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Abstract

The objective of this study was to investigate the adjuvanticity of poly(l:C), a synthetic

analogue of dsRNA capable of activating both TLR3 and RLRs, such as MDA-5 and RIG-I,

as pathogen recognition receptors. While poly(l:C) is known to provoke a robust type I IFN,

type 111 IFN, and Th1 cytokine response, its therapeutic use as a vaccine adjuvant is limited

due to its vulnerability to nucleases and poor uptake by immune cells. To overcome these
limitations, we encapsulated poly(1:C) into lipid nanoparticles (LNPs) containing an ionizable
cationic lipid that can electrostatically interact with poly(l:C). We discovered that LNP-formulated
poly(I:C) can trigger both lysosomal TLR3 and cytoplasmic RLRs, /n vitroand in vivo,

whereas poly(1:C) in an unformulated soluble form is only capable of triggering endosomal-
localized TLR3. Administration of LNP-formulated poly(1:C) in mouse models led to efficient
translocation to lymphoid tissue and concurrent innate immune activation following intramuscular
(IM) administration, resulting in a significant increase in innate immune activation compared

to unformulated soluble poly(l:C). When used as an adjuvant for recombinant full-length
SARS-CoV-2 spike protein, LNP-formulated poly(l:C) elicited potent anti-spike antibody titers,
surpassing those of unformulated soluble poly(l:C) by orders of magnitude. Moreover, prime and
boost immunization with LNP-formulated poly(1:C) adjuvanted spike protein offered complete
protection against a SARS-CoV-2 viral challenge /n vivo, and serum from these mice was capable
of significantly reducing viral infection /in vitro. These findings highlight the potential of LNP-
formulated poly(l:C) as a promising vaccine adjuvant that potently triggers both endosomal and
cytoplasmic pathogen recognition receptors.

Introduction

Recombinant protein and peptide subunit antigens are often weakly immunogenic and
unable to mount protective humoral and cellular immune responses.[] Therefore, most
subunit antigens require co-formulation with adjuvants. Aluminum salts (alum) and
oil-in-water emulsions are the most widely used adjuvants in vaccine formulations to

date and some mainly elicit a T helper cell type-2 (Th2) skewed immune response.[?]
Polyinosinic:polycytidylic acid (poly(l:C)) is a synthetic analogue of double stranded RNA

Small. Author manuscript; available in PMC 2024 December 09.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Lamoot et al.

Page 3

(dsRNA) that can be recognized as a pathogen associated molecular pattern (PAMP) and
can trigger several receptors in endosomes and cytoplasm of innate immune cells.[3l In

the endosomes of antigen-presenting cells, poly(1:C) activates Toll Like Receptor 3 (TLR3)
while in the cytoplasm poly(1:C) can trigger Retinoic acid-inducible gene-like receptors
(RLRs) like Retinoic acid-inducible gene I (RIG-I) and the Melanoma Differentiation-
associated 5 (MDA-5) receptors.[4l Innate immune responses following TLR3 activation
rely on TIR-domain-containing adapter-inducing interferon-p (TRIF)-mediated signaling,
whereas triggering of RLRs will result in RLR oligomerization, exposure of the N-terminal
CARD domains and translocation to the mitochondria for further downstream signaling via
mitochondrial antiviral signaling (MAVS) protein, resulting in the induction of strong type
I and 111 interferon (IFN), which can promote type 1 cytokine responses (Figure 1).14] This
is of great relevance in the context of anti-viral and anti-cancer vaccination, by instigating
robust levels of cytotoxic T cells and antibody isotypes with neutralizing and innate effector
killing capacity.[4-¢]

In vivo, in soluble form, poly(I:C) is prone to degradation by nucleases, and poor uptake

by antigen presenting cells in immune-inducing lymphoid tissues.[”] Furthermore, in its
soluble form, poly(l:C) cannot reach into the cellular cytoplasm, and thus cannot efficiently
activate RLRs. To improve its uptake by actively phagocytic cells such as dendritic cells and
macrophages, poly(I:C) has been formulated into films,[8:°] hydrogels,[1% microparticles[*1]
and nanoparticles.[1213] However, achieving cytoplasmic delivery remains very inefficient
with most nanoparticles, especially 7 vivo.[1415] Hence, the therapeutic potential of
poly(1:C) is currently underdeveloped.

We hypothesized that encapsulating poly(l:C) into lipid nanoparticlest26.171 (LNP: Figure
2) through electrostatic complexation with an ionizable cationic lipid could overcome

these limitations. LNPs are currently the most performant RNA delivery systems,[18-20]

as demonstrated by the recent success of the mMRNA LNP COVID-19 vaccines.[?1] The
LNPs used in this study are composed of an ionizable cationic lipid that, at low pH,

can electrostatically complex with the anionic inosinic and cytidylic acid residues in

the poly(1:C) backbone. LNPs protect nucleic acids from degradation in the extracellular
medium and can be efficiently taken up by actively phagocytic cells in lymphoid tissues.[22]
LNPs facilitate cytoplasmic delivery of a nucleic acid payload by destabilizing endosomal
membranes. This is particularly relevant for accessing RLR, as these innate immune sensors
are typically located in the cytoplasm of cells,[4] which is generally inaccessible to soluble,
unformulated poly(1:C). Furthermore, nanoparticulate delivery systems mediate efficiently
translocation to immune-inducing sites in lymphoid tissue,[11.23-281 which is of great
relevance in the context of vaccine application.[29-3%]

Here we demonstrate that encapsulating poly(l:C) in LNP greatly enhances the innate
immune response to poly(l:C), both in vitroand in vivo. While mere TLR3 triggering
resulted in relatively poor adjuvanticity, combined TLR3 and RLR triggering induced

robust innate and adaptive immune responses. Following intramuscular injection in mice,
LNP-encapsulated poly(l:C) was delivered to dendritic cell (DC) subsets in draining lymph
nodes and in the spleen, resulting in the activation of a broad range of myeloid and lymphoid
immune cell subsets. Furthermore, when recombinant trimeric full-length spike protein of
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the SARS-CoV-2 virus was admixed with LNP-encapsulated poly(l:C), it induced robust
antigen-specific neutralizing antibody responses superior to soluble poly(l:C) and generated
protection against viral challenge /n vivo.

Results and Discussion

Encapsulation of poly(l:C) in LNP

Poly(l:C) was encapsulated into LNP (Figure 2) using a rapid mixing method. An

aqueous buffer (5 mM, pH 4) containing poly(l:C) was mixed vigorously with an

ethanolic solution containing an ionizable lipid (S-Ac7-DOG; Figure S1 in the Supporting
Information section), cholesterol, 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE)
and distearoyl-rac-glycerol-poly(ethylene glycol) (DSG-PEG; 2 kDa PEG). Cholesterol
and DOPE served to facilitate nanoparticle formation and endosomal escape.[3¢! The PEG-
lipid served for colloidal stabilization of the LNP. The reduction-sensitive ionizable lipid
S-Ac7-DOG was recently developed in our laboratory as part of a combinatorial synthesis
campaign aimed at identifying novel ionizable lipids for nucleic acid drug delivery.[37]
‘Low molecular weight” (LMW) poly(l:C), with a claimed size of 0.2 to 1 kilobases (kb),
was used. We selected a molar ratio of ionizable lipid:cholesterol:DOPE:DSG-PEG of
50:38.5:10:1.5, based on established ratios used in mMRNA delivery see Table S1 in the
Supporting Information section for detailed composition).[38] LNP encapsulating poly(l:C),
further referred to as LNP(poly(l:C)), were prepared at an N:P ration of 5:1 (N: molar
fraction of ionizable amines in the ionizable lipid, P: molar fraction of anionic phosphate in
poly(I:C)). LNP lacking poly(l:C), /e, empty LNP, were prepared as a control.

The size, electrophoretic mobility, and encapsulation efficiency of the LNP formulations
were characterized using dynamic light scattering (DLS), electrophoretic mobility
measurements, and a RiboGreen assay, as depicted in Figure 3 and Table 1. Both
LNP(poly(1:C)) and empty LNP had a hydrodynamic diameter ranging from 90-110 nm,
with a low polydispersity index (PDI) below 0.2, indicating a homogeneous population.
RiboGreen assay confirmed complete encapsulation of poly(l:C) in the LNP. The zeta
potential of both formulations was slightly positive at the physiological pH of 7.4. Notably,
the zeta potential of nanoparticles is a measure of the electrostatic potential at the boundary
between the dispersing medium and the “slipping plane” of the particle. Therefore, it
assesses the properties of the LNP surface rather than the LNP core. The ionizable lipid,
specifically S-Ac7-DOG, in our LNP formulations has a pK of 6.74[37] and thus will have
reduced ionization at the physiological pH of 7.4, at which we measured the zeta potential
of the LNP. We used an N:P ratio of 5:1. Consequently, the ionizable lipid is in excess and
likely ensures encapsulation of poly(l:C) inside the core of the LNP. Therefore, the presence
of poly(l:C) might not significantly alter the surface properties as it is shielded from the
external environment. Moreover, the PEG (polyethylene glycol) coating can “shield’ the
surface charge, further making the zeta potential of the LNP closer to neutral.

In vitro cellular uptake and innate activation pathway of LNP(poly(l:C))

Fluorescently labeled rhodamine-conjugated poly(1:C) (poly(I:C)RHO) was employed to
evaluate the uptake of LNP by antigen-presenting cells /n vitro. Interestingly, the
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fluorescence emission intensity of poly(1:C)RHO was higher in LNP-formulated form

than in unformulated form in solution (cfr. the experimental section for exact details

how this was assessed). We then used the immortalized DC2.4 mouse dendritic cell

line as a model for antigen-presenting cells.[38] The DC2.4 cells were treated with
LNP(poly(1:C)RHO) and unformulated soluble poly(1:C)RHO for 12 hours, respectively, to
assess their uptake efficiency. Flow cytometry analysis (Figure 4B) revealed that the uptake
of LNP(poly(1:C)RHO) and poly(1:C)RHO) by DC2.4 cells was dose-dependent and was
slightly higher in case of LNP(poly(1:C)RHO). However, the difference in fluorescence
emission intensity between poly(I:C)RHO) and LNP(poly(l:C)RHO) induces a bias in

the quantitative interpretation of these data. Confocal microscopy imaging (Figure 4C)
confirmed the cellular internalization of both unformulated soluble poly(1:C)RHO and
LNP(poly(1:C)RHO), showing a punctate intracellular pattern in cells. Counterstaining
with LysoTracker demonstrated strong co-localization, suggesting that both unformulated
soluble poly(1:C)RHO and LNP(poly(1:C)RHO) are primarily stored in intracellular acidic
vesicles such as endosomes and lysosomes. It should be noted that endosomal escape with
simultaneous cytoplasmic delivery of free poly(1:C)RHO is expected to happen only for a
small fraction of LNP(poly(1:C)RHO), which makes it difficult to detect due to the strong
signal from poly(1:C)RHO in endosomes.[39]

Next, we utilized a panel of commercially available reporter cell lines to examine the
impact of LNP encapsulation on the ability of poly(l:C) to activate endosomal and
cytoplasmic innate immune sensors (Figure 4D). HEK-Blue mTLR3 cells are HEK293
cells that have been genetically modified through co-transfection of the murine TLR3

gene and an inducible secreted embryonic alkaline phosphatase (SEAP) reporter gene.

The SEAP gene is driven by the IFN-B minimal promoter fused to NF-xB and AP-1
binding sites. Activation of TLR3 by poly(l:C) triggers NF-xB and AP-1, leading to

SEAP production, which can be quantified by a simple colorimetric assay. RAW-Lucia
ISG cells are RAW?264.7 macrophages that have been genetically engineered to carry an
interferon regulatory factor (IRF)-inducible luciferase reporter construct. RAW264.7 cells
express dsRNA RLRs. Activation of RLRs by poly(1:C) in the cytosol triggers IRF,[4]
leading to luciferase production, which can be measured by bioluminescence detection.
Additionally, we tested LNP(poly(1:C)) and poly(I:C) on RAW-Lucia ISG cells in which
the signaling proteins involved in TLR3- and RLR-mediated innate activation, TRIF and
MAVS, respectively,[4 were either knocked out or present. In TLR3 reporter cells, LNP
encapsulation resulted in a significant increase in TLR3 activation by poly(l:C). In ISG
reporter cells, LNP encapsulation led to a remarkable increase in ISG activation by
poly(I:C). This response was maintained in TRIFXO ISG reporter cells, but was completely
abolished in MAVSKO ISG reporter cells. Notably, all three ISG-reporter cell lines required
high concentrations of unformulated, soluble poly(l:C) to induce a measurable response.
Whereas the maximum concentration of poly(1:C) in TLR3-reporter cells was below

104 ng/mL, the 1SG-reporter cells required a poly(l:C) concentration of up to 105-10°
ng/mL. At such high concentrations, the samples containing LNP(poly(l:C)) induced severe
cytotoxicity, making proper assessment at these levels unfeasible. Overall, our findings
support the hypothesis that LNP encapsulation enhances the ability of poly(l:C) to strongly
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activate RIG-I and/or MDA-5, and it confirms that LNP can facilitate cytoplasmic delivery
of poly(l:C).

LNP formulation strongly increases innate activation capacity of poly(l:C) in vivo

The influence of LNP formulation on the biodistribution and amplitude of the poly(l:C)-
induced type | IFN response /in vivo at the macroscopic tissue level was investigated using
a IFN-B luciferase reporter mouse model (IFNB*/2B-1u¢) This transgenic mouse model links
the expression of IFN-B to the firefly luciferase gene, enabling spatiotemporal analysis of
nanocarrier-mediated IFN-p induction through bioluminescence imaging.[40] IFN@*/A8-luc
mice were given an intramuscular injection into the quadriceps of an equivalent high dose
of 25 pg poly(1:C) in unformulated soluble and LNP-formulated form. We deliberately
selected a high dose to fully capture the effect of LNP formulation on the pharmacokinetic
and pharmacodynamic profile of poly(l:C). Bioluminescence imaging was performed
immediately upon injection, 4h, and 24h post-injection (Figure 5A). Unformulated soluble
poly(l:C) induced IFN-B expression at the site of injection 4h post-injection, which declined
strongly after 24h. IFN-B expression was also observed in the urinary tract and mouth,
indicating renal secretion (and reingestion) of poly(l:C). LNP(poly(l:C)) induced a similar
signal at the injection site 4h post-injection, but also induced strong IFN-p expression

in the liver and spleen. The magnitude of the IFN-B expression further increased after

24h. Empty LNP did not induce a detectable response. To analyze cytokine levels in the
blood, we performed Bio-Plex assays on cytokines (IL-1b, IL-4, IL-6, IL-10, IL-12(p70),
IFN-y, monocyte chemoattractant protein 1 (MCP1), TNF-a) at 6h post-injection (Figure
5B). MCP1 and IL-6 were increased in mice that received LNP(poly(l:C)), while cytokine
levels in mice injected with unformulated soluble poly(l:C) remained below the detection
level. Empty LNP also induced IL-6, but not MCP1, and IL-6 levels were lower than

those induced by LNP(poly(I:C)). These findings are consistent with recent observations by
Alameh et al., who reported on the ability of empty LNP to induce IL-6 /n vivoin mice,
suggesting that the adjuvant activity of empty LNP observed in an immunization setting
may be attributed to its ability to induce 1L-6.[41] The absence of a clear pro-inflammatory
cytokine profile shortly after injection suggests that the LNP formulations are safe.

We analyzed the effect of LNP formulation on the biodistribution of poly(l:C) (25 pg dose)
on a cellular level by flow cytometry in the draining iliac lymph node and spleen at 24 h
post IM injection in the quadricep. For fluorescent tracking, poly(I1:C)RHO was used. In the
draining lymph node, poly(1:C)RHO was detected in cDC1 and cDC2 dendritic cell subsets
and, to a lesser extent, also in B cells. LNP formulation did not have a major impact on

the delivery of poly(1:C)RHO to DCs (cDC1 and ¢cDC2 DC subsets) and B cells (Figure

5C). In the spleen, by contrast, LNP(poly(l:C)RHO) showed, relative to unformulated soluble
poly(1:C)RHO 3 vast increase in delivery to cDC1 and cDC2 dendritic cells and to a lesser
extent also to B cells.

The draining iliac lymph node and spleen were analyzed by flow cytometry, 24 hours post
IM injection, to investigate the influence of LNP formulation on the cellular biodistribution
of poly(I:C). Poly(1:C)RHO was used to enable fluorescent tracking. In the draining lymph
node, poly(I:C)RHO was detected in cDC1 and cDC2 dendritic cell subsets, and to a lesser
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extent in B cells. The LNP formulation did not have a significant impact on the delivery

of poly(1:C)RHO to DCs (cDC1 and cDC2 DC subsets) and B cells (Figure 5C). However,
in the spleen, LNP(poly(1:C)RHO) showed enhanced delivery to cDC1 and cDC2 dendritic
cells compared to unformulated soluble poly(1:C)RHO. Also, B cells received a higher dose
of poly(l:C) when poly(l:C) was formulated in LNP.

Next, we analyzed the effect of LNP formulation on innate immune activation on a
cellular level by flow cytometry in the draining iliac lymph node and spleen at 24

h post intramuscular injection. In the draining lymph node, both unformulated soluble
poly(1:C) and LNP(poly(I:C)) induced upregulation of the maturation markers CCR7,
CD80, and CD86 (Figure 5D1). LNP(poly(l:C)) and unformulated soluble poly(I:C) were
equally effective in upregulating CCR7 expression. However, LNP(poly(1:C)) was more
potent in upregulating CD80 and CD86 expression. Empty LNP induced intermediate
maturation above background levels. In the draining lymph node, LNP(poly(l:C)) induced
upregulation of the activation marker CD69 in B and T cells to a much higher extent than
unformulated soluble poly(l:C). LNP did not induce activation of B and T cells. In the
spleen, LNP(poly(l:C)) strongly induced maturation of cDC1 and cDC2 dendritic cells and
induced strong activation of B and T cells (Figure 5D2). In the spleen, unformulated soluble
poly(I:C) induced slight maturation of cDC1 and cDC2 dendritic cells but did not induce
activation of B and T cells. Empty LNP had no effect on dendritic cells or B and T cells

in the spleen. Taken together, our data provide clear evidence that the LNP formulation
strongly amplifies the innate immune activation capacity of poly(l:C).

Uptake of LNP(poly(l:C)) by dendritic cells is likely to directly induce maturation of these
cells. Our data showed that in the draining lymph node, there was no significant difference
in the uptake of LNP(poly(l:C)) and unformulated soluble poly(l:C) by DCs. However, in
the spleen, LNP(poly(l:C)) was delivered to DCs at a much higher rate than unformulated
soluble poly(I:C). B and T cell activation in both the lymph node and spleen likely

occurs as a bystander effect in response to cytokine secretion by dendritic cells or other
TLR3- and RLR-expressing cells, such as muscle cells and epithelial cells that internalized
LNP(poly(1:C)). The ability of LNP to deliver poly(l:C) to both endosomal vesicles (location
of TLR3) and the cytoplasm (location of RLR) likely plays a major role in contributing to
the strong innate immune activating capacity of LNP(poly(l:C)), as suggested by our /n vitro
data (Figure 4C). Moreover, the inherent properties of LNPs themselves, such as their ability
to induce systemic levels of IL-6 and dendritic cell maturation in lymphoid tissue, might
also contribute to the potency of LNP(poly(l:C)).

LNP formulation strongly alters the vaccine adjuvant properties of poly(l:C)

We investigated the adjuvant properties of LNP(poly(l:C)) by admixing them with
recombinant full-length trimeric SARS-CoV-2[42] spike protein (further abbreviated as S
protein). Well adjuvanted S protein is able to mount protective responses in mice as

shown before by us and others.[43-45] 6-8 week old female 12951 mice were immunized
intramuscularly with a prime-boost schedule using 5 g of recombinant S protein, either
unadjuvanted or adjuvanted with LNP(poly(l:C)), LNP, or AddaVax, an MF59-like water-in-
oil established control vaccine adjuvant. To limit the systemic immune activation, a 5-fold
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lower dose of poly(l:C) was used in this experiment. The experimental outline is depicted in
Figure 6A, and blood was collected 22 days post-prime and 21 days post-boost vaccination
for analysis of S protein-specific total 1gG, 1gG1, and 1gG2a isotype/subclass titers by
enzyme-linked immunosorbent assay (ELISA) (Figure 6B). Booster immunization increased
antigen-specific antibody titers across all cohorts and isotype classes. The highest antigen-
specific total 1gG titers were measured in the LNP(poly(l:C)) adjuvanted cohorts. After
prime, antigen-specific 1gG1 titers were highest in mice immunized with antigen adjuvanted
with empty LNP, whereas after boost, the Addavax-adjuvanted cohort had the highest IgG1
titers, confirming its type 2 skewing effect, and empty LNP and LNP(poly(I:C)) adjuvanted
cohorts were on par. Antigen-specific 1gG2a titers were greatly increased in LNP(poly(1:C))
adjuvanted cohorts, relative to all other cohorts, both after prime and boost. It is noteworthy
that the adjuvanticity of soluble unformulated poly(l:C) was found to be very weak and
barely increased antigen-specific antibody titers beyond those of non-adjuvanted antigen.
Empty LNP also exhibited an adjuvant effect, which is in line with recent reports in the
literature.[4] The high 1gG2a/IgG1 (Figure 6C) ratio observed in LNP(poly(l:C)) adjuvanted
cohorts suggests that LNP(poly(1:C)) skews towards a Th1 immune response and class
switching towards an IgG2a isotype.

We then investigated the capacity of sera from immunized mice to neutralize the

ancestral USA-WA1/2020 virus, a Wuhan-like SARS-CoV-2 strain, /n vitrousing a
microneutralization assay (Figure 6D). Sera collected post prime and post booster
immunization were tested, and only serum from mice immunized with LNP(poly(l:C))
adjuvanted antigen induced viral neutralization beyond the background level from the post
prime sera. All post-boost sera from mice immunized with adjuvanted antigen were able to
neutralize the virus to some extent, and LNP(poly(I:C)), LNP, and AddaVax adjuvanted sera
were on par. Immunization with unadjuvanted antigen or antigen adjuvanted with soluble
unformulated poly(1:C) was unable to neutralize the virus /n vitro, suggesting an absence of
detectable neutralizing antibody titers in these groups post prime as well as post boost.

After booster immunization, mice received an intranasal dose of a mouse-adapted SARS-
CoV-2 strain to determine the correlation between observed vaccine responses and
protection from viral challenge. The mouse-adapted SARS-CoV-2 strain was derived from
the ancestral Wuhan-like USA-WA1/2020 SARS-CoV-2 virus, antigenically matching the
vaccine antigen, except for the N501Y mutation in its receptor binding domain, which
allows the virus to bind to mouse ACE2 more efficiently, resulting in infection of
laboratory strains of wild type mice.[46] Four days post challenge, lungs and nasal turbinates
were harvested, and the residual viral load in these tissues was quantified by a plaque
assay. Immunization with antigen adjuvanted with LNP(poly(l:C)) and AddaVax conferred
sterilizing immunity, with plague numbers below the detection limit in both lungs and nasal
turbinates (Figure 6E). Unadjuvanted antigen and antigen adjuvanted with LNP and soluble
unformulated poly(1:C) were unable to fully control viral infection.

We repeated the vaccination study using trimeric recombinant SARS-CoV-2 spike protein in
MAVS-/- mice. MAVS is an innate signaling adapter molecule that is involved in RLR
signaling, but not TLR3 signaling. We observed that the dominant adjuvant effect of
LNP(poly(1:C)) was abolished in MAVS-/- mice, with the highest ELISA binding titers
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observed in the group that received soluble poly(l:C) (Figure 7A). This was also reflected

in the microneutralization assay, where the LNP(poly(1:C)) group had lower titers compared
to the soluble poly(1:C) group, and overall low titers in MAVS-/- mice (Figure 7B). These
results confirm our hypothesis that, also /n7 vivo, induction of immunity by LNP(poly(I:C)) is
primarily mediated by cytoplasmic RLR triggering, rather than TRL3 triggering.

Conclusions

In this study, we investigated the encapsulation of the synthetic double-stranded RNA TLR3
agonist, poly(l:C), in LNPs via electrostatic interaction between the phosphate anions in the
poly(1:C) backbone and a cationic amine of an ionizable lipid. Our results showed that LNP
encapsulation maintained the capacity of poly(l:C) to trigger TLR3 in endosomes, while
greatly amplifying its capacity to trigger RLRs by mediating delivery of poly(l:C) into the
cytoplasm. This hypothesis is supported by literature data reporting /n vitro experiments
that show direct cytoplasmic delivery of poly(1:C) by transfection can activate RLRs and
convert the TLR3-mediated induction of apoptosis into an immunoadjuvant effect driven

by IFN-B production.[4] /n vivo in mice, LNP formulation altered the pharmacokinetic
profile of poly(1:C) upon intramuscular administration, resulting in vastly amplified innate
immune activation in distal tissues, including liver and spleen. Immunization of mice with
LNP(poly(l:C)) adjuvanted recombinant Spike protein from the SARS-CoV-2 virus yielded
robust antigen-specific antibody titers, with LNP(poly(I:C)) vastly outperforming soluble
unformulated poly(1:C), which exhibited rather weak adjuvant properties. Additionally,
immune serum from mice receiving a prime and booster immunization of LNP(poly(l:C))
adjuvanted Spike protein strongly reduced viral infection /n vitro, while prime and boost
immunization of LNP(poly(l:C)) adjuvanted Spike protein fully protected against a mouse-
adapted SARS-CoV-2 viral challenge /n vivo.

We confirmed the importance of the innate signaling adapter molecule MAVSI4 for

the adjuvant effect of LNP(poly(l:C)), although we were unable to discriminate the
contributions of different RLRs (RIG-I1 or MDAJ5) to the observed adjuvant effect, as both
signal through MAVS. Both RIG-I and MDAGS are known to be activated by poly(l:C)

with the help of zinc finger protein ZCCHC3[48] but are also reported to have different
preferential binding depending on molecular weight of the dsSRNA. The efficiency of innate
immune activation by Poly(1:C) depends on molecular mass of poly(1:C).[4%1 For these
studies, we have used low molecular mass (LMM) poly(l:C). It has been suggested that
MDAS is mainly activated by high molecular weight (3kb) poly(l:C), whereas RIG-I would
typically sense low molecular weight (<1.5kb) poly(l:C) as well as /n vitrotranscribed

5’ phosphorylated dsRNAs like the Sendai virus defective interfering RNA.[50-52] we
anticipate that LNP(poly(l:C)) could find application in the context of vaccine design
against viral infection and cancer, as well as in the context of cancer immunotherapy[®3]

to mount immunity against neo- and self-antigens. Overall, our findings suggest that
LNP-formulation is a scalable and translational feasible approach that greatly amplifies

the adjuvant properties of poly(l:C) by triggering both TLR3 and RLRs and altering its
pharmacokinetic and pharmacodynamic properties /n vivo. Notably, LNPs, including LNPs
containing S-Ac7-DOG as an ionizable lipid,[>] have been amenable to lyophilization,
which enables long-term storage and thereby facilitates their use in vaccine formulations.[5°]
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Experimental Section

Materials

Cell lines

Mice

Virus

Unless otherwise stated, all chemicals were purchased from Sigma Aldrich. Cell culture
medium and supplements, PBS (1 x), penicillin/streptomycin (100 x), sodium pyruvate (100
x) and Quanti-iT RiboGreen RNA assay kit were purchased from Thermo Fischer. HEK-
Blue-mTLR3 cells as well as HEK-Blue Detection, Normocin, poly(l:C) LMW, poly(l:C)
LMW Rhodamine, AddaVax were obtained from Invivogen. DOPE, DSG-PEG5qgg Were
purchased from Avanti Polar Lipids. Anti-mouse SARS-CoV-2 nucleoprotein and anti-
mouse SARS-CoV-2 S protein antibodies were obtained from the Center for Therapeutic
Antibody Development at the Icahn School of Medicine at Mount Sinai, New York. The
secondary antibodies with conjugated HRP were obtained from Abcam.

The DC2.4 cell line was a kind gift from Dr. Kenneth Rock. (University of Massachusetts,
Boston, USA). HEK-Blue mTLR3 cells, RAW-Lucia ISG cells, RAW-Lucia ISGO-KO-
TRIF cells and RAW-Lucia ISGO-KO-MAVS cells were puchased from InvivoGen. Vero-
E6, obtained from ATCC, and Vero-E6-TMPRSS2 cells (stably expressing TMPRSS?2)
were maintained in DMEM supplemented with 10% fetal bovine serum, 1X penicillin/
streptomycin and 1X nonessential amino acids (Gibco) and further with puromycin for
\Vero-E6-TMPRSS2.

6-8-week-old 129S mice obtained from JAX Laboratories, MA. Mice were housed with
food and water ad libitum in a specified pathogen-free animal facility at Icahn School

of Medicine at Mount Sinai. Mice were vaccinated intramuscularly (50ul per hind leg

per mouse) and infected via the intranasal route (105 PFU mouse adapted SARS-CoV-2
virus in 50ul PBS per mouse) under ketamine/xylazine anesthesia. All procedures were
approved by the Icahn School of Medicine at Mount Sinai Institutional Animal Care and Use
Committee (IACUC-2013-1408). IPS-1 (MAVS-/-) deficient micel®¢] were kindly provided
by Dr. Matthias J. Schnell, Ph.D. Homozygous MAVS-/- were bred and housed in specific
pathogen free (SPF) facilities maintained by the Center for Comparative Medicine and
Surgery at the Icahn School of Medicine at Mount Sinai. All experiments were performed
with sex-matched mice at 6-8 weeks of age. All studies were performed in accordance with
the principles described by the Animal Welfare Act and the National Institutes of Health
guidelines for the care and use of laboratory animals in biomedical research. The protocols
for performing mice studies were reviewed and approved by Institutional Animal Care and
Use committee (IACUC) at ISMMS.

The WA1-USA/2020 SARS-CoV-2 virus was obtained from BEI resources (NR-52281).
The Mouse-adapted SARS-CoV-2 virusl4®l as obtained after several serial passaging of
WAL1-USA/2020 SARS-CoV-2 virus in mice with different genetic backgrounds, at the
Animal Biosafety level 3 (ABSL3) facility at Icahn school of Medicine at Mount Sinai. The
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virus was further propagated and titrated on Vero E6 cells and diluted appropriately in 1X
PBS for intranasal infection in animals.

Instrumentation

Both DLS and ELS measurements were performed on a Zetasizer Nano ZS (Malvern
Instruments Ltd., Malvern, U.K.) equipped with a HeNe laser (A = 633 nm) and detection at
scattering angle of 173°.

Flow cytometry analysis was performed on a BD LSRFortessa and BD FACSCanto. Data
were processed using the FlowJo software package. Samples were prepared in 100 uL PBS
and transferred to Eppendorf tubes prior to analysis.

Confocal microscopy images were taken via a Leica DMI6000B microscope (63 x 1.40
NA objective) coupled to an AndorDSD2 confocal scanner and a Zyla5.5 CMOS camera.
Images were processed with ImageJ software package.

LNP formulation

Agueous solutions of poly(l:C) were made by adding 250 L of a poly(I:C) LMW stock
solution (1 mg/mL in PBS) to 3.083 mL 5 mM acetate buffer (pH 4). Ethanol solutions
(1.667 mL) consisted of S-Ac7-DOg, DOPE, cholesterol, DSG-PEG5qqq (see Table S1 for
LNP composition). LNPs were fabricated by solvent displacement, mixing rapidly with

a vortex the ethanolic solution of lipids to the aqueous solution of poly(l:C). To remove
ethanol, the formed LNP suspensions were dialyzed overnight with PBS using Slide-A-
Lyzer cassettes (cut-off 3.5 kDa) (Thermo Fischer, U.S.A). Next, the LNP suspensions were
concentrated by using an Amicon Ultra 10K Centrifugal Filter (MilliporeSigma, U.S.A.)
(cut-off 3.5 kDa) to yield a poly(l:C) concentration of 0.5 mg/mL.

LNP(poly(l:C)RHO) formulation

Poly(1:C)RHO was formulated into LNP(poly(l:C)RHO) as mentioned above but not
dialyzed. To serve as a proper control, poly(l:C)RHO was subjected to identical conditions
(/.e., addition of ethanol, etc...). Fluorescence emission intensities of poly(l:C)RHO and
LNP(poly(1:C)RHO), respectively, were recorded on an Ensight Multimode Microplate
reader (PerkinElmer, U.S.A.) (Aex = 530 nm A = 560 Nm).

DLS and ELS

100 pL of each sample was individually measured thrice via DLS. Cumulants analysis of
the data gave the z-average and PDI (data provided as average). For ELS, each sample was
diluted 10-fold in 5 mM HEPES buffer (pH 7.4) and was individually measured thrice. Zeta
potential values were calculated based on Smoluchowski equation and were provided as
average + standard deviation.

Determination of encapsulation efficiency: RiboGreen assay

Quant-iT RiboGreen RNA Assay kit (Thermo Fisher, U.S.A.) was used to determine
poly(1:C) encapsulation efficiency after LNP production. LNP samples were diluted in TE
(Tris-EDTA) buffer to obtain a (theoretical) concentration of 1 ug/mL poly(I:C) (= working
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solutions). 50 pL of these working solutions were two-fold diluted in duplicate in a black
96-well plate with TE buffer. Similar samples were prepared with TE buffer supplemented
with 2% Triton X-100 to lyse the LNPs. Next, 100 pL of RiboGreen solution (1:100 diluted
RiboGreen reagent in TE buffer) was added to each well. Fluorescence was measured
using an Ensight Multimode Microplate reader (PerkinElmer, U.S.A.) (Aex = 485 nm Agm
=528 nm). The resulting fluorescence values were subtracted by the fluorescence value

of the reagent blank. The encapsulation efficiency (%) was calculated according to the
(lmml - lfree)

total

equation x 100, where /415 the fluorescence intensity of samples measured total

poly(I:C) in presence of 2% Triton X-100 and /g, is the fluorescence intensity of samples
measured free or unencapsulated poly(l:C) in absence of 2% Triton X-100.

In vitro cellular uptake - Flow cytometry

DC2.4 cells were seeded in a 24-well plate at a concentration of 200 000 cells per

well in 450 pL of culture medium and allowed to adhere overnight at 37°C (5% COy).

The cells were pulsed overnight, at 37°C (5% CO,), with 50 pL of poly(l:C)RHO and
LNP(poly(1:C)RHO), respectively, resulting in a poly(1:C)RHO concentration of 0.5 pg/mL
and 1 pg/mL, respectively. After overnight incubation, the culture medium was aspirated
and washed with PBS. Next, 500 uL cell dissociation buffer was added and incubated for

15 min at 37°C (5% CO,) to detach the cells. The cell suspensions were transferred to
Eppendorf tubes and centrifuged (5 min, 300 G, 4 °C). After aspiration of the supernatant,
the cell pellets were resuspended in 200 L PBS and analyzed using a BD LSRFortessa flow
cytometer. Data were processed by FlowJo software package.

In vitro cellular uptake - Confocal microscopy

DC2.4 cells were seeded in WillCo-Dish glass bottom at a concentration of 50 000 cells

in 180 pL culture medium and allowed to adhere overnight at 37°C (5% CO»). The cells
were pulsed overnight with 20 pL of poly(l:C)-Rho LNP suspension (LNP(poly(l:C)-Rho))
in PBS (50 ug/mL poly(1:C) Rho) or soluble poly(I:C)-Rho (poly(l:C)-Rho) (50 pg/mL in
PBS) at 37°C (5% CO,). After overnight incubation, the culture medium was aspirated and
the cells were fixated with 4% PFA for 15 min at 37°C (5% CO,) followed by washing
with PBS. A staining solution was prepared by adding 10 uL Hoechst (1 mg/mL stock
solution in DMSO) to 2 mL PBS supplemented with 1% bovine serum albumin (BSA).
200 pL of this staining solution was added to the fixed cells and incubated for 40 min

at 37°C (5% COy). Finally, the samples were washed with PBS followed by confocal
imaging using a Leica DMI16000B microscope (63 x 1.40 NA objective) coupled to an
AndorDSD2 confocal scanner and a Zyla5.5 CMOS camera. Images were processed with
ImageJ software package.

HEK-Blue mTLR3 innate immune activation assay

HEK-Blue mTLR3 cells were seeded in a flat-bottom 96-well plate at a concentration of
50 000 cells per well in 180 pL HEK-Blue detection medium (prepared per manufacturer
instruction). The cells were pulsed overnight (6-16 h) with 20 pL of poly(l:C) LNP
suspension (LNP(poly(l:C))), empty LNP (LNP(-)), soluble poly(l:C) or sterile endotoxine-
free water (negative control) at 37°C (5% CO») at concentrations of 3.333, 1.667, 0.333,
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0.033, 0.003 pg/mL poly(1:C). After overnight incubation, SEAP levels were determined
by measuring optical density at 620 nm using an Ensight Multimode Microplate reader
(PerkinElmer, U.S.A.). Note: colorimetric quantification of the samples was obtained
relative to the negative control and each concentration was performed in 5-fold.

Bio-Plex cytokine assay

Cytokines (IL-1b, IL-4, IL-6, IL-10, IL-12(p70), IFN-y, MCP-1,TNF-a) in the mice serum
samples were measured on a Luminex Bio-Plex suspension array system (Bio-Rad, U.S.A)
according to the manufacturer’s instructions. Briefly, 4-fold diluted serum samples were
added to magnetic capture beads (Bio-Rad) and incubated for 2 h at room temperature. After
incubation, the beads were washed and a detection antibody (Bio-Rad) was added to the
wells. After 1 h incubation the beads were washed again and incubated for 30 min with
streptavidin-PE (Bio-Rad). Finally, the samples were measured by Bio-Plex 200 System
(Bio-Rad). Cytokine concentrations were analyzed using standard curves and expressed as
pg/mL.

Anti-SARS-CoV-2 S protein ELISA

Anti-SARS-CoV-2 S protein ELISA was performed to estimate S-specific antibody
responses upon vaccination as described before.[43] Briefly, Maxisorp Nunc 96-well
microtiter plates were coated with 50 pL per well of recombinant trimeric S protein, diluted
to a concentration of 2 ug/mL in carbonate/bicarbonate buffer and incubated with 50ul per
well overnight at 4°C. 50ul per well of three-fold serially diluted serum samples, starting
from 1:100, were added to the antigen-coated plates followed by overnight incubation at
4°C. The plates were then washed in 1X PBS + 0.01% Tween20 and again incubated with
appropriate horse-radish peroxidase (HRP)-conjugated secondary antibodies targeting total
1gG, 1gG1 or IgG2a antibodies at room temperature for 1 h. The plates were washed and
developed with 100 uL of tetramethyl benzidine (TMB) substrate per well until blue color
appeared. The reaction was terminated with 50 uL 1M H,SO,4 and the absorbance was
measured at 450 nm with 650 nm as a reference.

In vivo immune activation imaging

Luciferase reporter mice (IFNB*/28-1u¢y with a BALB/c background, aged 7-9 weeks, were
housed in individual ventilated cages and given ad libitum access to food and water. 50

pL of poly(I:C) LNP suspension (LNP(poly(l:C))), empty LNP (LNP(-)), soluble poly(l:C)
or PBS (untreated) were injected intramuscularly in the quadriceps (n=3) at an equivalent
dose of 25 pug poly(1:C). 6 hours post-injection, blood was collected from mice for Bio-Plex
cytokine analysis (see above). For /n vivo imaging at the given time points (0, 4, 24 h), mice
were injected subcutaneously with 200 uL D-luciferin and /7 vivo luminescence imaging
was recorded 12 min later using the IVIS Lumina Il imaging system. Local (injection site
& spleen) luminescence and full body luminescence were quantified using the Living Image
4.4 software.
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Analysis of in vivo lymphocyte targeting and activation

After the last time point (24 h) of the immune activation imaging (described above)
luciferase reporter mice were sacrificed and iliac lymph nodes and spleens were isolated.
Next, single cell suspensions were prepared from the dissected lymph nodes and spleens
for flow cytometry analysis. Isolated lymph nodes and spleens were collected in ice cold
PBS, smashed through 70 pum cell strainers, washed with PBS and stained for 30 min at
4°C with following primary labeled antibodies: CD3, CD20, CD11c, MHCII, CD86, CD80,
CD40, CD69, CCRY. Live dead ratios were determined by staining with fixable dead/live
staining and 123count ebeads were added to determine cellularity prior to analysis by a BD
FACSCanto flow cytometer. Data were processed using the FlowJo software package.

In vivo cellular uptake by immune cell subsets

Luciferase reporter mice (IFNS/AB-1ucy with a BALB/c background, aged 7-9 weeks, were
housed in individual ventilated cages and given ad libitum access to food and water. 50

UL poly(l:C)-Rhodamine LNP suspension (LNP(poly(l:C)-Rho)), empty LNP (LNP(-)),
soluble poly(l:C)-Rhodamine (soluble poly(l:C)-Rho) or PBS (untreated) were injected
intramuscularly in the quadriceps (n=3) at an equivalent poly(l:C) dose of 25 ug. 24 hours
post injection, mice were sacrificed and iliac lymph nodes and spleens were isolated. Next,
single cell suspensions were prepared from the dissected iliac lymph nodes and spleens for
analysis by flow cytometry. Isolated lymph nodes and spleens were collected in ice cold
PBS, smashed through 70 pm cell strainers, washed with PBS and stained for 30 min at 4°C
with DAPI and with the following primary labeled antibodies: CD11c, B220 and CD169.
123count ebeads were added to determine cellularity prior to analysis by a BD FACSCanto
flow cytometer. Data were processed using the FlowJo software package.

Trimeric recombinant SARS-CoV-2 S protein vaccination

Trimeric full length recombinant S protein was produced as followed: only the ectodomain
of the S protein (GenBank: MN908947.3) was cloned into a mammalian expression plasmid
and the cleavage site was removed and stabilizing prolines were added at position 986 and
987 (24-26). A hexa-histidine tag as well as a T4 foldon trimerization domain was present
in the plasmid for ease of purification. The S protein was expressed in 293F cells, using

the ExpiFectamine 293 Transfection Kit (Thermo Fisher). Supernatant was collected on day
3 post transfection and Ni-NTA agarose (Qiagen) was used to purify the protein. S protein
(5 pg/mouse) was used as such or mixed with adjuvant as described below and injected
following a prime-boost schedule via the IM route with a BD 300 pL insulin syringe in the
hamstring muscles of one hind leg (50 pL/mouse).

Adjuvants: soluble poly(l:C), LNP(poly(l:C)), LNP(-) and Addavax (0.2 mg/mL poly(1:C)
or Addavax) were mixed 1:1 volume ratio with S protein (0.2 mg/mL) to yield an equivalent
dose of 5 ug S protein and poly(1:C) per mouse.

In vitro microneutralization assay

To measure the neutralizing potential of SARS-CoV-2 vaccine-induced sera, an /n vitro
microneutralization assay was performed. Briefly, the S protein + adjuvant-vaccinated mice
sera were inactivated at 56°C for 30 min. Serum samples were serially diluted 3-fold
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starting from 1:30 dilution in infection medium (DMEM + 2% FBS + 1 x non-essential
amino acids). The samples were incubated with 350 TCIDsgg of SARS-CoV-2 isolate USA-
WA1/2020 (BEI resources; NR-52281) for 1 hour in an incubator at 37°C (5% CO,) and
then transferred on pre-seeded Vero E6-TMPRSS2 cells in 96-well cell culture plates. The
plates were incubated at 37°C for 48 hours and fixed in 4% formaldehyde. The cells were
permeabilized with 0.1% Triton X-100 for 15 min at RT and washed three times with 1X
PBS + 0.1% Tween 20 (PBST). The cells were then blocked in 5% milk in PBST for 1 hour
at RT. After blocking, the cells wereincubated with anti-SARS-CoV-2 nucleoprotein and
anti-SARS-CoV-2 S protein monoclonal antibodies, mixed in 1:1 volume ratio, for 1.5 hours
at RT. The cells were washed again and incubated with HRP-conjugated anti-mouse 1gG
secondary antibody for 1 hour at room temperature followed by a brief PBS wash. Finally,
100 pL TMB substrate was added and incubated until blue color appeared and the reaction
was terminated with 50 uL 1M H,SO,4. Absorbance at 450nm was recorded and percentage
inhibition calculated.

Lung Virus Titration

Plaque assays were performed to quantify and compare the replicating lung viral titers

in vaccinated versus unvaccinated mice. Whole lungs and nasal turbinates were harvested
from the mice four days post infection and homogenized in 500ul 1X PBS. After brief
centrifugation, the tissue debris was discarded and the supernatant was 10-fold serially
diluted starting from 1:10 dilution. Pre-seeded Vero-E6 cells were incubated with diluted
lung and nasal turbinate homogenates for 1 hour at room temperature and then overlayed
with 1 mL mixture of 2% oxoid agar and 2 x minimal essential medium (MEM)
supplemented with 2% FBS. After 72 hours of incubation at 37°C (5% CO,) the plates were
fixed in 4% formaldehyde, followed by immune-staining of infected cells with anti-mouse
SARS-CoV-2 nucleoprotein and anti-mouse SARS-CoV-2 S protein monoclonal antibodies.
After incubation with primary antibodies, horse radish peroxidase (HRP)-conjugated anti-
mouse secondary antibody was added for 1 hour. Finally, the plaques were developed with
TrueBlue substrate (KPL-Seracare). The final viral titers were calculated in terms of plaque
forming units (PFU)/mL.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Simplified schematic representation of the signaling cascade in response to poly(l:C)-
induced endosomal TLR3 and cytoplasmic RLR triggering.
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Figure 2. Schematic representation lipid nanoparticles (LNP) encapsulating poly(l:C).
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Figure 3. Intensity-based size distribution curves measured by DLS of LNP(poly(1:C)) and LNP
formulations.
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igure 4. In vitro characterization of LNP(poly(1:C)).

(A) Fluorescence emission intensity (A8*: 535 nm/A®™: 670 nm) of poly(I:C)RHO and

L
L

NP(poly(l:C)RHO) (n=2, mean+SD). (B) Flow cytometry analysis of DC2.4 pulsed with
NP(poly(1:C)RHO) and unformulated soluble poly(1:C)RHO, (B1) histograms and (B2)

corresponding MFI values. (n=3, mean + SD ; t-test **: p < 0.01). (B) Confocal microscopy
images of DC2.4 cells treated with LNP(poly(1:C)RHO) and poly(1:C)RHO. Cells were
counterstained with LysoTrackerGreen. Scale bar represents 30 micron. (C) Innate immune
activation by LNP(poly(1:C)) and poly(l:C) in TLR3- and ISG-reporter cell lines (7=6, mean
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+ SD). Note that a soluble, unformulated, poly(l:C) could be tested at concentrations that
cannot be reached for LNP(poly(l:C)).
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Figure 5. In vivo innate immune activation by LNP(poly(l:C)).
(A1) Bioluminescence imaging of BALB/c IFNB*/28-UC mice at 0 h, 4 h, 24 h after

receiving intramuscular injection into the quadricep of a 25 g dose of poly(I:C) in
soluble unformulated and in LNP-formulated form. An equivalent dose of empty LNP
was administered. (n = 3). (A2) Region of interest (ROI) analysis quantifying total flux
(photons/second) of the full body, injection site, spleen of the corresponding samples (n =
3, meanSD). (B) Bio-Plex analysis of cytokine levels in serum at 6 h post-injection (n=3,
mean + SD; t-test *: p < 0.05; **:p < 0.01). (C) Flow cytometry analysis of the uptake of
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poly(1:C)RHO in immune cell subsets in draining popliteal lymph node and the spleen at 24 h
after receiving intramuscular injection into the quadricep of a 25 pg dose of poly(I1:C)RHO in
soluble unformulated and in LNP-formulated form. An equivalent dose of empty LNP was
administered. (D) Flow cytometry analysis of immune cell activation and maturation in (D1)
the draining popliteal lymph node and (DZ2) the spleen at 24 h after receiving intramuscular
injection into the quadricep of a 25 pg dose of poly(l:C) in soluble unformulated and in
LNP-formulated form. An equivalent dose of empty LNP was administered. (n = 3/group,
mean + SD; one-wat Anova *: p < 0.05; **:p < 0.01; ***:p < 0.001; ****:p < 0.0001).
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Figure 6. In vivo adjuvanticity of LNP(poly(1:C)).
(A) Experimental outline. (B) ELISA titers for (B1) IgG1, (B2) 1gG2a, (B3) total IgG

in mice sera collected 3 weeks post-prime (left) and post-boost (right) vaccination (graph
represents area under the OD(450 nm) ELISA curve against serum dilutions for individual
groups as well as Area under curve (AUC) calculated based on OD450 curves (mean + SD)
of the individual serum samples). (C) 1gG1/IgG2a serum antibody ratio. (D) Half maximal
inhibitory dilution I1Dgq of serum containing virus-neutralizing antibodies post-prime and
post-boost vaccination (mean + SD) in microneutralization assay using 350 tissue culture
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infectious dose 50 (TCIDsg) of USA-WA1/2020 SARS-CoV-2. The limit of detection was
30, corresponding to the lowest starting serum dilution used in microneutralization assays
(EQ) Viral lung titers and (E2) viral nasal turbinate titers represented as plaque-forming
units (PFU)/mL (mean + SD) after challenge with 105 PFU per animal of mouse-adapted
SARS-CoV-2. The limit of detection was 67 PFU for plaque assays and the undetectable
titers were given a value 10 (below detection limit) (n = 5, mean £ SD; one-way Anova *: p
< 0.05; **:p < 0.01; ***:p < 0.001; ****:p < 0.0001).

Small. Author manuscript; available in PMC 2024 December 09.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Lamoot et al.

A

area under curve (a.u.)

Page 28
Prime Booster _
*k B Prime Booster
10000 . = 60 . %k
g o !
* i[9 ¢ 5 :
1000 - : N ns
: £ 40 :
. 2 :
100 : c :
: ‘o : ©
ﬁ; Sa]
10~ : & : ﬁ
: 0 :
: a 2
1 N — O N e I
C)\ Q\\ [Q) Q\\ [Q) Q\\ O Q\\
& N R
S S S
Q \9 xQ \Q xQQ\Q (onQ\Q
°F e SRS

S

Y
Y
Y

Figure 7. In vivo adjuvanticity of LNP(poly(l:C)) is abrogated in MAVS-/- KO mice.
(A) ELISA titers for total IgG in MAVS-/- mice sera collected 3 weeks post-prime and

post-boost vaccination. The graph represents area under curve (AUC) calculated based
on OD(450 nm) curve against serum dilutions for individual animals (n=5, mean + SD;
one-way Anova *: p < 0.05; **:p < 0.01). (B) /n vitro microneutralization titers observed
in serum from vaccinated MAVS-/- mice (n=5, mean * SD; one-way Anova **:p < 0.01)
represented as IDs of sera post-prime and post-boost vaccination (mean + SD, one-way
Anova) using 350TCIDsg of USA-WA1/2020 SARS-CoV-2.
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Table 1

Physicochemical characterization of LNP(poly(1:C)) and empty control LNP.

z-average diameter ("m)  PDI z6ta_potential (mV) + SD*  encapsulation efficiency (%)

LNP(poly(1:C)) 105 014 6.0%49 100
LNP % 010 35%51 /

*
Measured in HEPES buffer pH 7.4.
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