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Pyroptosis is a recently discovered form of inflammatory programmed necrosis characterized by caspase-
1-mediated and gasdermin D-dependent cell death leading to the release of pro-inflammatory cytokines
such as Interleukin-1 beta (IL-1B). Here, we evaluated whether pyroptosis could be exploited in DNA vac-
cination by incorporating a constitutively active variant of caspase-1 to the antigen-expressing DNA. In
vitro, transfection with constitutively active caspase-1 DNA induced pro-IL-1p maturation and IL-1B
release as well as gasdermin D-dependent cell death. To test active caspase-1 as a genetic adjuvant for

gﬁ:gﬁi}nati on the induction of antigen-specific T cell responses, mice were vaccinated intradermally with a DNA vac-
Caspase-1 cine consisting of the active caspase-1 plasmid together with a plasmid encoding an ovalbumin-
Cancer immunotherapy derived CD8 T cell epitope. Active caspase-1 accelerated and amplified antigen-specific CD8 T cell
Pyroptosis responses when administered simultaneously with the DNA vaccine at an equimolar dose. Moreover,

upon challenge with melanoma cells expressing ovalbumin, mice vaccinated with the antigen vaccine

adjuvanted with active caspase-1 showed significantly better survival compared to the non-adjuvanted

group. In conclusion, we have developed a novel genetic adjuvant that for the first time employs the

pyroptosis pathway to improve DNA vaccination against cancer.

© 2022 The Authors. Published by Elsevier Ltd. This is an open access article under the CCBY license (http://
creativecommons.org/licenses/by/4.0/).

1. Introduction In order to improve the immunogenicity of DNA vaccines in

humans, defined adjuvants can be used to provide additional

Effective cancer vaccines require the induction of potent
cancer-specific T cell immune responses. DNA vaccines represent
a flexible platform allowing the inclusion of several well-defined
tumor epitopes in a string-of-beads fashion. In mice, such DNA
cancer vaccines generated tumor-specific immune responses able
to eradicate the corresponding tumors [1-4]. Following these suc-
cessful preclinical studies [5], several clinical trials established the
safety and tolerability of plasmid DNA vaccines, as well as their
ability to elicit T cell responses [6,7]. However, these T cell
responses were often short-lived and very few studies demon-
strated an improved clinical outcome [8,9].
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immune stimulation. Genetic adjuvants are DNA-encoded immune
stimulatory proteins that can be delivered as an additional gene
contained within the antigen-expressing DNA plasmid or as a sep-
arate plasmid mixed with the DNA vaccine. A detailed molecular
understanding of the mechanisms underpinning effective antitu-
moral immune responses has inspired the development of several
genetic adjuvants. These include immunomodulatory cytokines,
chemokines, co-stimulatory [10] and adhesion molecules [11],
aimed at inducing recruitment and maturation of dendritic cells
or at improving T cell co-stimulation [12,13]. Indeed, DNA plas-
mids coding for different cytokines and chemokines such as GM-
CSF, IL-12, IL-2, CCL5, CCL21 administered as an adjuvant improved
immunogenicity and provided better tumor protection [14-18].
Thus, the inclusion of genetic adjuvants can shape the magnitude
and the quality of vaccine-induced innate and adaptive immune
responses.

This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Recently, the molecular and cellular mechanisms by which the
widely used adjuvant alum amplifies immune responses were
uncovered [19,20]. Alum consists of aluminum salt crystals that
induce endogenous danger signals responsible for inflammasome
activation and the release of IL-1f and IL-18 cytokines [19,20]. In
addition, they cause inflammatory tissue damage and necrosis of
the muscle fibers at the immunization site, triggering the release
of danger-associated molecular patterns (DAMPs) [21]. A key can-
didate pathway for the release of these cytokines and DAMPs is
pyroptosis, a recently identified inflammatory form of pro-
grammed necrotic cell death [22,23]. The pyroptosis pathway has
not yet been employed to design genetic adjuvants.

Microbial and non-infectious stimuli trigger pyroptosis by the
activation of either the canonical or the non-canonical inflamma-
some pathway. It differs from other forms of cell death by the
cleavage of gasdermin D by caspase-1 (canonical inflammasome
pathway) or caspase-11 (non-canonical inflammasome pathway).
In the canonical pathway, when pathogen-associated molecular
patterns (PAMPs) and DAMPs activate their corresponding inflam-
masome sensors, the different signaling pathways converge on the
recruitment of the central player pro-caspase-1. Through its non-
catalytic Caspase Activation and Recruitment Domain (CARD)
domain, pro-caspase-1 interacts with the upstream adaptors of
the inflammasome pathway to form a supramolecular complex.
By proteolytic autocleavage, pro-caspase-1 is activated releasing
the CARD domain and active caspase-1 is released from the inflam-
masome assembly [24]. This autocleavage results in the unmasking
of the active site cysteine in the activated caspase-1 catalytic
domain which is composed of the 2 subunits p10 and p20
[20,25]. Activated caspase-1 then catalyzes the maturation of
cytosolic cytokine precursors that do not possess secretion signals
such as IL-1B, IL-18 and IL-33 [26,27] as well as the maturation of
gasdermin D [28]. When caspase-1 has cleaved gasdermin D, its N-
terminal domains are recruited to the cytoplasmic membrane to
form pores through which cytokines as well as caspase-1
supramolecular complexes [29] can be released. Eventually the cell
membrane is ruptured, causing pyroptotic cell death [28,30,31]. In
this study, we describe the construction of a constitutively active
caspase-1 DNA and investigate its efficiency as a genetic adjuvant
to improve DNA vaccination against cancer.

2. Results
2.1. Design of constitutively active caspase-1 DNA

Given its central role in the pyroptosis pathway [32], we
decided to design a constitutively active form of caspase-1 as a
putative adjuvant. This design was inspired by previous studies,
in which constitutively active caspase-3, caspase-6 and caspase-
14 were generated by switching the order of their large (p20)
and small (p10) subunits [33,34]. In addition to switching these
domains, the caspase-1 sensitive cleavage site from IL-1B was
added between p10 and p20 domains to facilitate their autocat-
alytic separation (Fig. 1a, supplementary Table 1). Furthermore,
as active caspase-1 (Casp1_active) should be active independently
of upstream inflammasome activation, the CARD domain linking it
to the key adaptor protein Asc (Apoptosis-associated speck-like
protein containing a CARD) was removed. In order to study the
requirement for the catalytic site in the caspase-1 p20 domain in
the active caspase-1, we designed a second construct (Casp1_inac-
tive) with a single Cysteine (C) to Glycine (G) mutation in the p20
catalytic domain (C305 in Casp1 active, corresponding to C284 in
wild-type caspase-1) (Fig. 1a; supplementary Table 1). Finally, a
construct encoding wild-type caspase-1 (Casp1_WT), which does
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require the activation of the upstream inflammasome pathway to
become functional, was included.

To characterize the products of the different DNA constructs,
293 cells were transfected with the caspase-1 plasmids. Trans-
fected cells were either left untreated or were treated with Z-
VAD-FMK (a cell permeable potent pan-caspase inhibitor binding
irreversibly to the active site) in order to retain caspase-1 intracel-
lularly in its intact form by inhibiting its activation and its release.
An antibody against the p20 subunit detected WT caspase-1 as
well as inactive caspase-1 in cell lysates at their expected molecu-
lar weights independently of the Z-VAD-FMK treatment. In con-
trast, active caspase-1 was detectable only after treating cells
with Z-VAD-FMK (supplementary Fig. 1a). These data suggested
that, like inflammasome-activated caspase-1, active caspase-1
undergoes autoproteolysis and is subsequently released from cells
in an active-site-dependent manner.

2.2. Active caspase-1 mediates pro-IL-18 processing and IL-1§ release
via its enzymatically active site

Caspase-1 cleavage activity is required for the maturation of the
precursors of the pyrogenic cytokine pro-IL-1B into mature IL-18
[35]. We therefore tested whether active caspase-1 is able to pro-
cess pro-IL-1B and release the IL-18 cytokine from the cells. To this
end, B16-F10 cells were co-transfected with either a control plas-
mid (-) or a pro-IL-1B plasmid (pro-IL-13 DNA) mixed together with
the different variants of caspase-1 plasmids (supplementary
Table 1), and IL-1pB release was quantified by ELISA. When co-
transfected with pro-IL-1B plasmid, only active caspase-1, but
not WT caspase-1 or inactive caspase-1, induced IL-1B release from
B16-F10 cells (Fig. 1b). As co-transfection of pro-IL-1f with the N-
terminal domain of GSDMD (Gsdmd_N-ter), which induces mem-
brane pores to allow cytokine release, did not result in detectable
IL-1pB release (Fig. 1b), it is unlikely that unprocessed pro-IL-18
was responsible for this signal. When co-transfected with mature,
caspase-1 independent IL-1B (mature IL-15 DNA) instead of pro-IL-
1B, B16-F10 cells released IL-1B cytokine irrespective of the differ-
ent caspase-1 variants (supplementary Fig. 1b). These data show
that active caspase-1 can induce pro-IL-1p processing and IL-1B
release, and that this is dependent on its enzymatically active site
in the p20 subunit.

2.3. Active caspase-1 induces gasdermin D-dependent cell death, but
does not prevent antigen expression

In addition to processing pro-IL-18 into its active form, active
caspase-1 can also cleave gasdermin D to release its N-terminal
domain, which subsequently forms pores in the cell membrane
by oligomerization to induce pyroptotic death [28,36]. To evaluate
the capacity of the active caspase-1 to promote pyroptotic cell
death, 293 cells were co-transfected with either a control plasmid
(-) or wild-type gasdermin D (Gsdmd_WT DNA), together with the
different variants of caspase-1 plasmids or the N-terminus of gas-
dermin D (Gsdmd_N-ter). Lactate dehydrogenase (LDH) release in
the culture medium was determined as a measure of cell death.
When co-transfected with WT Gsdmd, active, but not WT or inac-
tive caspase-1, induced LDH release (Fig. 1c). LDH leakage was not
observed when Gsdmd_WT was replaced with a control plasmid,
demonstrating that active caspase-1 induces gasdermin D-
dependent and therefore pyroptotic cell death.

As pyroptotic cell death might limit antigen expression in a vac-
cination setting, we next assessed whether cells undergoing active
caspase-1-induced pyroptotic cell death express model antigen
GFP. Two days after transfection with the caspase-1 constructs, cell
death (7-AAD) and antigen expression (GFP) were analyzed by flow
cytometry. In contrast with WT caspase-1, active caspase-1
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Fig. 1. Active caspase-1 induces pro-IL-1p processing, IL-1§ secretion and cell death in vitro. a Schematic representation of the different caspase-1 constructs. The
expected molecular weights of the resulting proteins are indicated on the right of each construct. b Quantification of IL-1 in the supernatant of transfected cells by ELISA.
B16-F10 cells were co-transfected with either a control plasmid (-) or a pro-IL-18 plasmid (pro-IL-18 DNA) mixed with the different caspase-1 DNA constructs. Two days after
transfection, supernatants were harvested for IL-1B quantification. Data are mean + SEM from 5 independent experiments. ¢ Quantification of LDH release in the supernatant
of transfected cells using LDH assay. 293 cells were co-transfected with either a control plasmid (-) or a wild-type gasdermin D plasmid (Gsdmd_WT DNA) together with the
different caspase-1 DNA constructs. Two days after transfection, supernatants were harvested for LDH release quantification. Data are normalized to control plasmid and
Gsdmd_N-ter DNA transfected conditions. Data are mean + SEM from 3 independent experiments. d Percentage of the different live/dead cell populations set at 0 and 100,
respectively, expressing or not GFP as a model antigen after co-transfection with the different caspase-1 DNA constructs. B16-F10 cells were transfected with the indicated
DNA constructs mixed with GFP encoding plasmid. Two days after transfection, cells were harvested and stained with 7-AAD. The PBS-treated group served as a negative
control for transfection, and the GFP group as a baseline for cell death, while the GFP:Gsdmd_N-ter served as positive control for cell death. In b and c, statistical difference
was determined using two-way ANOVA followed by Sidak’s multiple comparisons test; **** p < 0.0001. When statistical significance is not indicated, significance levels
were > 0.05.

induced significant cell death, while the N-terminal domain of gas- whether active caspase-1 DNA can improve antigen-specific T cell
dermin D killed nearly all B16-F10 cells (Fig. 1d). However, in con- responses, we injected mice intradermally with antigen-expressing
trast with latter, the large majority of cells killed by active caspase- DNA supplemented with different doses of active caspase-1 DNA

1 were positive for GFP (Fig. 1d), indicating that pyroptotic cell (Fig. 2a). The antigen-expressing DNA included two model anti-
death induced by active caspase-1 does not prevent antigen gens derived from ovalbumin, the H2-KP-restricted CD8* T cell epi-

expression. tope SIINFEKL and the I-AP-restricted CD4* T cell epitope
ISQAVHAAHAEINEA, as well as three tumor-specific neoantigens

2.4. Active caspase-1 increases functional antigen-specific T cell (Dpagt1, Reps1, Adpgk) derived from the C57BL/6 MC38 colon car-
responses in a dose-dependent manner cinoma cell line [38]. Tracking SIINFEKL-specific CD8 T cell
responses in blood using tetramers (Fig. 2b) indicated that at a

As the constitutively active caspase-1 DNA mimicked inflam- 1:1 antigen:adjuvant (10 pg each) ratio, active caspase-1 improved
masome activation by inducing IL-1p secretion and pyroptotic cell this T cell response both after prime (d0) and boost (d38) vaccina-
death in vitro, we studied in vivo its potential as a genetic adjuvant tions. Shortly after the first vaccination (d6), this difference was

for our previously developed DNA vaccine [37]. To determine statistically significant (Fig. 2¢). In contrast, five-fold lower (2 pg)
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Fig. 2. Active caspase-1 improves functional T cell responses in a dose-dependent manner. a Schematic overview of the vaccination experiment. C57BL/6 mice were
primed (day 0) and then boosted (day 28) intradermally (i.d.) at the tail base with either a control plasmid (-), antigen-DNA alone (Ag) or antigen-DNA adjuvanted with 2 pg,
10 pg or 50 pg of active caspase-1 (Ag + Casp1). On different days, SIINFEKL-specific CD8 T cells were monitored in blood by flow cytometry. On day 83, mice were injected
with CFSE-labelled SIINFEKL-loaded target cells and specific killing was analyzed 2 days later. b Kinetics of SIINFEKL-specific T cells monitored in blood over time. Data are
reported as average percentage of total CD8" T cells (n = 5 mice/group). ¢ Percentage of SIINFEKL-specific CD8" T cells in blood 6 days after vaccination. d Representative flow
cytometry histograms of detected CFSE-labelled target cells loaded either with an irrelevant peptide (CFSE high) or with SIINFEKL peptide (CFSE low) detected in the spleens
of the vaccinated mice. e Specific killing of peptide-loaded target cells (n = 5 mice/group). In panels b and ¢, error bars indicate mean * SEM. In figure c, statistical significance
was determined using the Kruskal-Wallis test followed by Dunn’s multiple comparison test (compared to Ag group); *p < 0.05.

or higher (50 pg) amounts of active caspase-1 adjuvant only mar- 2c¢). In conclusion, these data indicate that active caspase-1 ampli-
ginally increased or decreased, respectively, the SIINFEKL-specific fies antigen DNA-induced T cell responses, and that the optimal
T cell response compared to the non-adjuvanted vaccine (Fig. 2b, antigen:adjuvant DNA ratio is approximately 1:1.
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To assess the functionality of the vaccine-induced CD8 T cells,
mice were injected intravenously with CFSE-labeled target cells
loaded either with SIINFEKL (CFSE low) or an irrelevant (CFSE high)
epitopes (Fig. 2a). Compared to mock-vaccinated mice, mice
receiving antigen coding DNA specifically eliminated SIINFEKL-
loaded but not control cells (Fig. 2d, 2e). In line with the tetramer
data (Fig. 2b, 2c¢), the in vivo killing of SIINFEKL-loaded target cells
appeared most pronounced at a 1:1 antigen:adjuvant ratio (10 pg
adjuvant), while five-fold lower (2 pg) or higher (50 ug) amounts
of caspase-1 adjuvant slightly increased or decreased, respectively,
the antigen-specific killing compared to the non-adjuvanted vac-
cine (Fig. 2e). Altogether these data show that DNA vaccine elicits
functional cytolytic CD8 T cells, and indicate that at an optimal
antigen:adjuvant DNA ratio, active caspase-1 improves this
response.

2.5. Vaccination with active caspase-1 DNA reduces expression of
model antigen luciferase in a dose-dependent manner

Since at its highest dose, active caspase-1 appeared to reduce
rather than increase vaccine-induced T cell responses (Fig. 2),
and since active caspase-1 can induce pyroptosis (Fig. 1d), we
speculated that death of antigen-expressing cells might limit adju-
vant efficacy at a supra-optimal dose. To explore this issue, we
tested the 3 different doses (2 pg, 10 pg and 50 pg) of active
caspase-1 (Casp1) DNA mixed with a fixed amount (10 pg) of
DNA encoding luciferase gene (Luc-Ag), which was used as a trace-
able model antigen (supplementary Table 2). Upon intradermal
injection of this mixture, live bioluminescence imaging of the mice
allowed the tracing of luciferase protein expression at the vaccina-
tion site and loss of luminescent signal as an indirect measure of
cell death. Six days after vaccination, we detected marginally lower
luciferase expression levels in the groups adjuvanted with 2 pg and
10 pg active caspase-1 compared to the non-adjuvanted mice
(Fig. 3a-b). However, vaccinating with 50 pg of active caspase-1
resulted in significantly lower luciferase expression levels com-
pared to Luc-Ag alone (Fig. 3a-b). As time progressed, also the
lower adjuvant doses reduced luciferase expression levels com-
pared to the non-adjuvanted group (Fig. 3c). These data demon-
strate that active caspase-1 is indeed able to reduce expression
of a model antigen in vivo, most likely by inducing death and anti-
gen release of antigen-expressing cells. Based on these results
(Figs. 2-3), a 1:1 antigen:adjuvant plasmid ratio (10 pg of each
plasmid DNA) was chosen for subsequent experiments.

2.6. Active caspase-1 improves T cell responses optimally when
administered simultaneously with DNA vaccine

As active caspase-1 reduced antigen expression, particularly at
a high dose (Fig. 3), we hypothesized that delaying the administra-
tion of the caspase-1 DNA might improve the efficacy of this adju-
vant, as cells would only die after building up sufficient antigen. To
determine the optimal timing of active caspase-1 DNA administra-
tion, mice were primed with the antigen-coding DNA (day 0) while
the active caspase-1 DNA was administered at the same site either
one day prior to vaccination (day —1), on the same day (day 0), or
one (day + 1) or three (day + 3) days after vaccination (Fig. 4a). All
mice were then boosted with the antigen DNA only (day 38). At
several days post-vaccination, SIINFEKL-specific CD8 T cell fre-
quencies in blood were determined by flow cytometry (Fig. 4a,
4b). On day 13, active caspase-1 administered together with the
antigen DNA greatly increased the frequency of SIINFEKL-specific
T cells, while caspase-1 injected before (day —1) or after
(day + 1, +3) the antigen DNA had no effect (Fig. 4c). Also at the
other time points measured, delayed administration of caspase-1
did not improve T cell responses compared to simultaneous
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administration (Fig. 4d). Based on these results, we concluded that
the active caspase-1 DNA is best administered simultaneously with
the antigen-coding DNA.

2.7. Active caspase-1 accelerates and amplifies DNA vaccine-induced T
cell responses

Using the optimized dosing and timing of active caspase-1 DNA
administration, we performed several immunization experiments
in which we tracked SIINFEKL-specific and Adpgk-specific CD8 T
cells levels in blood for several days post-vaccination (Fig. 5a).
On day 0, mice were vaccinated with either a control plasmid,
10 pg antigen DNA vaccine alone (Ag) or adjuvanted with 10 pg
active caspase-1 DNA (Ag + Casp1). From day 6 to day 27 post-
vaccination, antigen DNA vaccinated groups, either adjuvanted
with active caspase-1 or not, showed SIINFEKL-specific T cell
responses (Fig. 5b). Moreover, from day 6 to day 13 post-
vaccination, active caspase-1 significantly (up to 8-fold) improved
these antigen-specific T cell responses compared to the non-
adjuvanted group (Fig. 5b, 5c¢). Vaccine-induced Adpgk-specific
CD8 T cells levels in blood were much lower compared to
SIINFEKL-specific T cells. Despite this, we did detect a positive
effect of active caspase-1 on vaccine-induced Adpgk-specific CD8
T cell responses (supplementary Fig. 2). Importantly, the kinetics
of this effect corresponded to those observed with the CD8 T cell
epitope SIINFEKL (supplementary Fig. 2). Based on these results,
we concluded that constitutively active caspase-1 amplifies the
antigen-specific T cell response compared to non-adjuvanted
group as early as 6 days post-vaccination.

2.8. Active caspase-1 improves CD8 T cell responses and increases
survival of mice upon challenge with tumor cells

As addition of the active caspase-1 adjuvant to the antigen-
coding DNA vaccine significantly increased the frequency of
antigen-specific T cells, we analyzed the potential of active
caspase-1 as a genetic adjuvant in a tumor control study. To this
end, mice were vaccinated with antigen DNA mixed either with
active caspase-1 or a control plasmid. At several time points
post-vaccination, SIINFEKL-specific T CD8 T cells were quantified
in blood by flow cytometry, and on day 28 post-vaccination, mice
were challenged with B16-OVA tumor cells and tumor outgrowth
was monitored (Fig. 6a). At all time points measured, including
two weeks after tumor challenge, the active caspase-1 adjuvanted
group (Ag + Caspl) showed a significantly higher percentage of
SIINFEKL-specific T cells compared to the non-adjuvanted group
(Ag) (Fig. 6b). In mock-vaccinated mice, B16-OVA tumors grew
out within three weeks after injection (Fig. 6¢, left panel;
Fig. 6d). Although the antigen-coding DNA vaccine significantly
delayed tumor growth (Fig. 6¢, middle panel; Fig. 6d), only 19%
of the mice (3 of 16 mice) remained tumor-free (Fig. 6¢, middle
panel; 6e). In contrast, 56% of active caspase-1 adjuvanted mice
(9 of 16 mice) remained tumor-free (Fig. 6¢, right panel; Fig. 6d)
and 3 additional mice had an increased survival time (Fig. 6d).
Thus, the constitutively active form of caspase-1, used as adjuvant
in a DNA vaccine, significantly improved both T cell immunity and
tumor control.

3. Discussion

In this study, we exploited pyroptotic cell death as a novel strat-
egy to enhance T cell response induction by DNA vaccination
against cancer antigens. Therefore, we designed a constitutively
active caspase-1, the central player of the pyroptosis pathway, by
switching the order of their p20 and p10 subunits. In vitro cell
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Fig. 3. Active caspase-1 limits antigen expression in vivo in a dose-dependent manner. a Mice were vaccinated with 10 ug of DNA including luciferase gene (Luc-Ag) alone
or in combination with 2 pg, 10 ug or 50 ug of active caspase-1 DNA. The expression of the luciferase at the tail base was monitored over 16 days. Representative
bioluminescence intensity (BLI) images 6 days after intradermal DNA vaccination at the tail base are shown. b Quantification of the luciferase signal at the tail base 6 days
after vaccination. ¢ Kinetics of BLI resulting from luciferase expression (gated on the injected site) of the DNA vaccination without or with different doses of active caspase-1.
Data are the average + SEM of 4 mice per group. The negative group was injected with 20 ug control plasmid. In figure b, statistical significance was determined using Kruskal-
Wallis test followed by Dunn’s multiple comparison test (compared to Luc-Ag group);*p < 0.05.

transfection studies with active caspase-1 showed the induction of
the maturation and release of IL-1B, as well as gasdermin D-
dependent cell death without preventing antigen expression. In
vivo studies showed that mixing constitutively active caspase-1
with the antigen DNA vaccine accelerated and amplified the induc-
tion of antigen-specific CD8 T cells in a dose-dependent manner.
Increasing amounts of active caspase-1 DNA reduced expression

of a co-injected reporter luciferase construct, suggesting that
caspase-1 indeed induces cell death at the site of vaccination. After
being challenged with tumor cells, mice which were vaccinated
with active caspase-1 adjuvanted antigen DNA showed significant
delay in tumor growth and increased survival.

While wild-type caspase-1 requires upstream inflammasome
signaling in order to be processed and activated, this novel adju-
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Fig. 4. Active caspase-1 improves T cell responses when administered simultaneously with DNA vaccine. a Schematic overview of the vaccination experiment including
the vaccine administration and tetramer staining schedule in C57BL/6 mice. Mice were primed intradermally with either a control plasmid (-) or with the antigen-DNA on day
0. They received 10 pg active Casp1 either together with the antigen-DNA (Ag + Casp1 day 0), one day prior to priming (Ag + Casp1 day —1), one day later than priming
(Ag + Casp1 day + 1) or three days later than priming (DNA + Casp1 day + 3). Mice were boosted intradermally at the tail base with the antigen-DNA alone (day 38). On
different days, SIINFEKL-specific CD8" T cells were monitored in blood by flow cytometry. b Representative dot plots of SIINFEKL-specific CD8" T cells on day 13. ¢ Percentage
of SIINFEKL-specific T cells in blood 6 and 13 days after vaccination. d Kinetics of SIINFEKL-specific T cells monitored in blood over time and measured by SIINFEKL-H2-K"
tetramer staining. Data are reported as average percentage of total CD8" T cells (n = 8 mice/group). Error bars indicate mean + SEM. In panel ¢, statistical significance was
determined using the Kruskal-Wallis test followed by Dunn’s multiple comparison tests (compared to Ag group); *p < 0.05.

vant is constitutively active and able to induce IL-1p/gasdermin D
processing independently of upstream events. By uncoupling
caspase-1 from upstream signaling, it has become a reliable mimic
of inflammasome activation, unaffected by biological variation
between cells or individuals. Using a constitutively active version
of an inflammatory mediator as a genetic vaccine adjuvant is not
without precedent: this principle has been applied previously to
activate the RIG-I/MDA-5 [39] and cGAS/STING pathways [40,41].
We therefore tested active caspase-1, but not its wild-type coun-
terpart, as a potential genetic adjuvant.
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Since a high dose of active caspase-1 DNA did not increase the
frequency of antigen-specific T cells nor enhanced killing capaci-
ties, the timing of cell death and the level of antigen expression
may be closely linked. We hypothesize that there is a minimum
threshold for sufficient expression of the antigens encoded by the
antigen expressing DNA to be reached before the induction of
pyroptotic cell death can increase immunogenicity. This hypothe-
sis is supported by several studies in which cell death-inducing
molecules were tested in DNA vaccination and the importance of
timing and the strength of the promoter of the adjuvant plasmid
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Fig. 5. Active caspase-1 accelerates and amplifies T cell responses induced by
DNA vaccination. a Schematic overview of the vaccination experiment including
the vaccine administration and tetramer staining schedule in C57BL/6 mice. C57BL/
6 Mice were primed intradermally with either a control plasmid (-), 10 ug of antigen
DNA alone (Ag) or adjuvanted with 10 pg of active caspase-1 (Ag + Casp1). On
different days, SIINFEKL-specific CD8* T cells were monitored in blood by flow
cytometry. b Kinetics of SIINFEKL-specific T cells monitored in blood over time.
Data represent 9 independent experiments with 3-10 mice per group, including the
experiments shown in Figs. 2, 4 and 6, and each individual data point is the average
of at least 3 experiments. Error bars indicate mean + SEM. ¢ SIINFEKL-specific T cells
in blood normalized to antigen-vaccinated group and reported as fold change (FC)
on days 6/7 (n = 42-49), days 9/10 (n = 55-64), day 13 (n = 47-56), days 16/17
(n = 28-33), days 20, 21, 22 (n = 26-33) and day 27 (n = 22-25). In b and c,
statistical significance was determined using two-way ANOVA followed by Sidak’s
multiple comparison test. *p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001; ns:
not significant.

to induce functional T cell responses were reported [42,43]. Induc-
ing necrosis in vaccine-transfected cells with a DNA encoding a
viral antigen and the cytolytic protein perforin enhanced CD8 T cell
responses to the antigen and reduced the viral load following chal-
lenge with the virus [42]. Also in this case, the immune enhance-
ment was dependent on the timing of cell death after antigen
expression [42]. In order to give some time for the antigen to be
expressed, the active caspase-1 construct was delivered one or
three days after DNA vaccination. However, this delayed timing
strategy did not improve the frequency of antigen-specific T cells
(Fig. 4a-d). This may be explained by inaccurate targeting of the
active caspase-1 DNA to the antigen DNA transfected cells. Alterna-
tively, the levels of in vivo transfection may not be sufficient after a
first DNA vaccination. Therefore, for future studies, it would be
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interesting to design a bicistronic construct encoding the antigen
and the active-capase-1 genes under different promoters or to
use an inducible caspase-1 DNA system to test this hypothesis.

To determine which cells are being targeted in vivo by a DNA
vaccine upon intradermal injection, further studies are required.
Luciferase expression was detected only at the tail base, at the site
of vaccination. Mechanistically, it is important to understand
which cells are targeted by the DNA vaccine (skin cells, APCs),
how antigens are released from the transfected cells and whether
they are actively taken up by local APCs or they passively drain
to the lymph nodes [44]. Even though active capase-1 DNA was
able to enhance T cell immune responses, its expression in the skin
resident APCs is not desirable in order to avoid their death. In sup-
port of this notion, it has been shown that delivery of DNA encod-
ing anti-apoptotic factors to the dendritic cells enhances antigen-
specific immune responses by prolonging their life span [45].
Therefore it is likely that the pyroptotic mode of action of active
caspase-1 in our model is occurring in dermal skin cells rather than
in dendritic cells. Reportedly, intradermal injection of free DNA
induces transfection and protein expression mainly in ker-
atinocytes [46]. This suggests that antigen cross-presentation
may be occurring after intradermal vaccination. However direct
antigen presentation by APCs cannot be ruled out.

In addition to antigen release after pyroptotic cell death, several
inflammatory cytokines are secreted as a result of gasdermin D
pore formation and inflammatory cell death. It is likely that the
potent inflammatory cytokines IL-18 and IL-18 also play a role in
enhancing DNA vaccine-induced immunity. In vitro, active
caspase-1 DNA was able to induce IL-1B processing and secretion
(Fig. 1c). Several studies investigated different chemokines and
cytokines and their immunostimulatory effects in DNA vaccination
against pathogens [47-49]. Interestingly, administration of IL-1p or
IL-18 either as DNA or peptide is shown to stimulate antigen-
specific T cell responses [50-53]. In addition to IL-1B and IL-18,
several low-molecular weight proinflammatory mediators such
as HMGBI1 and IL-1a, soluble molecules like ATP are secreted in
the extracellular matrix and contribute to the activation of innate
and adaptive immune responses [54]. The involvement of these
inflammatory factors in the amplification of T cell responses by
the active caspase-1 adjuvant has yet to be determined.

Given the inflammatory nature of pyroptotic cell death, it is sur-
prising that no significant side effects (inflammation or tissue dam-
age) were observed at the vaccination site after intradermal
injection, presumably because cell death was limited to the tail
base area to DNA-vaccine transfected cells which can only tran-
scribe and translate the DNA vaccine into functional protein prod-
ucts. Active caspase-1 DNA therefore appears to possess
advantages regarding safety in comparison to the classical Alum
adjuvant that also activates inflammasome pathway but causes
local side effects [20,55].

In summary, our data demonstrate that constitutively active
caspase-1, representative of a new class of genetic adjuvants, pos-
itively impacts DNA vaccination. Antigen expressing DNA adju-
vanted with constitutively active caspase-1 resulted in increased
induction of antigen-specific CD8 T cells and improved survival
after a tumor challenge in a pre-clinical mouse model. Given the
effectiveness of this approach, it will be worthwhile to evaluate
whether this strategy can be translated to the clinic.

4. Materials and methods
4.1. Cell lines

The murine B16-F10 melanoma cell line was maintained in
Iscove’s Modified Dulbecco’s Medium (Lonza, Walkersville, MD,
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USA) supplemented with 8% fetal calf serum (Sigma-Aldrich),
2 mM L-glutamine, 50 IU/ml penicillin, 50 pg/ml streptomycin
(all from Gibco, Life Technologies) and 30 uM B-mercaptoethanol
(Merck Millipore) in a humidified CO, incubator (37 °C, 5% CO,).
The B16-OVA cell line was maintained in B16-F10 culture medium
supplemented with non-essential amino acids, sodium pyruvate
(both from Gibco, Life Technologies) and 60 ug/ml Hygromycin B
(AG Scientific Inc). 400 pg/ml Geneticin (Gibco, Life Technologies)
was added to maintain stable ovalbumin expression. The 293 cell
line was also cultured under the same conditions as B16-F10. For
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mRNA isolation and cDNA synthesis, the spleen-derived D1 den-
dritic cell line was used and cultured as previously described [56].

4.2. Mice

C57BL/6] mice (male and female, 6-8 weeks old) were pur-
chased either from Charles River Laboratories (L'Arbresle, France)
or from Janvier Labs (Le Genest Saint Isle, France). B6 Albino mice
(strain B6/Rj-Tyr/) were purchased from Janvier Labs (Le Genest
Saint Isle, France). Mice were housed in individually ventilated
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cages with enrichment under specific pathogen-free conditions at
the LUMC animal facility. All mice experiments were conducted
in accordance with Dutch Animal Ethical Committee guidelines.
All in vivo protocols were approved by the Animal Welfare Body
of LUMC.

4.3. Plasmid DNA constructs

The DNA constructs coding for mediators of pyroptosis (supple-
mentary Table 1) as well as coding for the antigens (supplemen-
tary Table 2) were generated by Gibson assembly. DNA sequences
of interest were amplified from D1 cells cDNA and cloned into vec-
tor pD2610-v10 (ATUM, Newark, CA, USA) using a Gibson Assem-
bly Cloning Kit (New England Biolabs, Ipswich, MA, USA). For
vaccination experiments, a polyepitope DNA vaccine coding for
five 35-mer antigens separated by a three-alanine (AAA) spacer
was used (supplementary Table 2). This DNA encoded, from the
N- to the C-terminus: three tumor-specific antigens (Dpagt1, Rep-
s1, Adpgk) derived from the C57BL/6 M(C38 colon carcinoma cell
line [38], as well as a CD4 and a CD8 T cell epitope derived from
chicken ovalbumin (ISQAVHAAHAEINEA, SIINFEKL). All plasmids
were grown using E. coli cultures and were purified using a
Macherey-Nagel (Dueren, Germany) Endotoxin-Free plasmid
purification kit. For vaccination experiments, plasmids underwent
an additional purification step on a Macherey-Nagel Nucleobond
filter, followed by centrifugation (30 min, 10,000 g, 4 °C) to remove
any remaining debris.

4.4. Western blot

293 cells were seeded in 6-well plates, at a density of 600,000
cells in 2 ml of culture medium. The following day, cells were
transfected with the DNA constructs complexed with SAINT-DNA
(Synvolux products, Leiden, the Netherlands). One day later, wells
were either treated with 800 uM Z-VAD-FMK (APEXBIO) or left
untreated. Two days after transfection, cells were washed with
ice-cold PBS and harvested. After 5 min centrifugation at
1,500 rpm, the supernatant was discarded and the cells were lysed
in RIPA buffer supplemented with a protease inhibitor (Sigma
Aldrich, location) and a Benzonase Nuclease (Sigma Aldrich, loca-
tion) for 30 min under constant agitation at 4 °C. The protein
lysates were cleared from the debris by centrifugation at
16,000xg for 20 min at 4 °C. The protein concentrations of the
lysates were measured using a BCA Protein assay (Thermo Scien-
tific, location). Equal amounts of total proteins were separated by
SDS-PAGE gel and transferred to nitrocellulose membrane. The
membranes were blocked in PBS-T with 3% BSA and 0.5% v/v
Tween20 overnight at 4 °C followed by 30 min at room tempera-
ture (RT) and then incubated for 1 h with the primary antibody
o-p20 (biotin) at RT. After another hour incubation with
streptavidin-HRP (Genetex), location and StrepTactin-HRP conju-
gate (Bio-Rad, location), the signals were detected using enhanced
chemiluminescence (Bio-Rad) and the image was captured using
ChemiDoc XRS + System (Bio-Rad). The membrane was then
stripped using a mild stripping buffer, blocked again and incubated
with the primary antibody a-alpha tubulin (Genetex) for 1 h at RT.
After another hour incubation with the secondary antibody HRP
Goat anti-rat IgG (BioLegend) and StrepTactin-HRP conjugate, the
signals were detected using enhanced chemiluminescence ECL
and the image was captured using Chemidoc XRS + System.

4.5. In vitro transfections
B16-F10 or 293 cells were plated at 2,000 cells/well or 20,000

cells/well, respectively, in a 96-well flat bottom plate in 100 pl cul-
ture medium. One day later, cells were transfected by the addition
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of DNA complexed with SAINT-DNA (Synvolux products, Leiden,
the Netherlands). Two days after transfection, release of IL-18
and/or cell death were analyzed by ELISA, LDH release assay or
flow cytometry.

4.6. IL-1p ELISA

B16-F10 cells were transfected with 0.5 ng of the indicated dif-
ferent variants of caspase-1 plasmids and 10 ng pro-IL-1B plas-
mids, supplemented with empty vector plasmid to 20 ng total
plasmid. Two days after transfection, plates were centrifuged,
supernatants were harvested and analyzed by ELISA for IL-1B
release using protocols provided by the supplier (BioLegend, San
Diego, CA). Briefly, 96-well plates were coated with capture anti-
body overnight. After washing away unbound antibody, 50-
5,000-fold diluted supernatant was added and incubated for 2 h
at RT while shaking. After washing steps, biotinylated detection
antibody was added and incubated for 1 h at RT, followed by
another wash steps and a 30 min incubation with streptavidin-
HRP. After washing away streptavidin-HRP, TMB substrate solution
was added. Absorbance at 450 nm and 570 nm was read on a Tecan
Infinite F50 (Tecan Group Ltd, Mdnnedorf, Switzerland).). IL-1B
concentrations in test samples were determined by interpolation
of titrated calibration curves of recombinant mouse IL-18 (BioLe-
gend, San Diego, CA).

4.7. LDH release assay

293 cells were transfected with 10 ng of the indicated different
variants of caspase-1 plasmids mixed with 10 ng wild-type gasder-
min D DNA (Gsdmd_WT DNA). Two days after transfection, super-
natants were harvested after centrifugation. A colorimetric assay to
quantitatively measure lactate dehydrogenase (LDH) released into
the culture media (LDH assay kit Promega) was used to quantify
cell death.

4.8. Cell death analysis by flow cytometry (7-AAD staining)

B16-F10 cells were transfected with 25 ng GFP-plasmid mixed
with 25 ng of the indicated caspase-1 or Gsdmd plasmids, or with
a control DNA plasmid encoding an irrelevant 40-mer peptide
(Reps1). Two days after transfection, supernatants (including
detached cells) were collected, wells were washed with PBS and
the remaining adherent cells were treated with trypsin-EDTA. Col-
lected supernatants were then transferred into the corresponding
trypsinized wells and transferred to a 96-well V-bottom plate, after
which the plate was centrifuged and washed with FACS buffer
(PBS, 1% BSA, 0,02% azide). Cells were stained for 15 min with 7-
aminoactinomycin D (7-AAD) (BioLegend, San Diego, CA, USA),
and immediately acquired on a Guava EasyCyte flow cytometer
(Merck MilliPore, Burlington, MA, USA).

4.9. Bioluminescence imaging

On day 0, B6 Albino mice were vaccinated intradermally at their
tail base either with a control plasmid, a plasmid encoding lucifer-
ase (Luc-Ag), or a luciferase plasmid in combination with different
doses of active caspase-1 plasmid (Luc-Ag + Casp1). For in vivo bio-
luminescence imaging, on days 1, 6, 9, 13 and 16, mice were
injected subcutaneously with 150 mg/kg D-luciferin (Synchem;
Cat. Nr. bc219) diluted in DPBS. After 12 min, mice were anaes-
thetized by isoflurane inhalation and the imaging was performed
using IVIS Spectrum small animal imager (PerkinElmer). The lumi-
nescent signal was measured using a 540 nm filter and an auto-
matic acquisition time and the photon flux was quantified at the
tail base of the mice using fixed-sized regions of interest through-
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out the entire experiment. The analysis was performed using Liv-
inglmage software (PerkinElmer).

4.10. Vaccination studies

Naive C57BL/6] mice were primed intradermally and then
boosted after 38 days at their tail base with 30 ul endotoxin-free
plasmid solutions (in 0.9% NaCl) as mentioned in each figure.
Within the same experiment, all mice received the same amount
of DNA vaccine combined either with a control plasmid or other
DNA constructs. Control mice received a control plasmid, unless
mentioned otherwise in the figures legends.

4.11. Flow cytometry

For monitoring antigen-specific T cells, blood was collected via
tail puncture in heparinized tubes. Erythrocytes were lysed using
erythrocyte lysis buffer (LUMC pharmacy); cells were washed with
PBS (LUMC pharmacy) supplemented with 0.1% bovine serum
albumin and 0.02% sodium azide (LUMC pharmacy) (PBS/BSA)
and stained for 30 min at RT in the dark with a mix of the following
antibodies: anti-CD8a BV605 (BioLegend; Cat#: 100744), anti-CD3
BV510 (BD Horizon; Cat#: 563024), APC-conjugated H2-KP/SIIN-
FEKL tetramer (LUMC tetramer facility, Leiden, the Netherlands),
PE-conjugated H2-DP/Adpgk tetramer (LUMC tetramer facility, Lei-
den, the Netherlands). For compensation staining, the following
antibodies were used: anti-CD3 APC (eBioscience; Cat#: 17-
0031-83), anti-CD8a BV605 (BioLegend; Cat#: 100744), anti-CD3
BV510 (BD Horizon; Cat#: 563024). 7-AAD (LUMC) was used with
the antibody mix as a dead cell marker. Cells were then washed
with PBS/BSA and acquired with a BD FACS LSR II 4L Full (BD Bio-
sciences, San Jose, CA, USA) and analyzed using Flow]o software
version 10.5.3. Antigen-specific T cell frequencies are expressed
as a percentage of gated CD8" T cells.

4.12. In vivo specific killing assay

Mice from the vaccination study (Fig. 2d-i) received peptide-
loaded splenocytes in order to evaluate the cytotoxic activity of
the vaccine generated SIINFEKL-specific T cells. To this end, naive
C57BL/6] mice were sacrificed, their spleens and lymph nodes har-
vested, manually cut into small pieces and incubated with liberase
(Liberase™ TL Research Grade, Roche) for 20 min at 37 °C. The reac-
tion was stopped by adding EDTA and filtering the spleens and
lymph nodes through a 70 uM cell strainer. Splenocytes, diluted
at 1x107 cells/ml, were first differentially loaded with either an
irrelevant peptide (5 pg/ml) or SIINFEKL peptide (5 pg/ml) for 2 h
at 37 °C. After several PBS/0.1 %FCS wash steps, cells were labelled
with either 5 pM (irrelevant peptide loaded cells) or 1 uM
(SIINFEKL-loaded cells) CFSE (ThermoFischer) for 10 min at 37 °C.
Vaccinated mice then received intravenously a 1:1 ratio mixed 8
million peptide-loaded cells (serving as target cells) in 200 pl
PBS. Two days after cell transfer, vaccinated mice were sacrificed,
their spleen, processed and evaluated ex vivo by flow cytometry
for the in vivo specific killing. Specific killing was calculated using
the following equation:

CFSE target peptide

TFSE frrelevant pepride | Mmunized mlce)

Specific killing = 100 - | 100 x (

CFSE target peptide

(CFSE Trrelevant peptide NA1V€ mlce)

4.13. Prophylactic vaccination and B16-OVA tumor challenge
Naive C57BL/6] mice were first vaccinated intradermally with

either 20 pg control plasmid, a mix of 10 pg antigen DNA vaccine
and 10 pg control plasmid or a mix of 10 pug antigen DNA and
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10 pg active caspase-1 plasmid. On day 28 after vaccination, mice
were challenged subcutaneously in their flank with 100,000 B16-
OVA cells diluted in 200 ul PBS. Tumor growth was monitored
every 3-4 days until day 100 and measured using a caliper. Tumor
volume was calculated using the formula: Volume (mm?) = lengt
h x width?/2. Mice carrying tumors exceeding 1,000 mm? or with
a bleeding ulcer were sacrificed.

4.14. Statistical analysis

Statistical analyses were conducted using GraphPad Prism soft-
ware (version 8.4.2). The data are represented as the
average + SEM. p values were calculated using two-way ANOVA
(followed by Sidak’s multiple comparisons test), one-way ANOVA
(followed by Tukey’s multiple comparisons test), Kruskal-Wallis
test (followed by Dunn’s multiple comparison tests), or Log-rank
(Mantel-Cox) test as indicated in the figures’ legends. A p-value
less than 0.05 was considered to be statistically significant.
*p < 0.05; * p <0.01; * p < 0.001; *** p < 0.0001; ns: not
significant.
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