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CD4" T helper antigens are essential components of cancer vac-
cines, but the relevance of the source of these MHC class II-
restricted antigens remains underexplored. To compare the
effectiveness of tumor-specific versus tumor-unrelated helper
antigens, we designed three DNA vaccines for the murine
MC-38 colon carcinoma, encoding CD8" T cell neoantigens
alone (noHELP) or in combination with either “universal” help-
er antigens (uniHELP) or helper neoantigens (neoHELP). Both
types of helped vaccines increased the frequency of vaccine-
induced CD8" T cells, and particularly uniHELP increased the
fraction of KLRG1" and PD-1"" effector cells. However, when
mice were subsequently injected with MC-38 cells, only neo-
HELP vaccination resulted in significantly better tumor control
than noHELP. In contrast to uniHELP, neoHELP-induced tu-
mor control was dependent on the presence of CD4"™ T cells,
while both vaccines relied on CD8" T cells. In line with this, neo-
HELP variants containing wild-type counterparts of the CD4"
or CD8" T cell neoantigens displayed reduced tumor control.
These data indicate that optimal personalized cancer vaccines
should include MHC class II-restricted neoantigens to elicit tu-
mor-specific CD4" T cell help.

INTRODUCTION

Immune checkpoint blocking (ICB) therapy has revolutionized can-
cer therapy by eliciting curative responses in previously incurable
types of cancer. In general, tumors with a high mutational burden
(TMB) are more responsive to ICB therapy compared with patients
with a low TMB."* A high TMB correlates with high frequencies of
neoantigen-specific T cells, which recognize tumor-specific MHC-
bound peptides resulting from these mutations.” Indeed, the presence
of neoantigens and neoantigen-specific CD8" T cells correlates
strongly with increased survival of ICB-treated patients.* These find-
ings spurred the development of personalized cancer vaccines to elicit
such beneficial neoantigen-specific T cell responses.”””

Personalized neoantigen vaccines based on the prediction of MHC
class I epitopes can broaden and expand pre-existent tumor-specific

cytotoxic CD8" T cell responses, either as a stand-alone treatment or
in conjunction with ICB therapy.”™'* Such cancer vaccines employ a
variety of technology platforms, including synthetic peptides,
mRNA, and DNA.> All three types of vaccines are able to elicit
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effective anti-tumor CD8" T cell responses in mice,” and ran-
domized controlled trials are beginning to show therapeutic efficacy
in humans.'® To prevent tumor immune escape and compensate for
flawed neoantigen prediction algorithms, effective vaccines should
include multiple antigens. Genetic vaccines are ideally suited for
this, and mRNA- and DNA-based multi-antigen cancer vaccines
currently under development typically contain 20 to 50 predicted
neoantigens.'*'®!'**

CD8" T cell responses can be improved by CD4" T cell-mediated help,
which is facilitated by different dendritic cells (DCs) in draining
lymphoid tissue.”>** The primary helper signal is conferred via
CD40L-CD40 signaling between CD4" T cells and DCs,”” > which
is followed by cytokine secretion by the CD4" helper T cell toward
the CD8" T cell.”® The helped CD8" T cell response is characterized
by downregulation of several immune regulatory markers, such as pro-
grammed cell death protein 1 (PD-1) and lymphocyte-activation gene
3 (LAG3), and upregulation of activation markers, including killer cell
lectin-like receptor G1 (KLRG1), on antigen-specific CD8" T cells.””**
These helped CD8" T cells clear infections or tumors more efficiently
compared with non-helped CD8" T cells and establish a durable mem-
ory response.”” !
indispensable for an effective anti-tumor CD8" T cell response.

Accordingly, CD4" T cell responses are considered

Several pre-clinical cancer vaccine studies confirmed that CD4™ T cell
help is required to induce effective and durable anti-tumor
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responses,(” even to MHC class II-negative tumors,”” and that the
presence of tumor-specific help enhances neoantigen-specific CD8"*
T cell responses.” In fact, a melanoma mRNA neoantigen vaccine
originally designed to contain only CD8" T cell epitopes relied on
unexpected vaccine-induced CD4" T cell responses for tumor eradi-
cation.'®
specific CD4" T cells can be essential for the success of tumor-infil-
trating lymphocyte therapy.”»*> Thus, the inclusion of CD4" T cell
antigens in human cancer vaccines is likely to improve their
effectiveness.

What’s more, clinical studies indicated that neoantigen-

The selection of vaccine neoantigens for CD4" T cells has proven
challenging due to the lack of reliable algorithms to predict peptide
binding to MHC class I1.”° To overcome this, universal, tumor-un-
related helper epitopes have been used instead.”®”*' Universal
helper epitopes are selected based on their ability to bind to multiple
MHC class II molecules and to elicit strong CD4" T cell responses.
One of the best-characterized universal helper epitopes is PADRE
(PAn-DR Epitope), a highly immunogenic peptide binding a broad
panel of human MHC class IT (HLA-DR) alleles.”” Inclusion of uni-
versal CD4 epitopes in murine cancer vaccines resulted in improved
effector functions of antigen-specific CD8" T cells and increased sur-
vival.”** Due to the paucity of tumor-specific helper neoantigens
identified in pre-clinical cancer models, it is currently unclear which
type of CD4" T cell antigen most improves anti-tumor vaccine effi-
cacy: tumor-specific neoantigens or tumor-unrelated universal help-
er antigens.

The murine MHC class II-negative MC-38 colon carcinoma resem-
bles a typical clinical setting for neoantigen vaccination, as it carries a
high TMB and neoantigen-specific T cell responses are present but
strongly suppressed by the tumor microenvironment (TME). Several
CD8" T cell epitopes have been identified by exome sequencing and
mass spectrometric analysis of MHC class I-bound peptides.>**
Recently, we identified CD4™ T cell neo-epitopes of this tumor by
peptide elution from MC-38 cells induced to express MHC class II
by transfection with the MHC class II transactivator (CIITA)
gene.*® Inclusion of these CD4" T cell peptides in a synthetic peptide
vaccine containing CD8" T cell neo-epitopes improved survival of
tumor-bearing mice.* Therefore, this model provided an unprece-
dented opportunity to compare the anti-tumor efficacy of tumor-un-
related and tumor-specific CD4" T cell help in neoantigen vaccina-
tion. In this study, we designed DNA vaccines encoding multiple
CD8" T cell epitopes derived from the MC-38 colon carcinoma
without (noHELP) or with universal- (uniHELP) or MC-38-derived
(neoHELP) CD4" T cell epitopes, and tested their immunogenicity
and tumor control.

RESULTS

Design of multi-antigen DNA vaccines noHELP, uniHELP, and
neoHELP

The MC-38 model provided a unique opportunity to rigorously
compare tumor-unrelated and tumor-specific help in neoantigen
vaccination, as we and others recently identified CD8"* and CD4*
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T cell neo-epitopes on this highly mutated, MHC class II-negative tu-
mor cell line. First, mass spectrometric analysis of MHC class I-bound
peptides from MC-38 cells identified a multitude of mutated peptides,
including Adpgk, Cpnel, Irgq, and Rp118,43’46’49 while MHC class II
elution experiments from CIITA-expressing MC-38 cells found seven
mutated peptides, including Zmizl, Pcdh18, and Ddr2.** Impor-
tantly, no Zmizl, Pcdhl18, or Ddr2 peptides were detected in the
MHC class I eluate of MC-38, and no Adpgk, Cpnel, Irgq, or
Rpl18 peptides were found in the class II molecules of MC-38-
CIITA.*** Second, CD8*- and not CD4"-T cell responses to Adpgk,
Cpnel, Irgq, and Rpl18 have been reported in response to vaccination
with peptide (Adpgk, Irgq, Rpl18),"”*" DNA (Adpgk, Cpnel,
Irgq),'”** or irradiated MC-38 cells (Adpgk, Rpl18).*® Conversely,
vaccination with synthetic peptides generated CD4", not CDS8",
T cell responses to Zmiz1, Pcdh18, and Ddr2.* Finally, while thera-
peutic vaccination using mutated Adpgk or Rpl18 peptides already
reduced MC-38 tumor growth,”>*® therapeutic efficacy was further
improved when these MHC class I-binding peptides were combined
with MHC class II-binding peptides Zmiz1, Pcdh18, and Ddr2.*® This
allowed the design of multi-neoantigen vaccines inducing CD8" T cell
responses in the absence or presence of CD4" T cell responses.

Three DNA vaccines were designed using the neo-epitopes men-
tioned above (Figure 1A). All constructs coded for four CD8" T cell
neo-epitopes, derived from Irgq, Adpgk, Cpnel, and Rpll18, and
CD8" T cell reporter epitope OVA,s; 264 (OVA, derived from oval-
bumin). To allow correct processing of the epitopes from their natural
context, their sequences were extended at both ends by their naturally
flanking amino acids and separated by short spacers, thus creating
multi-antigen vaccines (see materials and methods). The control “no-
HELP” DNA vaccine contained only these CD8" T cell antigens (Fig-
ure 1A). In addition to the CD8" T cell antigens, the neoHELP vaccine
included the three immunogenic CD4" T cell neoantigens recently
identified by our group, derived from Ddr2, Pcdhl8, and Zmizl.*®
The uniHELP vaccine contained the same CD8" T cell antigens com-
bined with three universal, non-tumor-related CD4" T cell antigens,
including PADRE as well as TTFCp30-and HIV-nef-derived anti-
gens.3 739 Cells transfected with noHELP, neoHELP, or uniHELP
plasmids expressed similar amounts of multi-antigen proteins of
the expected sizes, and were recognized equally well by a T cell line
specific for the C-terminal OVA reporter epitope, thus confirming
correct expression and processing of the multi-antigen proteins (Fig-
ure S1). The plasmids were used as templates for the production of
synthetic, linear DNA vaccines.

DNA vaccines noHELP, uniHELP, and neoHELP induce
functional CD4" and CD8" T cell responses

To determine whether the vaccines induced the expected CD4" and
CD8" T cell specificities in vivo, C57BL/6 mice were vaccinated intra-
dermally with the linear DNA vaccines, or mock-vaccinated. After
three vaccinations, spleen cells were stimulated ex vivo with synthetic
peptide versions of the vaccine antigens, and T cell responses were
evaluated by intracellular cytokine staining (ICS) (Figures 1, S3A,
and S3B). Splenic CD8", but not CD4", T cells from mice vaccinated



www.moleculartherapy.org

A
MHC-class-Il antigen N MHC-class-lantigen )
I Irgq || Adpgk || Cpnel ]| Rpl18 || OVA |I noHELP
I Ddr2 ” Pcdh18 ” Zmizl || Irgq || Adpgk ” Cpnel H Rpl18 H OVA || neoHELP
I mrec || pabre []|  nef || Irgq || Adpgk || Cpnel H Rpl18 || OVA |I uniHELP
I Kozak-optimized start |:| spacer I HA tag
B C
~8- dkk 2.0 2.0 s 20— 2.0
oo} s [eo] [ee) [ee) [ee)
o = o o a a
[S) B o o o o
‘5 6 5 1.5— 615+ = G 1.5 5 1.5
2 = 2 = :
4 £1.0- 1.0 1.0 1.0
Z . 4 z z Z
N L L T L
E -~ g | ~ S
Lo 0.5 %05 % 0.5 %05
= = = = =
o & & . &
=o-! =0.0- =0.0- =0.0- =0.0-

NI BIZ TN BIR TN
RK¥ SR RK¥ ¥ RK¥
NN NAIRY AN NAIRY AN

OVA Irgq Adpgk Cpne1 Rpl18

D E
2.0+ _2.0— €2.0— 0.05 ?5— _ 8- _5—
a ) a = ) S S
O ) (@) k. (@) 4 O Sk O 4_
X X X X X X
~ ~ ~ ~34 ~ 3
1.0 ;%1.0— ;1 0 ; 54— ;
£ o o L2 i &2
[ [ g f T E

0.5 0.5 =05 = 2
g = £ £ = £ 17
S 3 a q S q
=00 = 0.0- = 0.0 ﬂo—m = o go_m

5229 $3:2.2 SIS A 5222 32,2
S & & g & g
NGRS DAY TES TES S LS

Ddr2 Pcdh18 Zmiz1 TTFCp30 PADRE nef

Figure 1. Multi-antigen DNA vaccines induce functional T cell responses against MHC class I- and MHC class lI-restricted (neo)antigens

(A) Schematic representation of the coding sequences of multi-neoantigen vaccines noHELP, uniHELP, and neoHELP. (B-E) Mice were vaccinated with the indicated
vaccines three times, at 3-week intervals. Ten days after the final vaccination, spleen cells were cultured with dendritic cells loaded with indicated peptides for 5 h, and
analyzed by intracellular cytokine staining (ICS). IL-2-, TNF-, and/or IFN-y-positive CD4* or CD8* T cells upon stimulation with the indicated individual long synthetic peptides:
(B) OVA24, (C) Irga, Adpgk, Cpnel, Rpl18,%>*® (D) DAr2, Pcdh18, Zmiz1,"® (E) TTFCp30, PADRE, HIV-nef58-68 (nef).°° Colors indicate T cells secreting a single cytokine
(pastel color), two cytokines (dark color), or three cytokines (black). Data are derived from a single experiment with 5 (mock, noHELP, uniHELP) or 10 (neoHELP) mice per
group, representative of 2 independent experiments (shown in Figures S3D-S3F). Dots represent individual values, bars and whiskers represent means and standard errors
(SEM), respectively. Data were analyzed by a two-way ANOVA test followed by Tukey’s multiple comparisons test. “p < 0.05, **p < 0.01, ***p < 0.001, ***p < 0.0001.
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with noHELP, neoHELP, and uniHELP produced IL-2, TNF, and/or
IFN-v in response to a pool of the CD8 neoantigen peptides (Fig-
ure S3A). Importantly, only CD4" T cells from neoHELP-vaccinated
mice produced these cytokines in response to a peptide pool contain-
ing the MHC class II-presented neoantigens, and only CD4" T cells
from uniHELP-vaccinated mice responded to the uniHELP peptide
pool (Figures S3B and S3C). Stimulation with individual peptides re-
vealed that CD8" T cells specifically recognized OVA and Adpgk,
weakly recognized Irgq, but did not respond to Cpnel or Rpl18
(Figures 1B, 1C, and S3F). Of note, compared with noHELP,
neoHELP, and uniHELP induced more single, double, and triple cyto-
kine-producing OVA-specific CD8" T cells. CD4" T cells from neo-
HELP-vaccinated mice produced IL-2, TNF, and/or IFN-y in
response to Zmizl, but not to Pcdh18 or Ddr2 peptides (Figures 1D
and S3D), whereas in uniHELP-vaccinated mice, only PADRE gener-
ated CD4" T cell cytokine responses (Figures 1E and S3E). In sum-
mary, while all three vaccines induced functional CD8" T cell
responses against the OVA, Adpgk, and Irgq antigens, neoHELP
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Figure 2. CD4 helper antigens increase the frequency
of vaccine-induced CD8* T cells in blood

(A) Schematic overview of the experiment: mice were
vaccinated intradermally three times, at 3-week intervals,
with the indicated vaccines. Mice were bled at the
indicated time points to quantify antigen-specific CD8*
T cells by flow cytometry (Figures S2A and S2B). (B)
Kinetics of OVA-specific CD8" T cell responses in blood.
Data are derived from a single experiment with 10 mice
per group, representative of 3 experiments. Bars and
whiskers represent means and standard errors (SEM),
respectively. Data were analyzed in mixed-effects analysis
followed by Tukey’s multiple comparisons test comparing
noHELP, neoHELP, and uniHELP. *p < 0.05, **p < 0.01,
**p < 0.001, ***p < 0.0001. (C) OVA-, (D) Adpgk-, (E)
Irgg-specific CD8* T cell percentages in blood at the
peak of the tertiary response, 52 days post primary
vaccination. Data in (C)—E) are from 3 independent
experiments with 50 mice per group in total. Dots
represent individual values, while bars and whiskers
represent means and standard errors (SEM). Data were
analyzed by one-way ANOVA followed by Tukey’'s
multiple comparisons test comparing noHELP, neoHELP,
and uniHELP. *p < 0.05, *p < 0.01, *p < 0.001,
****p < 0.0001.
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generated a tumor-specific CD4" T cell response
against MHC class II-restricted neoantigen
Zmizl, and uniHELP induced a tumor-unrelated
CD4" T cell response to universal helper antigen
PADRE.

Inclusion of CD4 helper antigens increases
the frequency of vaccine-induced CD8*

T cells

Having shown that both helper cassettes induce
CD4" T cell responses to at least one of the en-
coded antigens, we next determined the effect of tumor-unrelated
and tumor-related CD4" T cell help on the induction of CD8"
T cell responses. MHC-peptide tetramers were used to quantify an-
tigen-specific CD8" T cells in the blood of mock-, noHELP-, neo-
HELP-, and uniHELP-vaccinated mice (Figure 2A). All three
vaccines generated detectable levels of OVA-specific CD8"
T cells, which—in line with the splenic responses (Figure 1B)—
were significantly increased in neoHELP- and uniHELP-vaccinated
mice compared with noHELP-vaccinated mice (Figure 2B).
Throughout the priming and expansion phase, uniHELP induced
an even more pronounced OVA-specific CD8" T cell response
than neoHELP (Figure 2B), an effect that was maintained after
three vaccinations (Figure 2C). Neoantigen-specific CD8" T cells
were also detectable (Figures 2D and 2E), but their levels were
too low to reveal helper effects. In summary, the addition of
both tumor-unrelated and tumor-related CD4 helper antigens
increased vaccine-induced CD8" T cell frequencies in the circula-
tion, but the tumor-unrelated universal helper antigens were
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Figure 3. CD4 helper antigens promote phenotypic changes in vaccine-induced CD8* T cells associated with improved effector function

Mice were vaccinated intradermally three times, at 3-week intervals as indicated in Figure 2. Mice were bled at the peak of the T cell response following the third vaccination
(day 52), after which expression of the indicated markers on OVA-specific CD8* T cells was measured by flow cytometry. (A) Histograms show normalized counts of
cells expressing surface markers CD25, CX3CR1, KLRG1, PD-1, and LAG3 on total CD8" T cells of mock-vaccinated mice or OVA-specific CD8* T cells, identified by Kb/
OVA-tetramer staining, in mice vaccinated with noHELP, neoHELP, or uniHELP (Figures S2C and S2D). Marker expression on (B) OVA-specific CD8* T cells or (C) tetramer-
negative CD8" T cells of mock-, noHELP-, neoHELP-, or uniHELP-vaccinated mice. Expression was quantified as mean fluorescence intensity (MFI) or percentage of marker-
positive cells, as indicated. Dots represent individual values, bars and whiskers represent mean and standard error (SEM). Data were derived from a single experiment,

(legend continued on next page)
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(uniHELP) more potent in this respect than the tumor-specific
helper neoantigens (neoHELP).

Inclusion of CD4 helper antigens results in phenotypic changes
in vaccine-induced CD8" T cells associated with improved
effector function

Adequate CD4" T cell help leads to increased CD8" T cell function-
ality, which is associated with elevated levels of activation and
differentiation markers (e.g., CD25, KLRG1, CX3CR1) as well as
downregulation of several co-inhibitory receptors (e.g., PD-I1,
LAG3).”*® We therefore explored the impact of the different types
of helper antigens on the phenotype of antigen-specific CD8" T cells
(Figure 3).

After three vaccinations with noHELP, neoHELP, or uniHELP,
surface expression of CD25, CX3CR1, and KLRG1 was elevated
on circulating OVA-specific CD8" T cells (Figure 3B) compared
with non-OVA-specific CD8" T cells (Figure 3C). UniHELP vacci-
nation further increased expression levels of CD25, KLRGI1, and
CX3CR1 on OVA-specific CD8" T cells compared with noHELP
vaccination, while no significant effect of neoHELP on these
markers was observed. Checkpoint inhibitor receptors PD-1 and
LAG3 were also generally elevated on OVA-specific versus non-
OVA-specific CD8" T cells (Figures 3B and 3C). Relative to no-
HELP, in this case uniHELP caused significant downregulation
of these receptors on OVA-specific CD8" T cells, while the effect
of neoHELP was limited to LAG3 and did not reach statistical sig-
nificance (Figure 3B). Thus, the inclusion of tumor-unrelated uni-
versal CD4 helper antigens (uniHELP) resulted in a clear “helper
signature” on vaccine-induced CD8" T cells, while this signature
was marginally detectable in the case of tumor-specific helper neo-
antigens (neoHELP).

The expression of these markers on vaccine-induced CD8" T cells
changed gradually over time, resulting in a more “helped” phenotype
of CD8" T cells with each vaccination (Figures 3D-3F). Again,
compared with noHELP, uniHELP vaccination resulted in signifi-
cantly greater fractions of antigen-specific CD8" T cells expressing
CX3CRI at high levels (Figure 3D) and KLRG1 (Figure 3E). Again,
this pattern was reversed for PD-1 (Figure 3F). In particular after
the second vaccination, the helper signature in the neoHELP group
was present but less pronounced than in the uniHELP group
(Figures 3D-3F). Together, these data demonstrated that vaccination
with constructs containing CD4 helper antigens, most prominently
with tumor-unrelated universal helper antigens (uniHELP), resulted
in phenotypic changes in vaccine-induced CD8" T cells that have
been associated with improved effector functions.””*

Molecular Therapy: Oncology

Tumor-specific, but not tumor-unrelated, CD4 helper vaccine
antigens improve tumor control

As the inclusion of CD4 helper antigens improved CD8" T cell re-
sponses both quantitatively and qualitatively, we compared the vac-
cines for their ability to induce protective anti-tumor immunity.
Three weeks after the third vaccination, mice were injected subcuta-
neously with wild-type, MHC class II-negative, MC-38 tumor cells.
Within 5 days, tumors started to grow in all control, mock-vaccinated
mice, and within a month all mice succumbed to their tumor
(Figures 4A and 4B). The same progressive tumor growth was
observed in 85% of noHELP-vaccinated mice (Figure 4A), although
a small but significant minority (15%) did not develop a tumor and
survived (Figure 4B). The addition of universal helper antigens to
the neoantigen vaccine did not improve upon this: even though
15% of the mice in the uniHELP group displayed delayed tumor
growth (Figure 4A), just 15% ultimately survived tumor-free (Fig-
ure 4B). In stark contrast, only 30% of the mice that had received
neoHELP developed a tumor, and tumor growth was often delayed
compared with mock- and noHELP-vaccinated mice (Figure 4A).
What’s more, 70% of neoHELP group did not develop a palpable tu-
mor and survived long term, a significant improvement compared
with the other experimental groups (Figure 4B). In short, including
tumor-derived helper neoantigens, but not tumor-unrelated universal
antigens, in a neoantigen vaccine greatly enhanced immune control of
MC-38 tumors.

Neoantigen-specific CD4* and CD8" T cells both contribute to
tumor control

NeoHELP, the vaccine containing both MHC class I- and MHC class
II-restricted neoantigens, best protected against a lethal tumor chal-
lenge. To assess the relative importance of each of these neoantigen
categories, we designed additional neoHELP constructs (Figure 5A)
containing the wild-type (wt) counterparts of either the class
I-restricted CD8" T cell antigens (neoHELP_CD8wt) or the class
II-restricted CD4" T cell antigens (neoHELP_CD4wt). In these
DNA vaccines, the mutated amino acids responsible for neoantigen
formation were reverted to the wild-type amino acids, and the result-
ing sequences were therefore immunologically self (see Table S1). The
vaccinated mice were challenged with a lethal dose of MC-38 tumor
cells 3 weeks after the third and final DNA vaccination. In line with
our earlier results (Figure 4), vaccination with neoHELP resulted in
100% tumor control, significantly better than the uniHELP and no-
HELP vaccines that protected 60%-70% of the mice (Figure 5B).
Compared with neoHELP, vaccination with neoHELP_CD8wt or
neoHELP_CD4wt significantly reduced survival from 100% to
20%-30% (Figure 5C), revealing that both MHC class I- and class
II-restricted neoantigens were crucial for tumor control.

representative of three experiments, with 10 mice per group. Data were analyzed by one-way ANOVA followed by Tukey’s multiple comparisons test comparing noHELP,
neoHELP, and uniHELP. *p < 0.05, *p < 0.01, ***p < 0.001, ****p < 0.0001. (D) CX3CR1", (E) KLRG1, or (F) PD-1 expression on OVA-specific CD8* T cells monitored in blood
over time on days 13, 31, and 52 post primary vaccination. Data are derived from a single experiment, representative of three, with 10 (noHELP) or 30 (neoHELP and uniHELP)
mice per group. Data from tetramer-negative (TM ™) CD8" T cells from all experimental groups were pooled and plotted as CD8 as background reference. Dots and whiskers
represent means and standard errors (SEM), respectively. Data were tested in mixed-effects analysis followed by Tukey’s multiple comparisons test comparing noHELP,
neoHELP, and uniHELP. *p < 0.05, *p < 0.01, **p < 0.001, ***p < 0.0001. nd, no OVA-specific T cells detected.
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CD4 helper antigens improve tumor control

Mice were vaccinated intradermally with the indicated
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subcutaneous injection of MC-38 colon carcinoma cells
after another 3 weeks. (A) Tumor volumes of individual
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mice at day 70 post challenge are indicated. (B) Survival
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To examine whether vaccine-induced tumor protection was depen-
dent on CD4" or CD8" T cells in the effector phase, we performed
in vivo depletion of these two T cell subsets in uniHELP- and neo-
HELP-immunized mice around the time of MC-38 inoculation
(Figures 5D and 5E). While CD4" T cell depletion did not signifi-
cantly affect survival of uniHELP-vaccinated mice (Figure 5D), it
markedly reduced survival of the neoHELP group from 100% to
60% (Figure 5E). In both groups, removal of CD8" T cells (almost)
completely abrogated tumor control (Figures 5D and 5E). Together,
these findings indicate a crucial role for vaccine-elicited CD4"
T cells recognizing tumor-specific neoantigens, but not tumor-unre-
lated universal antigens, in optimal immune control of the MC-38
tumor.

DISCUSSION

In this study, we used the MHC class II-negative murine colon carci-
noma MC-38 to compare tumor-specific and tumor-unrelated CD4*
T cell helper antigens in neoantigen vaccination. Three multi-antigen
DNA vaccines were designed that induced neoantigen-specific CD8"
T cell responses only (noHELP) or together with CD4™ T cell re-
sponses to either tumor-unrelated “universal” antigens (uniHELP)
or MC-38-derived neoantigens (neoHELP). Compared with no-
HELP, neoHELP and uniHELP improved vaccine-induced CD8*
T cell responses both quantitatively and qualitatively. Although this
improvement was most pronounced in the case of uniHELP, only
neoHELP vaccination increased protection against outgrowth of the
MC-38 colon carcinoma. NeoHELP-induced tumor control was
dependent on the presence of CD4" and CD8" T cells, and neoHELP
variants encoding the non-mutated, wild-type counterparts of either
the CD4 or CD8 neoantigens caused reduced tumor control. These
data indicate that, for optimal effectiveness, personalized cancer vac-

14/20 |
1

0

*

independent experiments with 20 mice per experimental
group in total. Statistical significance was determined
using the Gehan-Breslow-Wilcoxon test. *o < 0.05,
**p < 0.01, **p < 0.001, ***p < 0.0001.

T T T 1
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cines should contain tumor-specific rather than
tumor-unrelated CD4" T cell antigens.

The inclusion of tumor-unrelated and tumor-

specific CD4" T cell helper antigens in the neoan-

tigen vaccines increased not only the frequency of

vaccine-induced CD8" T cells, but also altered

their surface phenotype. In the presence of
CD4" T cell help, these CD8" T cells were more often KLRG1" and
had lower PD-1 expression. This helper signature on the CD8"
T cells, which is associated with improved effector function of mem-
ory T cells’! and increased tissue infiltration,?””>
nounced in the case of tumor-unrelated universal helper antigens.
At the time of tumor injection, therefore, uniHELP-vaccinated mice
most likely had more and better tumor neoantigen-specific CD8"
T cells than the other groups. Non-helped neoantigen-specific
CD8" T cells already had some effect on tumor resistance, since tu-
mor-free survival was significantly greater in the noHELP group
compared with mock-vaccinated mice. However, since uniHELP-
vaccinated mice fared no better than noHELP-vaccinated mice, the
quantity and quality of these CD8" T cells had no discernable effect
on protection in this setting. The same universal helper cassette did
improve protection by an HPV16-E7-based DNA vaccine against
outgrowth of the E7-containing TC-1 line,” suggesting that vaccine
efficacy in some cases does benefit from highly immunogenic tu-
mor-unrelated helper antigens.

was most pro-

In contrast to tumor-unrelated helper antigens, tumor-related helper
neoantigens did significantly improve tumor resistance. This was un-
likely to be the result of improved neoantigen-specific CD8" T cell re-
sponses before tumor challenge, as we observed fewer tetramer-pos-
itive and cytokine-producing CD8" T cells in blood and spleen.
Strongly reduced tumor resistance of neoHELP-vaccinated mice
caused by CD4" T cell depletion around the time of MC-38 inocula-
tion indicated that neoantigen-specific CD4" T cells played a major
role in the effector phase of the anti-tumor response. Upon subcu-
taneous injection of MC-38 cells, tumor antigens can be taken up
by DCs and presented to CD4" and CD8" T cells in tumor-draining
lymph nodes. This provides an opportunity for vaccine-induced
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Figure 5. Neoantigen-specific CD4* and CD8" T cells both contribute to tumor control

(A) Schematic representation of the coding sequences of the neoantigen vaccines. Wild-type counterparts of neoantigen sequences in neoHELP_CD4wt and neo-
HELP_CD8wt are indicated in white. Mice (10 per group) were injected three times, at 3-week intervals, with these vaccines. Three weeks after the final vaccination (day 63),
mice were injected subcutaneously with MC-38 colon carcinoma cells. Additional neoHELP and uniHELP groups were depleted of CD4* or CD8* T cells by intraperitoneal
injection of depleting antibodies around the time of tumor challenge (days 57, 61, and 64). Tumor size was tracked (Figure S4) and mice were euthanized if it exceeded
1,000 mm?. (B-E) For clarity, survival is shown in four separate panels, depicting mice vaccinated with (B) mock, uniHELP, neoHELP, (C) mock, neoHELP, neoHELP_CD4wt,
neoHELP_CD8wt, (D) mock, uniHELP, uniHELP + CD4* T cell depletion, uniHELP + CD8" T cell depletion, or (E) mock, neoHELP, neoHELP + CD4* T cell depletion,
neoHELP + CD8* T cell depletion. Statistical significance was determined using the Gehan-Breslow-Wilcoxon test. *p < 0.05, **p < 0.01, ***p < 0.001, ***p < 0.0001.

neoantigen-specific CD4" T cells to provide optimal help and stimu-
late tumor-specific CD8" T cells, which can then re-enter the circula-
tion and home to the tumors to kill malignant cells.”® In addition to
their role in the tumor-draining lymph nodes, tumor-specific CD4"*
T cells residing in the TME can contribute to tumor resistance, for

54-56

example, by recruiting and providing local

help to”” CD8"
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T cells. Which of these mechanisms contributed to the efficacy of
the neoHELP vaccine is at present unclear and will be the subject
of future studies.

Irrespective of the exact immunological mechanisms, several studies

. . . n 32,33,58,59
have shown that the inclusion of either tumor-specific’”””*”" or
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tumor-unrelated®”**°** helper antigens can improve the effective-
ness of cancer vaccines. For example, the universal helper cassette
used in this study did improve protection by an HPV16-E7-based
DNA vaccine against outgrowth of the E7-containing TC-1 line.”
However, in specific settings the inclusion of a universal helper anti-
gen in a vaccine can in fact reduce anti-tumor CD8" T cell immunity,
most likely by interfering with vaccine-induced tumor-specific CD4"
T cell responses.®’ In addition to our study, we are aware of only a sin-
gle other study that performed a head-to-head comparison of the two
classes of helper antigens.”® Dolina et al. recently discovered several
CD4" and CD8" T cell epitopes on an aggressive low-TMB squamous
cell tumor cell line.”® In their hands, synthetic peptide vaccines con-
sisting of a minimal CD8" T cell epitope and either a CD4" T cell neo-
epitope or universal helper peptide PADRE protected equally well
against a subsequent tumor challenge.”” On balance, tumor-specific
helper antigens appear to perform at least as well or considerably
better than highly immunogenic tumor-unrelated helper antigens,
indicating that they should be the preferred choice for inclusion in
vaccines.

Together with several other studies,'®>3°%?
strate the value of MHC class II-restricted tumor-specific antigens in
cancer vaccines. As the MHC class II peptide-binding motifs are far
less restrictive than those for MHC class I, the prediction algorithms
for MHC class II epitopes are less well developed.®> However, using a
large dataset of HLA-DR-binding peptides identified by peptide
elution and mass spectrometry to train their prediction algorithm, At-
termann et al. were recently able to achieve prediction accuracies for
HLA-DR comparable with those previously reserved for HLA-A and
HLA-B.®> As MHC class II prediction methods continue to be opti-
mized, for example, by using highly sensitive molecular identification
methods employing CIITA to drive MHC II expression on patient-
derived cancer cells,"* the incorporation of CD4" T cell antigens
into personalized cancer vaccines should become feasible.”**” Our
data demonstrate that multi-antigen DNA vaccines, previously re-
ported to induce preferentially CD8" T cell responses,'” can be excel-
lent inducers of functional CD4" T cell responses.

our experiments demon-

In summary, we show that including tumor-specific, but not tumor-
unrelated, MHC class [I-restricted CD4" T cell antigens in a cancer
vaccine resulted in increased control of tumor growth. Thus, our
data emphasize the need to include tumor-specific MHC class II-
restricted antigens in personalized neoantigen vaccines, as well as
the need for improved identification tools for such antigens.

MATERIALS AND METHODS

Cell lines

The murine MC-38-L cell line, referred to as MC-38, was used in all
experiments.”>*® MC-38 was cultured in Iscove’s modified Dulbec-
co’s medium (IMDM) (Capricorn Scientific, Frankfurt, Germany)
supplemented with 8% fetal calf serum (Sigma-Aldrich, St. Louis,
MO), 50 pg/mL streptomycin (Gibco, Carlsbad, CA), 50 IU/mL peni-
cillin (Gibco), 2 mM L-glutamine (Gibco), and 30 puM B-mercaptoe-
thanol (Merck Millipore, Kenilworth, NJ), in a humidified CO, incu-

bator (37°C, 5% CO,). The cell lines B3Z B16-F10 and HEK293T
were cultured in supplemented IMDM, but without B-mercaptoetha-
nol. The immature DC cell line, D1, was cultured in IMDM medium
supplemented with 30% supernatant of the R1 cell line expressing
granulocyte-macrophage colony-stimulating factor. All cell lines
were regularly checked for mycoplasma infection and found to be
negative.

Mice

Female C57BL/6] mice (6-8 weeks old) were purchased from Janvier
Labs (Le Genest Saint Isle, France). Mice were housed under specific
pathogen-free conditions in individually ventilated cages at the Lei-
den University Medical Center (LUMC) animal facility. All animal
experiments were performed in accordance with Dutch Animal
Ethical Committee guidelines and were approved by the Animal Wel-
fare body of LUMC (DEC consult number: AVD11600202013796).

DNA vaccines

Codon-optimized DNA constructs encoding multiple CD4" and
CD8" T cell antigens (Table S1) were first produced as plasmids by
Gibson assembly,” and then used as templates for the synthesis of
linear DNA vaccines.”® In short, this cell-free method relies on
primer-free, isothermal, rolling-circle amplification (RCA) using a
high-fidelity DNA polymerase with strand-displacement activity.
However, instead of using oligonucleotides to prime the RCA reac-
tion, RNA polymerase is combined with ribonucleotides to generate
a small RNA “primer.” After the RCA reaction, the expression
cassette, containing the coding sequence as well as regulatory se-
quences (promoter, poly-adenylation signal), is excised. Subsequent
capping of the expression cassette with oligonucleotides renders
this cassette, but not the plasmid backbone, resistant to exonucleases.
In vivo expression and immunogenicity of synthetic linear DNA vac-
cines produced in this manner are equivalent in magnitude and
kinetics to equimolar amounts of the corresponding plasmid DNA
vaccines (data not shown as has been reported for linear DNA vac-
cines produced using a different method.”” For the experiments
described here, the vaccines underwent two purification steps on a
Macherey-Nagel Nucleobond column (Dueren, Germany), followed
by centrifugation (30 min, 10,000 x g, 4°C) to remove any remaining
debris.

Five multi-antigen linear DNA vaccines were produced (Figures 1A
and 5A). The base construct (noHELP) coded for five 35-mer CD8"
T cell antigens separated by a triple alanine linker (AAA): MC-38
neoantigens Irgq, Adpgk, Cpnel, Rpl18,**** and a chicken OVA
sequence encoding a reporter epitope.”””" In the uniHELP construct,
three N-terminal CD4™ T cell antigens, separated by GPGPG-spacers,
were added to the base construct: TTFCp30, PADRE, and HIV-nefs¢.
s ?%7%73 11 the neoHELP construct, three N-terminal CD4" T cell
MC-38 neoantigens were added, also separated by GPGPG-spacers:
Ddr2, Pcdh18, and Zmizl.*® In two additional neoHELP constructs,
either the CD4" (neoHELP_CD4wt) or the CD8" (neoHELP_CD8wt)
T cell neoantigens were reverted back to the wild-type sequences
(see Table S1). All constructs also included a C-terminal HA-tag

Molecular Therapy: Oncology Vol. 32 September 2024 9


http://www.moleculartherapy.org

(YPYDVPDYA) to enable quality control by flow cytometry and
western blotting.

Co-transfection expression assay

B16-F10 (3,000 cells/well) or HEK293T (10,000 cells/well) cells
were plated in 96-well flat-bottom plates (Greiner Bio-One,
Kremsmiinster, Austria) and transfected the next day with 25 ng
of each of the indicated plasmids complexed with SAINT-DNA,
according to the manufacturer’s instructions (Synvolux Products,
Leiden, the Netherlands). After 48 h, cells were trypsinized,
washed, and fixed in 2% paraformaldehyde for 10 min at room
temperature (RT). Cells were then permeabilized in FACS buffer
(PBS with 0.5% bovine serum albumin [Sigma-Aldrich] and
0.01% sodium azide [LUMC] supplemented with 0.1% saponin
[Sigma-Aldrich]) and subsequently stained with APC-conjugated
anti-HA antibody (1:100, BioLegend, San Diego, CA, no.
901524). Fluorescence was measured using a Guava easyCyte
flow cytometer and analyzed using the GuavaSoft 3.3 software
(Luminex Corporation, Austin, TX).

Western blot

HEK293T cells (600,000 cells/well) were seeded in 6-well plates
(Greiner Bio-One). The next day, cells were transfected with
500 ng of the indicated plasmids complexed with SAINT-DNA
(Synvolux Products). Two days after transfection, cells were washed
with ice-cold PBS, harvested, and centrifuged. Cell pellets were lysed
in RIPA lysis buffer (1% IGEPAL, 0.15 M sodium chloride, 1% so-
dium deoxycholate, 1% SDS, 50 mM Tris-HCl [pH 8]) supple-
mented with protease inhibitor cocktail and benzonase nuclease
(both from Sigma-Aldrich) for 30 min under constant agitation at
4°C. Subsequently, cell debris was removed by centrifugation at
16,000 x g for 20 min at 4°C. The protein concentrations of the
cell lysates were measured using a BCA Protein assay (Thermo Sci-
entific, Waltham, MA). Equal amounts of total proteins were loaded
and separated by SDS-PAGE before transfer to a nitrocellulose
membrane (GE Health, Chicago, IL). The membranes were blocked
in PBS with 3% BSA and 0.5%, v/v, Tween 20 (PBS-T) overnight at
4°C, followed by 30 min at RT. They were then incubated for 1 h at
RT with the primary antibody o-HA (1:500, BioLegend, no.
901513,) and subsequently with the secondary HRP-conjugated
antibody HRP (1:2,000, BioLegend, no. 405306). Blots were devel-
oped with ECL substrate (GE Health) and analyzed using an
ImageQuant LAS500 camera (GE Health).

In vitro antigen presentation assay

B16-F10 cells (30,000 cells/well) were plated in 96-well flat-bottom
plates (Greiner Bio-One) and transfected with titrated amounts of
plasmids complexed with SAINT-DNA (Synvolux Products). After
1 day, 50,000 B3Z reporter cells were added to each well. The next
day, cells were treated with Z-buffer (0.18 mg/mL CPRG, 10 mM
magnesium chloride, 0.125% IGEPAL, 0.1 M B-mercaptoethanol in
PBS) to visualize B-galactosidase activity. Absorbance was measured
at 594 nm using an Anthos Zenyth 3100 Multimode Fluorometer
(Instrum, Marktheidenfeld, Germany).
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Vaccinations and tissue collection

Using a 29G needle, naive mice were injected intradermally at the tail-
base with 10 pmol of the linear DNA vaccines in 30 pL isotonic saline
(0.9% NaCl) at 3-week intervals. For tetramer staining, blood was ob-
tained via tail puncture and collected in heparinized tubes on days 13,
31, and 52 after the primary vaccination, and in some cases 13 days
after tumor inoculation. For ex vivo functional T cell read-outs using
spleen cells (ICS), mice were sacrificed 10 days after the final DNA
vaccination (day 52).

ICS

D1 cells (100,000 cells/well) were seeded in 96-well-round bottom
plates (Corning), and cultured with synthetic peptides (final concen-
tration: 10 pg/mL) overnight (Table S2). The next day, spleens of
vaccinated mice were collected in serum-free medium, and single cells
were obtained by filtering the spleens over 70-um cell strainers (BD,
Franklin Lake, NJ), followed by erythrocyte lysis. Spleen cells
(approximately 300,000 cells/well) were then cultured with the pep-
tide-loaded D1 cells for 5 h, in the presence of 5 pg/mL brefeldin A
(Sigma-Aldrich) during the final 4.5 h of incubation. Cells were stored
overnight on ice. The next day, cells were first stained with fixable
viability dye, followed by incubation with antibodies to CD3, CD4,
and CD8 (Table S3). Subsequently, cells were fixed with fixation
buffer (BioLegend) and stained with antibodies to CD40L, TNF,
IL-2, and IEN-vy (Table S3) in Perm/Wash buffer (BioLegend). Cells
were acquired on an LSRII (Becton Dickinson, CA), and the resulting
data were analyzed using FlowJo software version 10.8.1 (Figures S2A
and S2B).

Tetramer staining

Blood samples were exposed to erythrocyte lysis buffer (LUMC phar-
macy, Leiden, the Netherlands) to remove red blood cells. Cells were
washed with PBA (PBS [LUMC Pharmacy] supplemented with 0.1%
bovine serum albumin [Sigma-Aldrich] and 0.02% sodium azide
[LUMC Pharmacy]) and stained for 30 min at room temperature
with tetramers: APC-conjugated H2-K®/SIINFEKL or APC-conju-
gated H2-D"/Rpl18 combined with PE-conjugated H2-D®/Adpgk or
PE-conjugated H2-D"/Irgq (Table S3). After addition of antibodies
to CD3, CD4, CD8, CD25, CX3CR1, KLRG1, PD-1, and LAG3, the
cells were incubated for another 30 min. Cells were washed again
with PBA before acquisition on an Aurora (Cytek, CA) spectral
flow cytometer (Figures S2C, S2D, and S3) and resulting datasets
were analyzed using FlowJo software version 10.8.1 (Tree Star, Ash-
land, OR).

Tumor challenge

Three weeks after the third vaccination (day 63), mice were injected
subcutaneously with 300,000 MC-38 cells in 200 pL PBS in their
right flank. Tumor growth was monitored using a caliper 2-3 times
a week for 10 weeks after this challenge (until day 133). Mice were
sacrificed when the tumor volume exceeded 1,000 mm>. Tumor
size (mm?) was calculated by the following formula: tumor volume =
length x width x width x 0.5. In selected experiments, CD4" or
CD8" T cells were depleted by three intraperitoneal injections
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(200 pL) of 100 pg of either a-CD4 (Bio X Cell, NH, clone GK1.5,
BE0003-1) or a-CD8 (Bio X Cell, clone 2.43, BE0061) at days —6,
—2, and +1 relative to the moment of tumor inoculation (days 57,
61, and 64).

Statistical analysis

Statistical analysis was performed using built-in methods from
GraphPad Prism (version 8.0.1), as described in the figure legends.
The resulting p values are indicated in the figures as follows:
p < 0.05, **p < 0.01, **p < 0.001, **p < 0.0001. Non-significant
p values are not indicated.

DATA AND CODE AVAILABILITY
The data underlying Figures 1, 2, 3, 4, and 5 are available in the pub-
lished article and its online supplemental information.
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Figure S1. Verification of vaccine constructs. (A-B) HEK293T cells were transfected with a GFP-
encoding plasmid in combination with the indicated vaccine-encoding plasmids. Transfected cells were
identified by GFP-expression, and a C-terminal HA-tag allowed detection of multi-antigen vaccine
proteins. (A) The fraction (%) of HA-positive cells among transfected (GFP*) cells, and (B) their mean
fluorescence intensity (MFI) were determined by flow cytometry. The MFI of mock-transfected cells is
not shown as these cells — not having been transfected with a plasmid encoding an HA-tagged protein
- do not have detectable expression of the HA-tag above background. Bars and whiskers represent
means and standard errors (SEM) of triplicates, respectively. (C-D) Western blot detection of HA-tagged
(C) noHELP, neoHELP, uniHELP or (D) neoHELP, neoHELP_CD4wt or neoHELP_CD8wt in HEK293T
cells transfected with the indicated vaccine-encoding plasmids. (E) Recognition of OVA antigen on
transfected B16-F10 cells by H-2KP/OVA-specific CD8* T-cell hybridoma B3Z. B-galactosidase
expression in B3Z cells is controlled by NFAT, allowing detection of TCR-mediated activation by color
conversion of CPRG substrate, which results in increased optical density (OD) at 594nm. Bars and
whiskers represent means and standard errors (SEM) of triplicates, respectively. All experiments were
performed twice, and one representative experiment is shown.
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Figure S2. Gating strategy for flow cytometry analysis. (A-B) Gating strategy for spleen-derived T-
lymphocytes for ICS. (A) Live CD4* and CD8* T-cells were gated after which (B) TNF-, IFN-y- and IL-2-
positive cells were selected. (C-E) Gating strategy for antigen-specific peripheral blood- and spleen-
derived T-lymphocytes for surface marker analysis. (C) Gating of live CD8* T-cells was followed by (D)
selection of tetramer-positive cells. (E) Subsequently, cells positive for specific surface markers were

identified.
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Figure S3. Antigen-specific CD4" and CD8"* T-cell responses in the spleen of mice. Mice were

vaccinated with the indicated vaccines three times, at three-week intervals. Ten days after the final

vaccination, spleen cells were cultured with dendritic cells loaded with indicated (A-C) peptide pools or
(D-F) individual peptides for 5 hours, and analyzed by intracellular cytokine staining (ICS). IL-2-, TNF-



and/or IFN-y-positive CD4* or CD8* T-cells upon stimulation with the indicated peptide pools: (A) CD8
neoantigen peptide pool (Irgq, Adpgk, Cpne1, Rpl18), (B) CD4 neoantigen peptide pool (Ddr2, Pcdh18,
Zmiz1), (C) CD4 universal peptide pool (TTFCp30, PADRE, nef). Data are derived from a single
experiment with 5 (mock, noHELP, uniHELP) or 10 (neoHELP) mice per group. Data in A-C were
analyzed by a two-way ANOVA test followed by Tukey's multiple comparisons test. *p<0.05, **p<0.01,
***n<0.001, ****p<0.0001. (D) Fraction of CD4* T-cells expressing IL-2 and CD40L in response to tumor-
specific neoantigens Ddr1, Pdch1 and Zmiz1. (E) Fraction of CD4* T-cells expressing IL-2 and CD40L
in response to tumor-unrelated ‘universal’ antigens TTFC30, PADRE and HIV-nef58-68 (nef). (F)
Fraction of CD8* T-cells expressing TNF and IFN-y in response to tumor-specific neoantigens Irgq,
Adpgk, Cpne1,Rpl18 and to an ovalbumin-derived reporter antigen (OVA). Data are derived from two
independent experiments with 8 (mock, noHELP, uniHELP) or 13 (neoHELP) mice per group in total.
Dots represent individual values, bars and whiskers represent means and standard errors (SEM),
respectively. Data in D-F were analyzed by a Kruskal-Wallis test followed by Dunnet's multiple
comparisons test. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.
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Figure S4. Tumor growth upon depletion of CD4 and CD8 responses. Mice (10 mice per group)
were vaccinated three times, at 3-week intervals, with the indicated vaccines. Selected groups were
depleted of CD4* or CD8" T-cells by three injections of 100 ug of either a-CD4 (clone GK1.5) or a-CD8
(clone 2.43) on days 57, 61 and 64 post primary vaccination. On day 63 post primary vaccination, mice
were injected subcutaneously with 300.000 MC-38 colon carcinoma cells. Lengths and widths of the
tumors were measured multiple times a week with a digital caliper to calculate tumor volume. Mice were
removed from the experiment if the tumor exceeded 1000 mm? or if an ulcer occurred. Mice were
vaccinated with (A) saline solution (mock), uniHELP or neoHELP (B) neoHELP vaccines carrying the
wild-type counterparts of either the CD4 (neoHELP_CD4wt) or CD8 (neoHELP CD4wt) T-cell antigens.
Additional groups of mice vaccinated with (C) uniHELP and (D) neoHELP underwent CD4* or CD8* T-
cell depletion around the time of tumor challenge. Tumor volumes of individual mice are plotted, and the
numbers of tumor-free mice at day 50 post challenge are indicated at the bottom right of each graph.



Table S1. CD8* and CD4* T-cell antigens used DNA vaccines

Antigen Gene Amino Acid (AA) sequence* wt>mt (AA)  MHC-restriction
Irgq*346 Irgq QNAAKARDETAALLNSAVLGAAPLFVPPADCSSSD G>V H2-D®
Adpgk?*3-4649 Adpgk DIPTGIPVHLELASMTNMELMSSIVHQQVFPTVAS R>M H2-D®
Cpne 1434649 Cpne1 FTVGVDFTGSNGDPSSPYSLHYLSPTGVNEYLTAL D>Y H2-D°
Rpl184649 Rpl18 RARSRILKAGGKILTFDRLALESPKGRGTVLLSGP Q>R H2-D°
OVAS768 SERPINB14  LLPDEVSGLEQLESIINFEKLTEWTSSNVMEERKI n.a. H2-K°
Ddr24® Ddr2 FKEVQCYFRSEASEWEPHAVYFPLVLDDVNPSARF T>H I-AP
Pcdh184 Pdhc18 RFQRSRYEFVISENNSPWAYITTVTATDPDLGENG G>W I-AP
Zmiz1® Zmiz1 GIPPHTRPPADFTQPAASAAAAAVAAAAATATATA A>S I-AP
TTFCp30%°7° tetX FNNFTVSFWLRVPKVSASHLE n.a. I-AP
PADRE®" n.a. AKFVAAWTLKAAA n.a. I-AP
HIV nef® nef AWLEAQEEEEVGF n.a. -

* T-cell epitopes in boldface, mutated residues underlined.

Table S2. Synthetic peptides used for intracellular cytokine staining (ICS) experiments

Antigen Amino Acid (AA) sequence Source

Irgq RDETAALLNSAVLGAAPLFV LUMC-Immunology synthetic peptide facility
Adpgk ELASMTNMELMSSIV LUMC-Immunology synthetic peptide facility
Cpne1 GSNGDPSSPYSLHYLSPTGVNE LUMC-Immunology synthetic peptide facility
Rpl18 KAGGKILTFDRLALESPK LUMC-Immunology synthetic peptide facility
OVAS768 DEVSGLEQLESIINFEKLAAAAAK LUMC-Immunology synthetic peptide facility
Ddr2 SEASEWEPHAVYFPLVLDDVNPS LUMC-Immunology synthetic peptide facility
Pcdh184 SPWAYITTVTATDPDL LUMC-Immunology synthetic peptide facility
Zmiz1*® RPPADFTQPAASAAAAA LUMC-Immunology synthetic peptide facility
TTFCp30 FNNFTVSFWLRVPKVSASHLE LUMC-Immunology synthetic peptide facility
PADRE AKFVAAWTLKAAA LUMC-Immunology synthetic peptide facility
HIV nef AWLEAQEEEEVGF LUMC-Immunology synthetic peptide facility




Table S3. Flow cytometry antibody list

Antibodies Fluorochrome Source Identifier
Fixable Viability Dye eF450 Thermo Fisher 65-0863-14
Fixable Viability Dye APC-eF780 Thermo Fisher 65-0865-14
CD3 (clone: 145-2C11) BV510 BioLegend 100353

CD3 (clone: 145-2C11) APC Thermo Fisher 17-0031-83
CD4 (clone: RM4-5) BV711 BioLegend 100550

CD4 (clone: GK1.5) AF700 Thermo Fisher 56-0041-82
CD4 (clone: RM4-5) PE-Cy7 Invitrogen 25-0042-82
CD8a (clone: 53-6.7) APC-eF780 BioLegend 100744

CD8a (clone: 53-6.7) APC-R700 BD Sciences 564983

CD8a (clone: 53-6.7) BUV805 BD Horizon 612898

CD25 (clone: PC61) BV711 BioLegend 102049

PD-1 (clone: 29F.1A12) BV605 BioLegend 125225

LAG3 (clone: C9B7W) PE-Cy7 Thermo Fisher 12-9942-81
CX3CR1 (clone: SA011F11) BV785 Thermo Fisher 35-5893-82
KLRG1 (clone: 2F1) FITC BioLegend 138409

IL-2 (clone: JES6-5H4) APC BD Biosciences 554429

CDA40L (clone: MR1) PE Thermo Fisher 12-1541-82
TNF (clone: MP6-XT22) FITC BioLegend 506304

IFNy (clone: XMG1.2) PE-Cy7 BD Biosciences 557649
H2-KP/SIINFEKL APC LUMC-Immunology tetramer facility
H2-K*/Rpl18 APC LUMC-Immunology tetramer facility
H2-D°/Adpgk PE LUMC-Immunology tetramer facility
H2-D/Irgq PE LUMC-Immunology tetramer facility

Table S4. Raw data of figures
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