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The liver, which plays pivotal roles in metabolism and immunity,
often confers tolerance, suppressing immune responses to path-
ogens. Adjuvanted, lipid nanoparticle-encapsulated mRNA vac-
cines (mMRNA-LNPs) offer a promising approach to overcome
immune tolerance. In this study, the immunostimulatory activ-
ity of well-documented adjuvants, i.e., 2'3'-cyclic guanosine
monophosphate-adenosine monophosphate (cGAMP), resiqui-
mod (R848), and polyinosinic:polycytidylic acid (Poly I:C), on
non-parenchymal liver cells was determined. When co-applied
with mRNA-loaded LNPs, these adjuvants enhanced immune re-
sponses at variable extents. Moreover, the efficiency of mRNA
translation in the presence of cGAMP was comparable with the
non-adjuvanted control. Repetitive co-application of adjuvants
with mRNA-LNPs showed improvement in cellular responses
when R848 or R848/cGAMP treatments were used. These find-
ings emphasize the need to delineate the delicate balance between
immunomodulatory properties and the efficiency of mRNA
translation when selecting adjuvants for mRNA-LNP vaccines
and offer insights on how to enhance immunity to infectious dis-
eases and cancers that affect the liver.

INTRODUCTION

The liver filters circulating blood that enters via the hepatic artery and
portal vein.! Consequently, the liver constantly encounters large quan-
tities of innocuous antigens such as gut-associated bacteria, bacterial
products, harmless food-derived antigens, and cellular debris. Immune
tolerance to these antigens is fundamental to maintain homeostasis.
Tolerance is controlled in large part by various populations of conven-
tional and unconventional antigen presenting non-parenchymal cells
(NPCs) consisting of Kupffer cells (KCs), dendritic cells (DCs), and
liver sinusoidal endothelial cells (LSECs).' Notably, the same cell
populations play pivotal roles in recognizing antigens as non-self,
i.e., danger signals, and eliciting potent ad hoc immune responses.

KCs secrete anti-inflammatory, immunosuppressive cytokines (e.g.,
interleukin [IL]-10, transforming growth factor [TGF]-B) in response

to the continued exposure to bacterial endotoxin.” Similarly, hepatic
DCs, which differ fundamentally from the DCs that reside outside the
liver, secrete large amounts of IL-10." The presence of high IL-10 con-
centrations in the microenvironment contribute to the low-level, cell-
surface expression of major histocompatibility complex (MHC I and
MHC 1II) and co-stimulatory molecules, which is characteristic of
KCs, DCs, and LSECs residing in the liver under steady-state tolero-
genic conditions.”

This tolerogenic microenvironment is characterized by T cell
dysfunction that occurs due to clonal deletion, anergy, senescence, de-
viation, exhaustion, and the expansion of the Foxp3™ regulatory T
(Theg) cell population.” The generation of T, cells depends on factors
secreted by NPCs under steady-state conditions.® For example, TGF-
B, secreted mainly by KCs and all-trans retinoic acid produced by
LSECs, are essential for the production and maintenance of T, cells.”
Additionally, IL-10 is required to stabilize Foxp3 and to maintain the
suppressive Tyeg cell phenotype.8 Furthermore, Ty cells inhibit he-
patic DC maturation by physical interaction, thereby preventing
up-regulated expression of CD80 and CD86 culminating in a tolero-
genic DC state.>>’

Immune tolerance may prevent the liver from recognizing foreign an-
tigens associated with infection or malignancy, resulting in chronic
pathologies.”'® Novel liver-directed vaccine approaches are urgently
needed to overcome the consequences of tolerance and reverse inef-
fective innate and adaptive immune responses in this organ. The mo-
lecular mechanisms involved in regulating tolerance and strategies to
boost immunity in the liver remain under investigation."' ™' In this
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regard, adjuvanted immunotherapies offer a means to stimulate
strong immune responses against infectious diseases and malig-
nancies.”' "'>'° However, the cellular mechanisms activated in the
liver by different adjuvants remain to be elucidated.

Adjuvants, such as 2'3'-cyclic guanosine monophosphate-adeno-
sine monophosphate (cGAMP), resiquimod (R848), and polyinosi-
nic:polycytidylic acid (Poly I:C), elicit innate immune responses
by stimulating pattern recognition receptors (PRRs) expressed
intracellularly and extracellularly by antigen-presenting cells
(APCs)."”'® Receptor recognition promotes the cell surface expres-
sion of major histocompatibility and co-stimulatory (e.g., CD80
and CD86) molecules, and the secretion of proinflammatory cyto-
kines (e.g., IL-6, IL-12, and tumor necrosis factor [TNF]-a). As
such, stimulating PRRs with adjuvants represents a rational
approach to reversing tolerance and thereby to enhance hepatic
immunity.>"’

mRNA-based vaccines and therapeutics that emerged during the
COVID-19 pandemic promise a novel approach to combat infec-
tion, cancer and metabolic diseases.”””' In addition to delivering
the message encoding the vaccine antigen, mRNA act as a self-adju-
vant stimulating toll-like receptors (TLRs), retinoic acid-inducible
gene-I (RIG-I), and melanoma differentiation-associated gene 5
(MDA-5), resulting in the release of various cytokines.”* Such a
strong immunological response to mRNA inhibits the translation
and synthesis of the encoded protein. However, incorporation of
modified nucleosides into the message sequence partially renders
the molecule immunosilent.” The lipids that comprise the nanopar-
ticles, which form mRNA delivery vesicles, are also capable of stim-
ulating innate immunity although the mechanisms are not yet clear.
In general, nucleoside-modified lipid nanoparticle-encapsulated
mRNA vaccine (mRNA-LNPs) induce robust humoral and cell-
mediated immune responses.24 Within the liver, however, this
may not be enough to circumvent tolerance. Supplementation of
mRNA-LNP vaccines with adjuvants offers an approach to over-
come this problem.

An ideal adjuvant for mRNA-based vaccines would boost immu-
nity while maintaining optimal translation efficiency.”> The cur-
rent study was undertaken to compare the effects of well-known
adjuvants, i.e., R848, cGAMP, and Poly I.C, on freshly isolated
liver NPC subpopulations. Further, adjuvants in combination
with mRNA-LNPs were tested to determine the ability of novel
vaccine strategies to overcome the protolerogenic immunopheno-
type of liver NPCs. The results presented herein demonstrate the
capacity of adjuvants to up-regulate co-stimulatory molecule
expression and to induce pro-inflammatory cytokine secretion by
NPCs without formulation in the LNP structure. Importantly,
the data generated highlight the importance of the delicate balance
between the immunomodulatory properties of adjuvants and their
effects on mRNA translation efficiency and the consequent im-
mune response generated upon its incorporation into an mRNA-
LNP vaccine.
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RESULTS

Effects of adjuvants on liver NPCs

The abilities of R848, Poly I:C, and cGAMP to activate different liver
NPC populations in culture were tested. Activation was evaluated by
assessment of the expression of the co-stimulatory markers CD80
and CD86. None of the adjuvants tested up-regulated CD86 expres-
sion by CD45"F4/80" KCs; only treatment with R848 upregulated
CD80 (Figures 1 and S1). However, R848 treatment up-regulated
the expression of both CD86 and CD80 by CD45"CD11c" DCs.
Poly I.C and cGAMP promoted slight albeit not statistically signif-
icant increases in CD86 expression. Both R848 and cGAMP stimu-
lated marked up-regulation in CD86 expression by CD45"CD32b*
LSECs. Only R848, however, induced a significant increase in
CD80 in LSECs at every tested dose. Conversely, cGAMP induced
activation at the CD80 level only when the dose was significantly
increased (Figure S1).

Combined adjuvant effects

NPC populations were treated with a combination of Poly I:C, R848,
and/or cGAMP in vitro in an effort to stimulate different cell recep-
tors and induce strong innate immune responses. Additive effects
were frequently observed when cell populations were treated with a
combination of adjuvants compared with treatment with either adju-
vant alone. KCs treated with cGAMP combined with either R848 or
Poly I.C, for example, exhibited a detectable, albeit statistically insig-
nificant increase in CD86 expression (Figure 2A). In contrast, only
treatment with R848 added alone enhanced CD80 expression by KCs.

Non-parenchymal liver DCs exhibited similar trends regarding the
expression of CD80 and CD86 in response to adjuvant treatment.
Cells treated with a combination of cGAMP and either R848 or
Poly I:C exhibited a marked increase in CD86 expression relative to
cells treated with cGAMP alone. CD80 expression, in contrast, was
only up-regulated by treatment with R848 alone. In the case of
LSECs, treatment with single adjuvants induced modest increases in
CD80 and CD86 level, whereas adjuvant combinations induced sub-
stantially increased levels.

The response to adjuvants added alone or in combination was studied
further by quantifying cytokine and chemokine production by cells
stimulated in culture. Although varied in extent, R848 added alone
to NPC cultures increased the production of most cytokines and che-
mokines tested (Figure 2B). In comparison, cGAMP added alone
induced comparatively less production of most cytokines (aside
from interferon [IFN]-o. and IFN-) though production was greater
than that determined for untreated, control cultures. Similarly,
IP-10, RANTES, and MCP-1 concentrations were greater in
cGAMP-treated NPC cultures, relative to the untreated control group.
Likewise, cytokine/chemokine concentrations were often elevated in
NPC cultures treated with Poly I:C alone though generally less than
those determined in cultures treated with either R848 or cGAMP.

NPCs cultured with R848 combined with Poly I:C or cGAMP ex-
hibited modest increases in cytokine production compared with cells
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Figure 1. Adjuvants stimulate the expression of CD86 and CD80 by NPC subpopulations
NPC cultures were treated overnight with 5 ng/mL R848, Poly I:C, or cGAMP; cells treated with 1 pg/mL LPS served as a positive control. CD86 and CD80 expression was
evaluated by flow cytometry in KCs, DCs and LSECs. Data are the means + SEM (n = 3). Significantly different from the control (untreated): ns, not significant; *p < 0.05;
**0 < 0.01 (one-way ANOVA, Dunnett’s multiple comparison test). MFI, mean fluorescent intensity.

cultured with the adjuvant alone. The levels of IFN-y, TNF-a, and
IL-6 produced in cultures treated with R848 and Poly I.C, for
example, were 50%-60% greater than those produced in cultures
treated with R848 only; the concentrations of IFN-B and IFN-o
were nearly 2-fold and 5-fold greater, respectively. Similarly, modest
increases in the levels of IFN-v, TNF-a, IFN-a, and IFN- 3 were deter-
mined in cultures treated with a combination of R848 and cGAMP
relative to cultures treated with either adjuvant alone; RANTES,
IP-10, and MCP-1 concentrations were also increased. cGAMP com-
bined with Poly I:C stimulated slight increases in IFN-a, IFN-f3, IL-6,
TNF-a, RANTES, and MCP-1 relative to NPCs cultured in the pres-
ence of either adjuvant separately.

Adjuvant-stimulated T cell proliferation

To evaluate the effects of R848, cGAMP, and Poly I:C on the capacity
of liver NPCs to stimulate T cell proliferation, ovalbumin (OVA)-
responsive CD8" and CD4" T cells were co-cultured with OVA pro-
tein- or peptide-pulsed NPCs (Figure 3A). Cell proliferation rates
were evaluated and compared upon addition of adjuvants alone or
in combination. It is noteworthy that OV A-stimulated liver NPC cul-
tures exhibited higher CD8" T cell proliferation when pretreated with
R848 plus cGAMP compared with cultures treated with a combina-
tion of R848 and Poly I:C (Figure 3B). However, none of the adjuvant

combinations conferred stronger CD8" T cell proliferation by
SIINFEKL-pulsed NPC than pretreatment with individual adjuvants.
A significant increase in the proliferation of OVA-responsive CD4"
T cells was also found in OVA protein-pulsed NPC cultures treated
with both R848 and cGAMP. Similarly, the combinations of R848
with either cGAMP or Poly I:.C stimulated the proliferation of
CD4" T cells co-cultured with the GREY -pulsed NPCs; however, pro-
liferation was not significantly greater than that determined in co-cul-
tures treated with R848 alone.

The secretion of cytokines and chemokines was increased by the addi-
tion of R848 and cGAMP or R848 and Poly I:.C to co-cultures
composed of purified, antigen-specific CD8" and CD4" T cells and
OVA- or peptide-pulsed NPCs (Figure 3C). For the most part, cyto-
kine/chemokine release in co-cultures treated with adjuvants contain-
ing antigen-specific CD8" T cells and peptide- or OVA-pulsed NPCs
was greater than that observed in antigen-specific CD4" T cell co-
cultures.

Mouse non-parenchymal liver cells respond to OVA mRNA-LNPs
administered with adjuvants

As an initial approach to determine the impact of adjuvants on the
response to mRNA-based vaccines, NPC activation was studied in
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mice injected intravenously (i.v.) with nucleoside-modified OVA-
encoding mRNA formulated into LNPs co-applying R848, cGAMP
or a combination of both (Figure 4A). OVA mRNA-LNPs alone
(LNPs-OVA) failed to upregulate the expression of either CD86
or CD80 co-stimulatory molecules by KCs, DCs, or LSECs when
assessed 24 h after single injection (Figure 4B). LNPs-OVA admin-
istered with cGAMP alone or in combination with R848 up-regu-
lated the expression CD80 or CD86 by KCs, DCs, and LSECs
compared with NPCs derived from mice that have been adminis-
tered cGAMP alone. However, cGAMP did not partition into the
LNP structure (Figure S2). Meanwhile, R848 increased activation
markers to a similar extent either when administered alone or
with LNPs-OVA.

Additionally, NPCs derived from mice vaccinated with LNPs-OVA
with or without adjuvants were cultured. The supernatants
were collected after 24 h of incubation, and cytokine/chemokine
production was quantified by cytometric bead array (CBA).
The administration of LNPs-OVA alone had a negligible effect
on cytokine/chemokine secretion. Cytokine/chemokine release
by NPCs derived from control (PBS) and LNPs-OVA-treated
mice was comparable (Figure 4C). LNPs-OVA administered in
combination with adjuvants, however, promoted cytokine/chemo-
kine secretion. The according concentrations were particularly
elevated in supernatants collected from cultures of NPCs derived
from mice vaccinated with LNPs-OVA and a combination of
cGAMP and R848. Notably, the increase in IFN-a concentration
was marginal.

R848 impairs LNP-encapsulated mRNA translation

To determine the adjuvant effects on mRNA translation, the former
were mixed rapidly with Luc mRNA-LNPs and administered i.v.
into mice. Luciferase activity was measured in vivo and ex vivo at
6 h after treatment (Figure 5A). Luc mRNA-LNPs (LNPs-Luc) con-
trol mice expressed a strong signal localized mainly in the liver (Fig-
ure 5B). LNPs-Luc administered in combination with cGAMP also
showed a marked signal around the liver, though no fluorescence
was detected in 2 animals. The cohorts that had been administered
LNPs-Luc with R848 or with R848 and cGAMP exhibited marked de-
creases in Luc expression as compared with the control group. Imme-
diately after tissue collection, the luciferase signal was measured
ex vivo as shown in Figure 5C. Quantitation of the fluorescence de-
tected in the liver determined comparable values in mice adminis-
tered LNPs-Luc and those administered LNPs-Luc with cGAMP.
However, fluorescence was significantly diminished in the livers of
mice inoculated with LNPs-Luc and R848 with or without cGAMP.
In this context, no interaction between cGAMP and the LNPs could
be detected (Figure S1).

Repetitive administration of Ova mRNA-LNP in combination with
adjuvants led to distinct immune responses

Experimental design and safety

Based on the obtained results on cell-specific activation and antigen
expression, an immunization study using LNPs-OVA with adjuvants
was performed in order to assess how these formulations modulate
antigen-specific immunity. Mice were injected iv. three times,
5 days apart, as depicted in Figure 6A. The experimental endpoint
occurred on day 11, where the liver and spleen tissues were collected
for cell isolation and study. Of note, treatment-induced liver toxicity
was evaluated by the activity of liver transaminases (alanine amino-
transferase and aspartate aminotransferase) after treatment and
appearance of the extracted organs. No acute toxic effects were
observed in any of the treated animals, reflected by the absence of
abnormal behavior and no significant differences in bodyweight
compared with a PBS control (Figures S3 and S4).

Immune cell activation

In contrast with the single-injection experiment, no significant up-
regulation of activation markers on liver NPCs was observed after re-
petitive injections compared with LNPs-OVA alone (Figure 6B).
Moreover, nRNA-LNP without adding adjuvants increased the fre-
quencies of CD86" cells for LSEC, DC, and KC populations. In the
case of liver DCs, LNPs-OVA significantly up-regulated the levels
of the MHC II marker (Figure 6B). Previous observations showed
an absence in cell activation to LNPs-OVA after a single injection
(Figure 4B). Notably, the co-application of R848 with LNPs-OVA ar-
rested the increment in activation markers observed by LNPs-OVA
alone.

However, splenocytes showed a higher response to adjuvant treat-
ments. For DC or macrophage, R848 significantly increased the fre-
quencies of CD80", CD86", and MHC II" cells (Figure 6C). Concur-
rently, cGAMP showed stimulation on DCs and macrophages at
CD86 level. Moreover, the expression of CD80 was increased by
cGAMP treatment in macrophages. Co-application of R848/cGAMP
resulted in no significant differences in comparison to R848 treatment
alone (Figure 6C).

Antigen-specific immune responses

Antigen-specific cell-mediated immune responses were characterized
by evaluating levels of cytokine-secreting CD4" and CD8" T cells
(Figure 6D). After stimulation using MHClI-restricted (SIINFEKL)
or MHClII-restricted (GRAY) peptides, T cells secreting IFN-vy,
IL-2, or TNF-a were identified. Co-administration with R848/
cGAMP led to the highest levels of cytokine-secreting CD4" T cells
when stimulated with SIINFEKL. In contrast, when T cells were incu-
bated with GREY, no additive effect was observed by adjuvants in

Figure 2. Individual or a combination of adjuvants stimulates the expression of CD86 and CD80 by NPCs
NPC cultures were treated overnight with 5 pg/mL of each adjuvant; cells treated with 1 ug/mL LPS served as positive controls. CD86 and CD80 were evaluated by flow

cytometry in KCs, DCs and LSECs. Data are the means + SEM (n = 3).

Significantly different between groups: *p < 0.05; *p < 0.01; **p < 0.001; ****p < 0.0001 (one-way ANOVA, Tukey’s multiple comparison test) (A). Cytokines in the supernates
of NPCs culture treated with adjuvants were quantified by CBA (B). MFI, mean fluorescent intensity.
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comparison with the positive effect generated by LNPs-OVA alone
(Figure 6D). Cytokine secretion by CD8" T cells was stronger when
R848 was administered along with LNPs-OVA. These effects were
observed only with R848 co-applied alone with LNPs-OVA. Cytokine
levels collected from culture supernates paralleled this observation
(Figure S5).

In addition, antigen-specific T cell proliferation was evaluated. Both
CD4" and CD8" T cells displayed elevated proliferation rates when
immunized with LNPs-OVA administered with R848 alone (Fig-
ure 6E). Noteworthy, R848/cGAMP also led to increased proliferation
but only in CD4" T cells.

Humoral immune response

A pertinent finding was observed regarding the production of anti-
OVA antibodies. All treated groups displayed significant antibody ti-
ters (Figure 6F). However, no differences were observed between the
groups.

T,eg cell response

Elevated T, levels are associated with the failure of anti-cancer
immunotherapies.”® Here, the percentage of T, cells after co-
application of adjuvant and LNPs-OVA was assessed by the
frequency of CD4" CD25" FoxP3"™ T cells. Treatment with
LNPs-OVA alone led to a significant increase in T,.g cells at the
experimental endpoint. Treatment with cGAMP exerted similar ef-
fects. Conversely, single or combine treatment with R848 did not
show a significant increase in T, cells compared with the un-
treated control group (Figure 6G).

DISCUSSION

The fragile balance between immunity and tolerance in the liver is
mediated, in part, by the NPCs, ie, KCs, DCs, and LSECs."”
Reversing tolerance to induce therapeutic responses to persistent viral
infections and cancers is a frequent topic of discussion. An improved
understanding of the response of NPCs to adjuvants would help to
optimize the design of liver-directed therapies that include mRNA-
based technologies. Three well-known adjuvants, cGAMP, R848,
and Poly I:C, were selected for the current study based on their immu-
nologic potencies and distinct structural characteristics and mecha-
nisms of action.

c¢GAMP is a cyclic dinucleotide that participates in the oligomeriza-
tion and subsequent activation of the stimulator of IFN genes protein.
It promotes cancer immunity by inducing type I IFN production,
including the expansion of antigen-specific CD8" T cells.””** R848

is an imidazoquinoline that activates TLR7/8 and thus stimulates
DC maturation, up-regulates co-stimulatory molecule expression,
and promotes pro-inflammatory cytokine secretion.”” R848 increases
the number of infiltrating CD8" T cells and decreases Theg cell fre-
quencies when used in cancer treatment.’® Poly I:C is a double-
stranded RNA molecule that triggers TLR3, MDA-5, and RIG-I re-
ceptors resulting in type I IFNs production, Th1-polarizing cytokine
secretion and overall improved T cell responses.*®

In the current study, liver NPCs were treated with cGAMP, R848, and
Poly I:C in parallel settings, and the responses were assessed and
compared. R848 treatment up-regulated CD86 and/or CD80 expres-
sion by all three monitored NPC populations: KCs, DCs, and LSECs.
KCs and liver DCs, however, were unresponsive toward other adju-
vants. Furthermore, treatment with either cGAMP or Poly I.C, as
well as R848, up-regulated the expression of the cell-surface costimu-
latory molecules by LSECs. Notably, LSECs display many character-
istics typical of APCs and exhibit the capacity to cross-present anti-
gens.6 Indeed, LSEC stimulation was demonstrated to improve
T cell-mediated immunity in mice.”"

Remarkably, R848 combined with cGAMP or Poly I:C synergized,
up-regulating stronger CD80 and CD86 expression by liver DCs
and LSECs, but not KCs, than treatment with any single adjuvant.
As expected, combining adjuvants that exert their effects by different
mechanisms maximized immunostimulatory potency. The adjuvant
systems developed by GlaxoSmithKline constitute a rational combi-
nation of classical adjuvants like alum with novel immunostimulators
like TLR agonists. This proved to be a potent and reliable approach to

s s s . 32
optimizing immune responses.

Cheng et al.”® explored adjuvant combinations in a nanoformulation.
R848 and cGAMP combined with immune checkpoint inhibitors
reduced immunosuppression in a tumor microenvironment, and eli-
cited anti-tumor immunity in a number of mouse models.*® Report-
edly, the combination of R848 and Poly I:C also offers a successful
strategy to activating DC subsets circulating in the blood. In this re-
gard, Hanel et al.”* found that activating human DCs in the circula-
tion stimulated natural killer cells and potent antigen-specific T cell
immunity. Similarly, Anfray et al.’® reported that in a mouse lung
cancer model treatment with a nano-formulated combination of
R848 and Poly I:C reprogrammed tumor-associated macrophages
by increasing the M1 (F4/807,CD86") by M2 (F4/80",Argl™) ratio
and suppressing tumor progression. To the best of our knowledge,
the effects of adjuvant combinations on liver NPC have not been stud-
ied to date.

Figure 3. NPCs pre-treated with R848, cGAMP and Poly I:C exert a distinctive capability to stimulate T cell proliferation

Experimental scheme. NPCs were isolated from C57BL/6JRj mice, pulsed with OVA or peptides (SIINFEKL or GRAY), and stimulated with adjuvants. Then, the NPCs were
cocultured with SIINFEKL-specific CD8* T cells (OT-I) or GREY-specific CD4* T cells (OT-II); proliferation was quantified by the incorporation of H3-thymidine (A). Proliferation
of OVA-specific CD4" and CD8™ T cells cocultured with OVA- or peptide-pulsed NPCs in the presence of individual or combined adjuvants. Data are the means + SEM (n = 3).
Significantly different between groups: *p < 0.05; **p < 0.01; **p < 0.001; (one-way ANOVA, Tukey’s multiple comparison test). (B). Cytokine secretion in cocultures
comprised of OVA-specific CD4™ or CD8" T cells, and NPCs pulsed with OVA, SIINFELK, or GREY in the presence of individual or combined adjuvants (C). Data are the
means = SEM (n = 3). Significantly different from the control: ns, not significant; “p < 0.05; **p < 0.01; ***p < 0.001; ***p < 0.0001 (one-way ANOVA).
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Figure 4. Adjuvants co-administered with mRNA-LNPs lead
to the up-regulation of co-stimulatory markers in liver
NPCs, after single i.v. injection in mice

Experimental scheme. C57BL/6J mice were injected i.v. with
LNPs-OVA and adjuvants. The NPCs were isolated and
separated into two fractions. The NPC activation in one fraction
was quantified by flow cytometric analysis. The NPCs in the
second fraction were cultured; the supernates were collected
and the cytokine/chemokine profile was evaluated (A). CD86
and CD80 expression by NPC subpopulations; i.e., KCs,
DCs, and LSECs; isolated from mice inoculated with OVA
mMRNA-LNPs and adjuvants alone or in combination was
assessed. Data are the means + SEM (n = 5). Significantly
different between groups: *p < 0.05; *p < 0.01; **p < 0.001;
****p < 0.0001 (one-way ANOVA, Tukey’s multiple comparison
test) (B). Cytokines and chemokines in the NPCs culture
supernates were quantified by CBA (C).
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To clarify the adjuvant effect of these agents on the liver, NPC loaded
with OVA-derived antigen were cocultured with OVA antigen-spe-
cific CD8" and CD4" T cells. Cocultures composed of liver NPCs
pre-treated with R848, cGAMP, or Poly I:C alone or in combination
and T cells stimulated comparable increases in CD8" T cell prolifer-
ation. In the case of CD4" T cells, however, increased proliferation
occurred only in cocultures containing liver NPCs pre-treated with
R848 and either cGAMP or Poly I:.C.

The use of synthetic mRNA-LNP formulations in therapeutic ap-
proaches to prevent or treat diseases has strongly expanded over
the past years. The LNPs in these formulations perform two primary
functions at the same time: transport mRNA molecules inside of cells
and provide adjuvant effects.”” These effects are not well understood
from a mechanistic point of view.”* The co-application of well-known
adjuvants into mRNA-LNP formulations provides a rational
approach to predict the effects of adjuvants in vivo and to potentiate
innate immunity. The latter is extremely relevant in situations where
reversing immune tolerance is paramount, e.g., cases of liver pathol-
ogies. While various adjuvants have been shown to stimulate liver
NPCs, none have been co-applied with mRNA-LNPs to treat liver
diseases.”"**

In the current study, LNP-encapsulated OVA mRNA combined with
cGAMP and R848 were injected into mice to determine the effects of
these adjuvants on liver NPC activity. Liver tissues were targeted
rapidly by simply mixing adjuvants with mRNA-LNPs and injecting
i.v. Similar to the results obtained in vitro, adjuvants administered
alone failed to activate KCs. KCs were activated, however, when either
R848 or cGAMP was administered in combination with LNPs-OVA,
indicative of a co-activator property of the transfection complexes.
R848 inoculated alone stimulated both DCs and LSECs; stimulation
increased perceivably when R848 was administered in combination
with mRNA-LNPs. cGAMP, in contrast, only exerted a strong stim-
ulatory effect on either NPC population monitored when co-applied
with LNPs-OVA. Notably, LNPs-OVA administered alone as a con-
trol never activated NPCs.

Upon systemic administration, blood proteins are adsorbed onto
the surface of LNPs forming a corona.”” As such, it is a matter
of conjecture whether the observations reported herein result
from the interaction of adjuvants with LNPs or with the protein
corona. Other investigators report that the encapsulation of
c¢GAMP in LNPs improved its stability and immunomodulating ef-
fects.”® *” The simple combination of cGAMP with mRNA-LNPs
in the study reported here was sufficient to promote KCs, DCs,
and LSECs activation.

Molecular Therapy: Methods & Clinical Development

A delicate balance exists between adjuvant-activated innate immunity
and the effects of adjuvants on mRNA translation. Indeed, activation
of the innate immune response may impair mRNA translation.”**’
Here, the effects of cGAMP and R848 on mRNA translation in vivo
were tested. Our data indicate that R848 exerts a strong negative
impact on mRNA translation; cGAMP affected translation to a far
lesser extent. A number of previous studies reported improved im-
mune responses to mRNA-LNP formulations that incorporated
either R848 or cGAMP; the effects of these adjuvants on mRNA trans-

. . 25,42,43
lation, however, were not considered.”>**>*

To further investigate the effects of these adjuvants in mRNA-based
immunization, a repetitive administration scheme was designed to
mimic strategies frequently used in cancer immunotherapy.*** Inter-
estingly, the state of activation of liver DCs, LSECs, and KCs was not
affected by the presence of adjuvants. However, the administration of
LNPs-OVA elicited up-regulation of the measured activation markers.
This observation was counterintuitive, considering the results ob-
tained after single injection, where mRNA-LNP did not show any
stimulatory effect. Conceivably, the repetitive administration induced
adjuvant-like effects by the LNPs on liver NPCs. It remains a matter of
conjecture whether LNPs can exert an effect strong enough to over-
come liver tolerance. Further investigation would need to be conduct-
ed to understand these events. In contrast, DCs and macrophages iso-
lated from the spleen responded mainly to R848 co-treatment. These
findings provided evidence regarding the complexity in the induction
of immune activated state by liver NPCs through adjuvant treatments.
Notably, cell-mediated immunity was improved by R848 and, to a
lesser extent, by the R848/cGAMP combination, evidenced by an in-
crease in the number of cytokine-secreting CD4" and CD8" T cells.
A similar pattern was observed when the capacity of T cells to prolif-
erate after antigen stimulus was evaluated.

Intriguingly, the production of anti-OVA antibodies did not seem to
be affected by the co-application of the adjuvants used in this study.
Due to the observed negative impact on mRNA translation by R848, a
decrease in total IgG titers was expected. Conceivably, the level of
antigenic protein obtained in R848-adjuvanted LNPs-OVA was
enough to mount a humoral response similar to the LNPs-OVA
alone. Moreover, the boosting effects of the repetitive administrations
might have additionally contributed to reaching similar systemic anti-
body levels between groups. The connection between antigen dose
and antibody production responds to a complex relationship and re-

. . Lo 4647
quires further investigations.”"’

Theg cells play a crucial role in homeostasis and the induction of toler-
ance. However, the abundant presence of T, cells in the tumor

Figure 5. R848 and cGAMP negatively impact mRNA translation after mRNA-LNP i.v. injection in mice

Biodistribution of LNPs-Luc with or without adjuvants was performed as shown in the experimental scheme. Six hours after injection of the formulations, luciferase-
associated bioluminescence was measured (A). In vivo images were collected in all mice cohorts and luminescence in the region of the liver was quantified (B). The mice were
then dissected, and the hearts, lungs, livers, spleens, kidneys, and inguinal lymph nodes were collected for ex vivo imaging. Luminescence localized in the liver ex vivo was
quantified (C). Data are the means + SEM (n = 5). Significantly different between groups: *p < 0.05; *p < 0.01; ***p < 0.001; ***p < 0.0001 (one-way ANOVA, Tukey’s multiple

comparison test).
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microenvironment leads to huge challenges in cancer therapies.”®
Modulation of T, frequencies, e.g., with adjuvants, is a promising
approach to overcome immune tolerance. Remarkably, R848 and
R848/cGAMP co-treatments did not induce an increase in the
numbers of T, cells, while mRNA-LNP without adjuvantation
showed an effect. Recently, Zhou et al.®
R848 treatment led to a decrease in the number of T cells in tu-

mor-bearing mice. Primarily, the CTL:T g ratio is often associated

reported that continuous

with the therapeutic index of a given anti-tumor treatment.”® The
expansion of CD8" T cells together with a low number of T, cells
indicate a potentially strong anti-tumor effect. Nevertheless, more
in-depth studies using R848-adjuvanted mRNA-LNP will need to
be carried out to confirm this observation.

The inoculation of mice with mRNA-based vaccines induces produc-
tion of type I IFNs, which function as a double-edged sword,
stimulating T and B cell responses on the one hand, while inhibiting
mRNA translation as an anti-viral effector mechanism on the
other.”>?>*1*1°% The results of the present study suggest that an
informed selection of adjuvants with an equilibrated impact on
mRNA translation may in parallel promote APC activation and the
production of antigenic proteins. This is particularly relevant for im-
munotherapies that target liver tissue, e.g., hepatocellular carcinoma,
to overcome intrinsic liver- as well as tumor-induced tolerance and to
elicit antigen-specific effector CD4" and CD8" T cells collectively
contribute to successful therapies.

Conclusions

The intricate balance between immunity and self-tolerance in the
liver is governed, in part, by NPCs. Approaches to reverse liver toler-
ance for therapies to treat viral infections or cancer remain a matter of
debate. Understanding the response of NPCs to adjuvants should
serve to optimize liver-directed therapies. Adjuvant combinations,
especially R848 in combination with cGAMP or Poly I:.C, synergized
to enhance immune responses. Despite these findings, all adjuvant
combinations failed to activate KCs. Co-application of adjuvants
with mRNA-LNP formulations potentiated innate immune activa-
tion. Notably, a single injection of cGAMP and R848 co-administered
with LNPs-OVA activated NPCs and promoted OVA peptide-spe-
cific CD8" and CD4" T cell proliferation. R848 impacted mRNA
translation negatively, however, emphasizing the requirement to bal-
ance immune stimulation and translation efficiency. Repetitive injec-
tions of adjuvanted LNPs-OVA led to distinct immune responses

Molecular Therapy: Methods & Clinical Development

with a rather poor activation of NPCs by adjuvants. Cellular re-
sponses in splenocytes were significantly enhanced by the co-admin-
istration of R848 or R848/cGAMP together with the mRNA-LNP
formulation. In contrast with the results obtained from LNPs-OVA
alone, these adjuvanted treatments did not provoke an increase in tol-
erogenic T, cells.

Furthermore, the reduced mRNA translation by R848 seems to be
negligible to the immunity generated after a repetitive injection
scheme. In summary, the selection of adjuvants for co-administration
with mRNA-LNPs relies on the capacity to exert minimal impact on
mRNA translation while preserving stimulatory properties. Such a
strategy may enhance liver-directed immunotherapies like those de-
signed to treat hepatocellular carcinoma or chronic liver infections,
e.g., hepatitis B.

MATERIALS AND METHODS

Mice

Wildtype male C57BL/6JRj mice were purchased from Janvier (Le
genest-Saint-Isle, France) and Charles River Laboratories (Wilming-
ton, MA, USA) were maintained in the Central Animal Facilities of
the University Medical Center of Mainz under pathogen-free condi-
tions. Five mice/cage were housed in a dedicated vivarium (18°C-
23°C ambient temperature, 40%-60% humidity, 14 h:10 h light cycle)
with clean food, water, and bedding. Similarly, male and female trans-
genic OT-I and OT-II mice on a C57BL/6 background were bred and
maintained in the Central Animal Facilities. All animal procedures
were approved by the local authorities (Landesuntersuchungsamt
Rhineland-Palatinate). Ethical approval was granted by the Lande-
suntersuchungsamt LUA, Koblenz, AK G20-1-123 and G20-1-130.

LNP-encapsulated mRNA

Ova-mRNA and luciferase-mRNA were synthesized by TriLink Bio-
technologies (San Diego, CA, USA). The mRNA was encapsulated
into LNPs using a NanoAssemblr Ignite machine for formulation
(Precision Nanosystems, Vancouver, Canada). All procedures were
conducted according to the manufacturer’s protocols. Briefly,
Genvoy-ILM lipid mix (Precision Nanosystems), containing 50%
ionizable lipid, 10% DSPC, 37.5% cholesterol, and 2.5% PEG-lipid
was mixed with mRNA in 50 mM citrate buffer, pH 4.0, using an
N/P ratio of 4. The aqueous and organic phases were mixed at a total
flow rate of 12 mL/min and flow rate ratio of 3:1 (aqueous:organic).
After synthesis, LNPs were 1:20 diluted or 1:40 in PBS for in vitro

Figure 6. Immunization using repetitive LNPs-OVA i.v. injections provide insights in the improvement of cell-mediated immune responses by co-

administration with adjuvants

Experimental scheme. Mice were i.v. injected, three times, 5 days apart either with LNPs-OVA alone, with R848 or cGAMP and with both adjuvants combined. The following
day after the second booster, whole blood was collected, and spleen and liver were dissected for further analysis (A). Activation of NPCs (B) and splenocytes
(C) subpopulations was measure by flow cytometry through up-regulation of the activation markers CD80, CD86 and MHC IIl. MP, macrophages. Peptide-specific CD4* and
CD8* T cell responses were measure by the release of intracellular cytokines: IFN-v, IL-2, and TNF-a.. Cells percentages were normalized to their respective CD3* T cell
population (D). T cell proliferation of the CD4" and CD8™ T cells after 48-h peptide- or OVA-stimulated splenocytes measured by the up-regulation of the intranuclear protein
Ki-67. Cells percentages were normalized to their respective CD3" T cell population (E). Total anti-OVA IgG titers at termination (day 11) of the immunization study (F). Treg
response after 48-h GREY-stimulated splenocytes. T4 Cells are gated as CD4"CD25"FoxP3™ cells (G). Data are the means + SEM (n = 4). Significantly different between
groups: *p < 0.05; **p < 0.01; **p < 0.001; ***p < 0.0001 (one-way and two-way ANOVA, Tukey’s multiple comparison test).
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or in vivo purposes, respectively. Samples were concentrated in an
Amicon centrifugal filters of 50,000 MWCO (Merck KGaA, Darm-
stadt, Germany) at 2,000 x g for 5 min per fraction. The final solution
was filter sterilized, stored at 4°C and used within 3 days. Encapsula-
tion efficiency and encapsulated mRNA concentration were deter-
mined using the RiboGreen RNA Assay Kit (Thermo Fisher Scienti-
fic, Waltham, MA, USA).>?

The mean hydrodynamic size and distribution (PDI) of the LNP for-
mulations were measured by dynamic light scattering in a Nano ZS
Zetasizer (Malvern Instruments Corp., Malvern, UK) LNPs loaded
with OVA or Luc-mRNA (EE >90%) and mean diameter in the range
of 90-100 nm with low PDI (<0.05) were successfully obtained
(Table S1).

Mouse NPCs

For the adjuvant testing and co-culture studies liver perfusion was
used as method for NPCs isolation. Ten-week-old mice were anesthe-
tized (i.p., 100 mg/kg ketamine and 5 mg/kg xylazine) and the livers
were perfused via the portal vein with 20 mL perfusion medium
(Ca®"- and Mg*"-free HBSS, Thermo Fisher Scientific) containing
100 U/L collagenase (Sigma-Aldrich, Burlington, MA, USA), 5%
heat-inactivated fetal bovine serum (FBS; Gibco, Grand Island, NY,
USA) and 10 pg/mL DNase I (Sigma-Aldrich). The livers were
dissected and incubated in 5 mL perfusion medium at 37°C for
15 min. Afterward, the livers were teased through 70 pum nylon cell
strainers and washed with 50 mL wash medium (RPMI 1640 medium
supplemented with 5% FBS, and 100 U/mL penicillin and 100 pg/mL
streptomycin purchased from Sigma-Aldrich), and centrifuged at
30xg, 4°C for 15 min to pellet the parenchymal cells. The superna-
tants were collected and centrifuged at 300x g, 4°C for 10 min to pellet
the NPCs. Cells in the pellet were re-suspended in ice-cold 30% His-
todenz (Sigma-Aldrich) in Ca®*- and Mg“—free HBSS, overlaid with
cold HBSS, and centrifuged at 1,500xg at 4°C for 20 min without
braking during deceleration. The NPCs were collected at the HBSS/
Histodenz interface, washed with 12 mL wash medium and centri-
fuged at 300xg at 4°C for 10 min. The cells in the pellet were re-
suspended in 1 mL RPMI 1640 culture medium (Life Technologies
Ltd; Scotland, UK) containing 10% FBS, 1% L-glutamine, 1%
HEPES, and 1% essential and nonessential amino acids, 1% Na-pyru-
vate, 100 U/mL penicillin, 100 pg/mL streptomycin and 50 pM
2-mercaptoethanol (Gibco), counted, and cultured as described
below.

The liver dissociation kit (Miltenyi Biotec, Bergisch Gladbach, Ger-
many) was used to isolate NPCs for ex vivo studies. Dissociation
mix was prepared in accordance with the supplier’s protocol. The
livers were dissected from euthanized mice, rinsed with DMEM
(Thermo Fisher Scientific), cut into small pieces and transferred
into gentleMACS C tubes containing dissociation mix. The tubes
were then attached to the gentleMACS dissociator and the liver disso-
ciation program was run. After the program terminated, the samples
were re-suspended and transferred to 50-mL Falcon tubes by passing
through a 100-pm nylon cell strainer. The samples were centrifuged

at 300x g at 4°C for 10 min. Supernatants were aspirated, and the red
blood cells (RBCs) were lysed by treating with 2 mL RBC lysis buffer
(Thermo Fisher Scientific) at room temperature (RT) for 3 min. The
RBC-free cells were centrifuged at 400x g at 4°C for 10 min. The su-
pernatants were aspirated, and the cell pellets were re-suspended in
1 mL HBSS. The cells were then mixed with 2 mL freshly prepared
30% Histodenz, 1 mL cold HBSS was layered on top, and the samples
were centrifuged at 1,500 x g at 4°C for 20 min without braking during
deceleration. Cells at the Histodenz interface were collected, washed,
and centrifuged at 300 x g at 4°C for 10 min. Cells in the pellet were re-
suspended in culture medium and counted.

NPC stimulation in vitro

The NPCs were transferred to 96-well flat-bottom plate containing
RPMI 1640 culture medium supplemented with 10% FBS, 1%
L-glutamine, 1% HEPES, 1% essential and nonessential amino acids,
1% Na-pyruvate, 100 U/mL penicillin, 100 pg/mL streptomycin, and
50 uM 2-mercaptoethanol (400,000 cells/200 nL) and incubated over-
night with 1 pg/mL bacterial endotoxin (LPS) or 5 pg/mL R848, Poly
I:C or cGAMP, when combined 10 pg/mL final adjuvant concentra-
tion (InvivoGen, San Diego, CA, USA) at 37°C and 5% CO..

T cell proliferation

NPCs were transferred to 96-well U-bottom plates (400,000 cells/
100 pL) and incubated with 5 pg/mL OVA; after 3 h, 5 ug/mL
R848, Poly I:C or cGAMP (InvivoGen) was added and NPCs were
incubated at 37°C in 5% CO,. On the following day, cell samples
were collected, washed, resuspended in culture medium, and trans-
ferred to triplicate wells in 96-well plates (Greiner Bio-One). Splenic
CD8" T cells specific for OVA,s;_,¢4 peptide in the context of H-2K°,
and CD4" T cells specific for OV Aj,3_339 peptide in the context of H-2
I-A® and I-A? were isolated by immunomagnetic sorting (Miltenyi
Biotec) from OT-I and OT-II mice, respectively, and cultured at
5 x 10* cells/100 pL/well with the NPCs. After 3 days, 10 pL culture
supernatant was collected from each well and stored at —20°C for
subsequent CBA analysis. *H-thymidine (0.5 pCi/well) was added
during the last 18 h incubation. Subsequently, cell lysates were trans-
ferred onto glass fiber filter mats (Harvester 96; TomTec, Hamden,
CT, USA), and the incorporated radioactivity was quantified using
a microplate B-counter (1450 MicroBeta Trilux; PerkinElmer, Wal-
tham, MA, USA).

NPC activation in vivo

Nine groups of wildtype C57BL/6]JRj mice (n = 5) were injected i.v.
with 100 pL of one of the following: (i) 7 ng LNPs-OVA; (ii) 25 pg
R848; (iii) 5 pg cGAMP; (iv) 7 ng LNPs-OVA and 25 pg R848; (v)
7 ug LNPs-OVA and 5 ug cGAMP; (vi) 7 pg LNPs-OVA, 25 ug
R848 and 5 pug cGAMP; (vii) 25 pg R848 and 5 ug cGAMP; or
(viii) PBS control. Whole blood was collected on the day following in-
jection by intracardiac puncture under anesthesia (i.p., 100 mg/kg ke-
tamine and 5 mg/kg xylazine) and the mice were euthanized by cer-
vical dislocation. The livers and spleens were dissected. Single cell
suspensions were prepared and cultured as described above. A
150-puL aliquot of the supernatant was collected from each well and
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stored at —20°C for CBA analysis; and the cells were stained and
analyzed by flow cytometry.

Biodistribution and protein expression

Four groups of C57BL/6 mice (n = 5) were injected i.v. with 100 puL of
(i) 7 ng LNPs-Lug; (ii) 7 pg LNPs-Luc and 25 pg R848; (iii) 7 ng
LNPs-Luc and 5 pg cGAMP; or (iv) 7 pg LNPs-Luc, 25 pg R848
and 5 pg cGAMP. The substrate, luciferin, was injected i.p. after
6 h and the mice were anesthetized with isoflurane mixed with oxygen
5 min later. After an additional 5 min, the anesthetized mice (3 vol. %
isoflurane) were monitored by bioluminescence imaging with an IVIS
Spectrum CT (PerkinElmer) using a 3- or 5-s exposure time. The mice
were euthanized after imaging by cervical dislocation and the organs
(heart, lungs, liver, kidneys, spleen, and auxiliary lymph nodes) were
dissected, imaged, and weighed. Images were analyzed with Living
Image Software (PerkinElmer).

Mouse immunization and single-cell isolation

The immune response generated after repetitive injections with the
LNPs-OVA with and without adjuvants was evaluated. Five groups
of C57BL/6JRj mice (n = 4) were injected i.v., three times, 5 days apart
with a final volume of 100 pL. The cohorts were injected as follows: (i)
7 ng LNPs-OVA; (ii) 7 pg LNPs-OVA and 25 pg R848; (iii) 7 g
LNPs-OVA and 5 ug cGAMP; (iv) 7 ng LNPs-OVA, 25 pg R848
and 5 ng cGAMP; and (v) PBS control. One day after the last boost,
the animals were anesthetized (i.p., 100 mg/kg ketamine and 5 mg/kg
xylazine), weighted and blood was collected by intracardiac puncture
and sera was isolated and stored for further serological analysis and
liver transaminases quantitation. Mice were then euthanized by
cervical dislocation and livers and spleen were dissected for single-
cell isolation. Mouse NPCs were isolated as explained before and
spleen single-cell suspension was obtained by spleen disaggregation
through a 70-pm strainer. After a washing step, splenocyte suspen-
sions were treated with RBC lysis buffer (Thermo Fisher Scientific)
for 5 min at RT and counted for seeding and ex vivo stimulation. In
contrast, NPCs and splenocytes were stained and analyzed by flow cy-
tometry to evaluate the innate immune response by the activation
state of the different cell subpopulations after repetitive injections
(Figures S6-S8).

Splenocyte specific stimulation

To evaluate the specific-adaptive immune response against OV A after
the immunization scheme, splenocytes were seeded into 96-well
U-bottom plates (2 x 10° cells/200 pL/well) in RPMI-1640 medium
supplemented with 2% L-glutamine, 10% iFBS and 1% penicillin-
streptomycin. Cells were then either unstimulated (only culture
medium) or stimulated with 2 pg/mL of the MHC I-restricted
SIINFEKL or the MHC II-restricted GRAY peptides (JPT Peptide
Technologies GmbH, Berlin, Germany) and incubated at 37°C over-
night for intracellular cytokine staining (IFN-y, IL-2, and TNF-a)
and 24 h for quantification of the cytokines in supernatants (Fig-
ure S9). Splenocytes were also stimulated with 10 pg/mL of OVA pro-
tein (InvivoGen) for 48 h to evaluate the CD4" as well as the CD8"
T cell-specific proliferation by intranuclear staining of Ki-67 and to
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estimate the specific response of T, cells upon MHC II-restricted
GRAY peptide stimulation (Figure S10).

Flow cytometry

To assess the activation of the NPC subpopulations after the in vitro
incubation with adjuvants and upon a single i.v. LNPs-OVA injection
with and without adjuvants, cells were washed with 150 nL DPBS,
100 pL 0.05 mM EDTA was added, and the cells were detached by in-
cubation on ice for 30 min. The detached cells were collected; single
NPC suspensions were washed with washing buffer (2% FBS in
DPBS) and Fc receptors were blocked by the addition of CD16/
CD32-specific antibody (clone 2.4G2, Invitrogen) at 4°C for
15 min. The cells were stained with fluorescent dye-conjugated
monoclonal antibodies (Table S2) specific for: mouse CD45 (eFlour
506) purchased from InvitroGen; F4/80 (AF 488), CD86 (APC) pur-
chased from BioLegend; CD32b (PE), CDllc (PE-Cy7), CD80
(SuperBright 436), and CD86 (APC) purchased from eBioscience
(San Diego, CA, USA) for 30 min at 4°C in the dark. The stained cells
were washed, and viability was assessed by incubation with 7-AAD
(BD Biosciences, Franklin Lakes, NJ, USA) at RT for 5 min in the
dark. The cells were analyzed by flow cytometry (Figures S6 and
S7) using an LSRII flow cytometer (BD Biosciences) and Flow]Jo soft-
ware v10.8.0 (BD Biosciences).

CBA

Cell culture supernatants were collected and stored at —20°C prior
to cytokine/chemokine analysis. The cytokine and chemokine con-
centrations were quantified using the LEGENDplex mouse anti-
virus response panel kit, 13-plex(BioLegend) that includes the
following murine cytokines/chemokines: IFN-y, KC, TNF-a,
MCP-1, IL-12p70, RANTES, IL-1, IP-10, GM-CSF, IL-10, IFN-B,
IFN-a, and IL-6. The assay was performed as recommended by
the manufacturer (BioLegend). Samples were acquired with an
LSRII flow cytometer (BD Biosciences). Results were analyzed using
Qognit Legendplex Analysis Software (Biolegend). The cytokines
released from the 24 h peptide-stimulated splenocytes isolated in
the immunization study were quantified using the LEGENDplex
mouse Th Cytokine Panel kit (BioLegend) including IFN-y,
TNF-a, IL-2, IL-6, IL-10, IL-4, and IL-22. The samples were ac-
quired with a Symphony A3 flow cytometer (BD Biosciences) and
the results were analyzed using the Qognit Legendplex Analysis
Software (BioLegend).

Serological analysis

The sera were isolated from whole blood in the immunization study
and anti-OVA IgG titers were determined by ELISA. Briefly, 96-half
area well plates were coated with 10 ng/mL OVA protein at 4°C in
humid chamber overnight. Plates were washed, blocked with 3%
skim milk-PBS and the sera were incubated in serial dilutions at
RT for 1 h. Anti-mouse IgG H&L (HRP) (ab6789; Abcam) was
applied as secondary antibody and plates were developed with
TMB ELISA substrate and read at 450 nm in an ELISA plate reader
after adding Stop solution. Titers were calculated using regression
analysis.
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Statistical analysis

All graphs and statistical analyses were performed with GraphPad
Prism software v10.1.2 (GraphPad Software, San Diego, CA, USA).
One-way ANOVA followed by Dunnett’s or Tukey’s multiple com-
parison test and two-way ANOV A followed by Tukey’s multiple com-
parison test was used to compare three or more groups. Data are the
means + SEM. Significantly different between groups: ns, not signif-
icant; *p < 0.05; **p < 0.01; ***p < 0.001; ***p < 0.0001.
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