6, IFNa, or IL18 measured 6 hours post-treatment in the
serum were significantly reduced (Supplementary Figure 5(a,
b)). IFNa levels were strongly decreased when Dexa was pre-
or co-administered but were not reduced after Dexa post-
treatment. Notably, IFNa has previously been shown to be
crucial for RNA-LPX mediated T-cell priming.>> Dexa treat-
ment significantly curtailed chemokine levels such as CCL4,

CCL5, or CXCL10 known to be involved in T cell - DC
interaction during priming®® (Supplementary Figure 5(a,b)).
At 24 hours after vaccination, no reduction of T cells or
B cells was observed within splenocytes yet (Supplementary
Figure 5(c)). However, the costimulatory molecule CD80 was
slightly reduced on plasmacytoid DCs (pDC), the main pro-
ducers of IFNa after RNA-LPX treatment, with simultaneous
or Dexa pre-treatment (Supplementary Figure 5(d)). In con-
trast to T and B cells, cDC numbers were significantly dimin-
ished in particular when Dexa was pre-administered (Figure 6
(b)). Furthermore, the fraction of antigen expressing cDC, as
represented by eGFP positivity as well as expression of CD80,
was strongly reduced only or primarily when Dexa was admi-
nistered together with or before vaccination (Figure 6(c left,
d)). Antigen expression levels per cDC were not altered
(Figure 6(c), right). To corroborate these findings, we further
examined the effect of Dexa in human peripheral blood
mononuclear cells (PBMC) following simultaneous treatment
with RNA-LPX in vitro. Similarly, as in mice, stimulation of
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Figure 6. Dexa impairs the stimulatory potential of cDC in mice and of human PBMC. (a), Treatment schedule of C57BL/6 mice. (b), Splenic ¢cDC (MHC class II*,
CD11c*, non-T or B cells) as quantified by flow cytometry. (c), Fraction of eGFP* cells (left) and expression levels of eGFP (right) within ¢DC. (d), CD80 expression on
cDC. FI, fluorescence intensity. (b—d), Mean (line) and individual values (symbols) are shown. The dotted line represents the mean of the control group. (e-f), Human
PBMC were stimulated for 17 h with 10 pg/mL RNA-LPX and/or 0.1 uM Dexa as shown. Depicted is the mean of three donors. (e), Cytokine and chemokine secretion.
(f), Fraction of CD80™ cells among CD123~ BDCA-1" HLA-DR™ BDCA-3* ¢DC. The dotted line represents the mean of the control group.

PBMC with Dexa resulted in diminished cytokine and che-
mokine levels and a reduced fraction of CD80" ¢cDC (Figure 6
(e,f)).

In summary, our data show that Dexa co-medication amelio-
rates RNA-vaccine-mediated release of proinflammatory cyto-
kines and chemokines, significantly affects the number of
T lymphocytes, reduces the number and stimulatory potential of
¢DC and, most importantly, impairs expansion of antigen-specific
T cells, leading to impaired effector cytokine release, tumor cell
killing, and therapeutic activity. Impairment of vaccine-induced
responses by Dexa is dose-dependent and most pronounced if
Dexa is administered as pre-medication.

Discussion

In this study, we investigated the effect of Dexamethasone co-
medication on the induction of antigen-specific CD8" T cells
by our RNA-LPX vaccine. We observed a large-scale lympho-
depletion involving both CD8" and CD4" T cells, which is
a well-known effect of GCS.> The key finding of our study is
that, in conjunction with a vaccine, antigen-specific T cells are
more profoundly affected than naive T cells. Moreover, vac-
cine-induced T cells primed in the presence of Dexa are of
inferior cytotoxic functionality as shown by their impaired

ability to produce effector molecules, their failure to lyse
antigen-expressing tumor cells and reject tumors. This is in
accordance with the higher dependence of primed T cells on
proinflammatory cytokines and a costimulatory environment.
We showed that especially Dexa pre-medicated mice respond
to vaccination with a considerably lower number of antigen-
specific T cells. This coincided with a preferential reduction of
IFNa as well as cDC numbers, antigen uptake or translation,
and costimulation when Dexa was administered 3 hours
before vaccination. Application of Dexa subsequent to the
vaccine has a similar but less profound effect.

Potentially contributing to this outcome is that Dexa pre-
medication impedes the immediate and transient release of
proinflammatory cytokines and chemokines, which we consider
relevant for the intrinsic adjuvanticity of our vaccine. For
IL12p70 and CXCLI10, this effect is cumulative and suppression
is stronger after the second vaccination under the Dexa post +
pre regimen. Dexa is a long-acting GCS with a half-life of
elimination in the range of about 2.5 hours (1 mg/kg dose) in
rodents"’ and about 3.5 hours (2 mg/kg dose) in humans,*' and
therefore the blood concentration in animals pre-treated with
Dexa is expected to be still high at the time the vaccine is
administered. We reported previously that RNA-LPX induced
cytokine release is pulsatile and the decisive immunomodulatory
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events for induction of antigen-specific T-cell responses are
immediate 2> ad unpublished results Briefly, within 1 hour after i.v.
injection, antigen-encoding RNA is internalized by ¢cDC, pDC,
and macrophages in the red pulp and marginal zone of the
spleen. DC migrate into the T-cell zones in the white pulp and
undergo full maturation with upregulation of costimulatory
molecules such as CD86 within the next 2-3 hours.”> IFNa
released by pDC and macrophages due to TLR7 triggering by
the single-stranded RNA is detectable in the serum of mice
within 1-2 hours, which results in transcription of a range of
proinflammatory molecules. We showed previously that inter-
ference at this early phase, e.g. by inhibition of type I IFN
receptor signaling, prevents RNA-mediated adjuvanticity during
priming, leads to severe impairment of CD8" T cell differentia-
tion into KLRG1", cytotoxic effector T cells, and markedly dam-
pens anti-tumoral activity.”> Altogether, these findings explain
our observations with the pre and pre + post regimen.

In contrast, at the time post-administered Dexa was dosed,
the relevant immediate immune modulation by the preceding
vaccine had most likely already taken place and relevant down-
stream effects were not compromised by Dexa post-treatment.

Another finding potentially contributing to the impaired
antigen-specific T-cell immune response relates to Tregs. As
observed for the overall CD4" T-cell compartment, numbers of
CD4" CD25" FoxP3" Tregs in vaccinated mice with pre and pre
+ post Dexa treatment were lower as compared to vaccine-only
controls. However, the fraction of Tregs within the CD4" T cell
population was significantly higher upon Dexa pre-medication,
indicating differential sensitivity of CD4" T-cell subpopulations
to this immune-suppressive treatment. GCS are known to have
selective effects on Tregs over conventional T cells in mice and
humans.*> GCS have been previously described as causing apop-
tosis in proinflammatory T cells while aiding survival of Tregs.**
This may be attributed to higher proliferation of Tregs in the
lymphopenic environment due to a higher affinity for IL2.*’ In
addition, Tregs were shown to express higher levels of anti-
apoptotic Bcl-2 than conventional CD4" T cells, rendering
them more resistant to Dexa-induced cell death.” A possible
additional mechanism may be that TCR-mediated activation of
CD4" T cells in the presence of Dexa has been reported to
increase the proportion of IL10-producing cells.**

Another interesting observation is that there are differences
between the vaccine antigens. T cells specific for the weaker Repsl
antigen seem to be more sensitive to Dexa than those specific for
the stronger antigens gp70 and Adpgk. Dexa post-treatment
appears to strongly impair priming and expansion kinetics of
Repsl-specific CD8" T cells, whereas it does only moderately or
not at all interfere with the stronger antigens. One may speculate
that higher-affinity T cells may be less dependent on proinflam-
matory cytokines such as IL12,** which has been shown to aug-
ment TCR signaling.”® In addition, T cell survival is directly
modulated by TCR affinity, with high-affinity clones exhibiting
a lower death rate when proliferating.”’ The extent of progressive
upregulation and accumulation of Bcl-2 and Bcl-x;, during stimu-
lation may depend on the strength of the TCR stimulus,***
possibly steeling high-affinity T cells against Dexa-mediated
apoptosis.

A recent paper also reported that simultaneous, but not
delayed administration of corticosteroids impaired neo-

antigen specific anti-tumor responses augmented by checkpoint
blockade.'” Reduced CD8" T-cell proliferation and lack of pro-
tection upon rechallenge with tumors lacking the neoantigen
were observed. Here, corticosteroids were shown to decrease
low- but not high-affinity memory T cells by suppressing fatty
acid metabolism essential for memory T cells.

In conclusion, our findings in conjunction with previous
data demonstrate that by impacting mechanisms on various
levels, corticosteroids, particularly when administered as pre-
medication, impair vaccine-induced responses. Our studies
indicate that low doses and shorter-acting GCS given preferably
several hours or days after vaccination are desirable in clinical
practice. Further in-depth analysis of the immunological effects
of Dexa alternatives such as short-acting corticosteroids is war-
ranted. The data presented here can inform the development of
cancer vaccines and their integration in clinical practice.

Abbreviations

Adpgk ADP Dependent Glucokinase

CCL CC-chemokine ligand

cDC Conventional dendritic cell

CXCL  C-X-C motif chemokine

COX-2 Cyclooxygenase-2

Dexa  Dexamethasone

eGFP  Enhanced green fluorescent protein
FI Fluorescence intensity

GCS Glucocorticosteroids

gp70 Murine leukemia virus envelope glycoprotein 70
i.p. Intraperitoneal

iv. Intraveneous

IFN Interferon

IL Interleukin

MHC  Major histocompatibility complex
n.d. Not detectable

PBS Phosphate-buffered saline

pDC Plasmacytoid dendritic cells

Repsl ~ RALBP1 Associated Eps Domain Containing 1
RNA Ribonucleic acid

s.C. Subcutaneous

sim Simultaneous

TNF Tumor necrosis factor

Tregs  Regulatory T cells

UTR Untranslated region
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