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Lipid nanoparticle encapsulation of a Delta
spike-CD40L DNA vaccine improves effectiveness
against Omicron challenge in Syrian hamsters
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The effectiveness of mRNA vaccines largely depends on their
lipid nanoparticle (LNP) component. Herein, we investigate
the effectiveness of DLin-KC2-DMA (KC2) and SM-102-based
LNPs for the intramuscular delivery of a plasmid encoding
B.1.617.2 (Delta) spike fused with CD40 ligand. LNP encapsu-
lation of this CD40L-adjuvanted DNA vaccine with either
LNP formulation drastically enhanced antibody responses,
enabling neutralization of heterologous Omicron variants.
The DNA-LNP formulations provided excellent protection
from homologous challenge, reducing viral replication, and
preventing histopathological changes in the pulmonary tis-
sues. Moreover, the DNA-LNP vaccines maintained a high
level of protection against heterologous Omicron BA.5 chal-
lenge despite a reduced neutralizing response. In addition,
we observed that DNA-LNP vaccination led to the pulmonary
downregulation of interferon signaling, interleukin-12
signaling, and macrophage response pathways following
SARS-CoV-2 challenge, shedding some light on the mecha-
nisms underlying the prevention of pulmonary injury. These
results highlight the potential combination of molecular adju-
vants with LNP-based vaccine delivery to induce greater and
broader immune responses capable of preventing inflamma-
tory damage and protecting against emerging variants. These
findings could be informative for the future design of both
DNA and mRNA vaccines.

INTRODUCTION

Since the emergence of SARS-CoV-2 and the beginning of the
COVID-19 pandemic, historic amounts of time, effort, and re-
sources have been spent on vaccine research and development.

Vaccines have proven to be highly effective at reducing adverse
outcomes and hospitalizations associated with SARS-CoV-2 infec-
’ and are estimated to have prevented millions of deaths
throughout the pandemic.” Spearheading global vaccination ef-
forts have been several mRNA lipid nanoparticle (LNP) vaccines,
which have shown tremendous efficacy.”® A key factor contrib-
uting to the successful implementation of these mRNA vaccines
has been their LNP delivery system.”'’ LNPs contribute to vac-
cine efficacy by reducing degradation of the nucleic acid payload
and improving its cellular uptake."'”"* Additionally, the ionizable
lipid component of LNP vaccines has been shown to be immuno-
%717 which may contribute to improved immune responses.
DNA vaccines are often presented as an alternative to mRNA vac-
cines, sharing many properties but with a lower cost of produc-
tion and a decreased likelihood to induce undesirable ribosomal
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frameshifting during translation.'®*° However, DNA vaccine effi-
cacy has historically been limited by poor cellular uptake, suscep-
tibility to DNase degradation, and limited immunogenicity.”' In
the wake of widespread LNP-mRNA vaccination during the
COVID-19 pandemic, more research is essential to comprehend
how effectively LNP delivery can be translated for use in DNA-
based vaccination.

We previously described the immunogenicity and efficacy of
pcDNA3.1 S.dTM.PP-CD40L, a plasmid DNA (pDNA)-vectored
vaccine encoding a pre-fusion stabilized ancestral SARS-CoV-2
spike (S) ectodomain fused to the ectodomain of CD40 ligand
(CD40L).** Engagement with CD40L on the surface of activated
T cells represents a key regulator of antigen-presenting cell activa-
tion.”> While the addition of CD40L to our pDNA-based vaccine
improved humoral responses following intramuscular vaccination
in Syrian hamsters and afforded significant protection from chal-
lenge with an ancestral SARS-CoV-2 isolate, the adjuvanted vaccine
failed to completely prevent viral replication and lung pathology.
We encapsulated an updated version of our CD40L-adjuvanted vac-
cine based on the B.1.617.2 Delta variant, pVAX1 S-CD40Lg ; 6172,
in two different LNP formulations containing either DLin-KC2-
DMA (KC2) or SM-102 ionizable lipids. We evaluated both the
immunogenicity and efficacy of the LNP-encapsulated vaccines in
comparison with unencapsulated pDNA in Syrian hamsters
following B.1.617.2 and BA.5 SARS-CoV-2 challenge. Herein, we
demonstrate that LNP encapsulation drastically improves the
strength and breadth of humoral responses induced by DNA vacci-
nation and provides superior protection upon homologous and het-
erologous challenge.

RESULTS

LNP encapsulation enhances strength and breadth of DNA
vaccine-induced humoral response

The B.1.617.2-based DNA construct (pVAX1 S-CD40Lg ; ¢17.,) dif-
fers from our previous construct’” in that nine mutations found in
the B.1.617.2 variant S protein were introduced into the vaccine anti-
gen (Figure S1A) and the pVAXI1 vector was used rather than
pcDNA3.1. Due to the omission of non-essential elements, the
pVAXI vector is considerably smaller than pcDNA3.1, which should
allow a greater number of plasmids to be administered in an equiva-
lent dose improving antigen expression and vaccine efficiency.”* An
in vitro CD40 signaling bioassay confirmed the fused CD40L domain
remained functional (Figure SI1B). To first assess DNA-LNP immu-
nogenicity and efficacy, we immunized male Syrian hamsters intra-
muscularly at a 4-week interval with 5 or 20 pg of LNP-encapsulated
pVAXI S-CD40Lg ; 617, (Figure 1A). Male hamsters were chosen as
they experience more severe infection compared with females.”>>
Formulated with KC2 ionizable lipids, the DNA-LNPs had an average
size distribution around 100 nm (Table S1). For comparison, ham-
sters were also immunized with a 100-ug dose of unencapsulated
pVAXI S-CD40Lg ; 617, this dose of naked DNA having previously
conferred significant yet incomplete protection.”” Both the 5- and
20-pg doses of KC2 LNP-encapsulated pVAX1 S-CD40Lg; 6172

induced greater binding antibody responses than the significantly
higher 100-pg dose of unencapsulated vaccine against homologous
B.1.617.2 S (Figure 1B) and heterologous Omicron BA.1 S (Figure 1C).
Furthermore, the magnitude of this increase appears to rely on the
fusion of CD40L (Figure S1C). LNP encapsulation also substantially
improved neutralizing antibody (NAb) responses. As shown in Fig-
ure 1D, unlike unencapsulated pVAX1 S-CD40Lg 617, both 5-
and 20-pug doses of the DNA-LNP induced significant NAD responses
against B.1.617.2 pseudotyped-VSV after a single dose. Interestingly,
despite having a strong binding Ab response, a single 5-ug dose of
LNP-formulated pVAX1 S-CD40Lg ; 4,7, failed to elicit a detectable
neutralizing response against BA.1 pseudotyped-VSV (Figure 1E).
However, following the second vaccination, both the 5- and 20-ug
doses of LNP-formulated pVAX1 S-CD40Lg ; 17, induced signifi-
cant NAD responses against BA.1. In contrast, vaccination with naked
pVAX1 S-CD40Lg 417, failed to induce a detectable Omicron
neutralizing response even after two vaccine doses. Notably, NAb re-
sponses following the boost vaccination were also measured against
four other Omicron subvariants (Figure 1F). Both the 5-pg and
20-pg doses of the LNP-encapsulated vaccine induced a significant
response against BA.5, while the higher dose also raised a significant
response against BA.2.75. With respect to BF.7 and BQ.1, while not
statistically significant relative to control groups, vaccination with
20-pg of the DNA-LNPs did raise some neutralizing activity against
these newer variants.

LNP encapsulation protects hamsters against homologous
B.1.617.2 challenge

Three weeks after the second immunization, the Syrian hamsters
were challenged intranasally with 1 x 10° plaque-forming units
(PFU) of a SARS-CoV-2 B.1.617.2. Although all groups experienced
slight body weight loss on the first day post-challenge, only
pVAXI control group continuously lost weight over the course of
the infection, reaching a mean weight loss of 9.9% + 4.2% on day
6 post-challenge (Figure 2A). In contrast, all three pVAX1
S-CD40Lg ; 617> vaccinated groups began recovering from the initial
weight loss. Importantly, however, hamsters vaccinated with 5 and
20 ug of the DNA-LNP consistently lost less body weight and recov-
ered faster than those that received 100 pg of the naked DNA vac-
cine. These results reflect the viral burden in the lungs and nasal tur-
binates of these animals. As shown in Figure 2B, the vaccinated
groups had significantly less viral burden in lungs and nasal
turbinates, with no virus being detectable by plaque assay in the
DNA-LNP groups. In addition to quantification of live virus, we
used RT-PCR to quantify viral envelope (E) subgenomic mRNA
(sgmRNA) expression in the same tissues, which revealed
a similar observation. All vaccines significantly reduced E sgmRNA
levels in the lung tissue relative to the pVAX1 vector control
at both 3 and 6 days post-infection (dpi) (Figure 2C). Additionally,
vaccination with the DNA-LNP also significantly reduced E
sgmRNA expression in the lungs relative to unformulated pVAX1
S-CD40Lg 1 6172 3-dpi (Figure 2C). We also observed significant
decreases in nasal turbinate E sgmRNA expression in vaccinated an-
imals (Figure 2D). These data demonstrated that LNP-delivered
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Figure 1. LNP encapsulation improves humoral
response to DNA vaccination

(A) Male Syrian hamsters were randomly divided into four
experimental groups (n = 8 for pVAX1, n = 12 for pVAX1
S-CD40Lg 1 g17.0) and immunized intramuscularly on days
0 and 28 with 100 pg of pVAX1, 100 pg of pVAXi
S-CD40Lg 1 g17.2, or 5 or 20 pg of LNP-encapsulated pVAX1
S-CD40Lg 1 617.2. Animals were challenged intranasally with
1.67 x 10° TCID50 of a SARS-CoV-2 B.1.617.2 isolate on
day 49 and euthanized 3 and 6 days post-infection (dpi).
ELISA determination of total B.1.617.2 (B) and BA.1
(C) spike-specific IgG in the sera of immunized hamsters on
days 21 and 42. The 50% neutralizing titer (NT50) of
immunized hamster sera on days 21 and 42 was
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determined using (D) B.1.617.2 and (E) BA.1 pseudotyped-
A VSV. (F) The NT50 on day 42 was also determined using
s BA.5, BA.2.75, BF.7, and BQ.1.1 SARS-CoV-2 spike
A pseudotyped-VSV. Red indicates mutations acquired in the
SARS-CoV-2 spike protein. Data shown are mean + SEM;
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tory infiltrates or tissue damage. As anticipated, his-
topathological changes further progressed in the
pVAX1 vector control group by 6 dpi, with the ma-
jority or entire lung tissues having become consoli-
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DNA vaccines afford more effective protection than naked DNA
administered at a much higher dose.

LNP encapsulation prevents lung pathology following
homologous B.1.617.2 challenge

Next, lung samples collected from the challenged hamsters were
analyzed for histopathological changes (Figure 3). At 3 dpi, hamsters
immunized with the pVAXI vector control or unencapsulated
pVAX1 S-CD40Lg ; ;7. vaccine developed acute bronchitis, bronchio-
litis, and interstitial pneumonia in their lungs. However, interstitial
pneumonia in the area adjacent to the airways was generally milder
in those immunized with unencapsulated pVAX1 S-CD40Lg; 172
than those immunized with the pVAX1 control vector. In contrast,
hamsters immunized with either dose of LNP-formulated pVAX1
S-CD40Lg ; 6172 displayed no obvious airway or pulmonary inflamma-
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e dated in most of the animals with very few aerated
alveoli visible. At 6 dpi, the lungs of hamsters immu-
nized with the LNP-formulated vaccines continued
to display no overt histopathological changes while
mild to moderate bronchopneumonia and intersti-
tial pneumonia remained visible in some areas of
lung tissues from hamsters vaccinated with unen-
capsulated pVAX1 S-CD40Lg ; 17.-

N460K

BA.2.75

BQ.1.1
Vaccination resulted in reduced pulmonary

expression of proinflammatory macromolecules

We next sought to characterize potential mecha-

nisms underlying the prevention of lung pathology
by conducting quantitative proteomic analysis of lung tissues 6 dpi,
when the most severe histopathology was observed in control ani-
mals. In total, 3,651 protein groups were identified and quantified.
Principal-component analysis (PCA) revealed a distinct separation
between the protein expression profiles of the pVAX1 vector con-
trol-vaccinated animals and the three pVAX1 S-CD40Lg ; 417.,-vacci-
nated groups (Figure 4A). The PCA showed no obvious overall pro-
teome differences among the three vaccines, which was reflected
by the absence of significantly differentially expressed protein
(DEP) when comparing spike-vaccinated groups with one another
(Table S3). In contrast, there were 164, 287, and 231 DEPs between
the pVAXI control group and the unencapsulated, 5-pg and 20-pg
dose LNP pVAXI1 S-CD40Lg ; 617, groups, respectively (Figure 4B).
There was considerable overlap in the three sets of DEPs (Figure S2).
Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway
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Figure 2. LNP-formulated DNA vaccination greatly reduces Delta variant replication

(A) Syrian hamster body weight was measured for 6 days following intranasal challenge with 1.67 x 10° TCID50 of a SARS-CoV-2 B.1.617.2 isolate. (B) Plaque assays were
used to determine the number of plaque-forming units (PFU) in the lung and nasal turbinate tissue collected 3 dpi. The number of SARS-CoV-2 E sgmRNA copies in lung
(C) and nasal turbinate (D) tissues was determined via RT-gPCR 3 and 6 dpi and normalized per gram of tissue. Data shown are mean + SEM; n = 4 for pVAX1, n = 6 for pVAX1

S-CD40Lg 1 617.0 groups, *p < 0.05, **p < 0.01, **p < 0.001, ***p < 0.0001.

analysis of these DEPs revealed an enrichment of pathways related to
immune responses and viral infection for all three comparisons (Fig-
ure S3; Table S4). The sets of DEPs from the LNP comparisons were
additionally enriched with proteins related to other immune pro-
cesses such as antigen processing, phagosomes, and cytosolic DNA
sensing. Ingenuity pathway analysis (IPA) revealed downregulation
of various immune-related response pathways including interferon
signaling, EIF2 signaling interleukin (IL)-12 signaling, and macro-
phage responses in the pVAX1 S-CD40Lg ; 6;7,-vaccinated animal
lungs (Figure 4C; Table S5). LNP-vaccinated lung tissues additionally
had proteomic signatures linked to decreased macrophage activity,
including the inhibition of classical activation signaling, Fc-recep-
tor-mediated phagocytosis, and IL-8 signaling.

Characterization of DNA-LNP formulations in vitro

Having demonstrated the enhanced efficacy of DNA vaccination af-
forded by KC2-based LNPs, we next wanted to examine whether
immunogenicity and protection would be altered when using LNPs
formulated with SM-102, the ionizable lipid found in commercially
approved Spikevax COVID-19 mRNA vaccines.””” To this end, the

potency of these two DNA-LNP formulations were first evaluated
and compared in vitro using HEK293T cells. Across tested plasmids,
KC2 and SM-102 DNA-LNP formulations had similar size distribu-
tions and charge (Figure 5A). Relative to KC2, DNA-LNPs formu-
lated using SM-102 induced approximately a 10-fold increase in
expression of both S-CD40Lg ; 417, (Figure 5B) and firefly luciferase
(Fluc) (Figure 5C) 48 h after transfection, mirroring previous obser-
vations.*® Using flow cytometry to measure the proportion of green
fluorescent protein-positive (GFP+) HEK293T cells, SM-102 formu-
lated DNA-LNPs also showed a significantly greater transfection effi-
ciency (Figure 5D). The intensity of GFP expression was also greater
for SM-102 DNA-LNP-transfected cells (Figure 5E).

LNP composition has minor effect on DNA vaccine
immunogenicity

Syrian hamsters were vaccinated on days 0 and 28 with 5 ug of either
KC2 or SM-102 LNP-encapsulated pVAX1 S-CD40Lp 17, (Fig-
ure 6A). Control animals were again vaccinated with a higher dose
of 100 pg of either unencapsulated pVAX1 S-CD40Lg ;6172 Or
parental pVAXI. Nanoparticle tracking analysis (NTA) showed

4 Molecular Therapy: Methods & Clinical Development Vol. 32 September 2024
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Figure 3. LNP encapsulation prevents lung pathology following SARS-CoV-2 Delta variant challenge

Histopathological changes in the lungs of hamsters immunized with different vaccine formulations and euthanized at 3 and 6 days after being challenged intranasally with an
isolate of SARS-CoV-2 B.1.617.2. (A) Summary of histopathological scores. Data shown are mean + SEM; n = 4 for pVAX1, n = 6 for pVAX1 S-CD40Lg 1 g17.2 groups,
*p < 0.05, *p < 0.01, ***p < 0.0001. (B) Representative photomicrograph of H&E-stained lung tissue. * Bronchial lumen. Peribronchiolar infiltration (arrows). Scale bar,

100 pm.

that both DNA-LNP formulations had similar mean size distributions
and encapsulation efficiencies (Table S2). Compared with the naked
DNA vaccine, both KC2 and SM-102 DNA-LNPs induced greater
binding antibody responses against homologous B.1.617.2 (Figure 6B)
and heterologous BA.5 (Figure 6C) S proteins. While the binding
antibody responses induced by the two LNP formulations were quite
similar, the SM-102 LNP formulation generated higher levels of
B.1.617.2 S-specific immunoglobulin (Ig)G on day 21.In terms of
neutralizing activity, both DNA-LNP vaccines induced a significant
response against homologous B.1.617.2 (Figure 6D). Moreover,
only the SM-102 DNA-LNPs induced a significant response relative
to naked DNA (Figure 6D). Importantly, when assayed against heter-
ologous BA.5, only the SM-102 formulation induced a significant
NAD response despite the similar IgG levels (Figure 6E).

We next tested NAb responses at day 42 against a panel of select
SARS-CoV-2 variants (Figure 6F). Both DNA-LNP formulations

Molecular Therapy: Methods & Clinical Development Vol. 32 September 2024

induced robust NADb responses against the ancestral D614G
variant, comparable to their response against homologous
B.1.617.2. However, only the SM-102 DNA-LNPs induced a signifi-
cant response against both the Omicron BA.1 and BA.2.75 variants,
while also inducing slightly higher, although not statistically signifi-
cant, responses against BQ.1.1 and XBB.1.5.

LNP encapsulation enables DNA vaccine protection against
heterologous Omicron challenge

Having characterized the humoral response induced by the two
DNA-LNP formulations, we next determined the protection against
heterologous Omicron challenge. Toward this, the vaccinated ham-
sters were challenged intranasally on day 49 with the SARS-CoV-2
BA.5 variant. pVAX1 control vector-vaccinated hamsters experi-
enced mild weight loss, with a maximum mean weight reduction of
4.2% at 3 dpi (Figure 7A). Over the course of the infection, the naked
DNA vaccine failed to prevent weight loss (Figure 7A). However,
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animals vaccinated with either the KC2 or SM-102 LNP-encapsulated
vaccines began recovering weight at significant levels starting from 3
dpi. All three pVAX1 S-CD40Lg ; 617 Vaccines significantly reduced
viral burden in both the lung and nasal turbinates 3 dpi (Figure 7B),
although to a greater extent with the LNP-encapsulated vaccines.
Notably, both DNA-LNP formulations significantly reduced E
sgmRNA expression in the lungs relative to unencapsulated pVAX1
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S-CD40Lg ; 6172 (Figure 7C). In the upper respiratory tract at 3 dpi,

only the DNA-LNP vaccines significantly reduced E sgmRNA levels
relative to the empty vector control (Figure 7D).

Last, we again conducted histopathological analysis of lung tissue sec-
tions collected 3 and 6 dpi (Figure 8). Consistent with the weight loss
and viral burden, both DNA-LNP formulations reduced lung pathol-
ogy relative to both the naked vaccine and control vector on both days
3 and 6 (Figure 8A). Notably, the lowest histopathology scores were
observed following SM-102 vaccination, with there being no overt in-
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Figure 4. Quantitative proteomic analysis of vaccinated
hamster lung tissue post-challenge

(A) PCA score plot of the four experimental groups. The
pVAX1 vector control group demonstrates a distinct pattern
relative to pVAX1 S-CD40Lg 1 g17.2-vaccinated animals. (B)
The number of differentially expressed proteins (DEPs) be-
tween the pVAX1 control and spike-vaccinated groups
determined by pairwise comparison. Red indicates proteins
with increased expression in spike-vaccinated groups, while
blue shows proteins with decreased expression. (C) Heatmap
of the predicted activation or inhibition of canonical signaling
pathways based on DEPs in the three comparisons. Color
refers to the Z score, where >2 indicates an activated pathway
(red), while Z score < —2 means the pathway is inhibited
(blue).

flammatory responses or tissue damage observable
even at 3 dpi (Figure 8B). Collectively, these data
indicate that both DNA-LNP formulations afford
effective protection against heterologous challenge,
with SM-2 formulation performing slightly better
than KC2, as demonstrated by level of neutralizing
antibodies against mismatched Omicron strains
and protection from BA.5 challenge.

DISCUSSION

This current study centered on the LNP-mediated
delivery of a DNA vaccine encoding SARS-CoV-2
Delta spike fused with the ectodomain of CD40L.
Our approach differs from previous studies in several
aspects. First, the Delta spike was chosen as the vac-
cine antigen. While the B.1617.2 variant was one of
the most virulent,”* it lacks most of the spike mu-
tations found within the Omicron lineage. As such,
this vaccine would give us an opportunity to investi-
gate the relationship between humoral responses and
in vivo protection against significantly mismatched

viral challenge. Second, we were able to directly compare the immuno-
genicity and efficacy of two distinct LNP formulations for DNA vaccine
delivery, an approach that remains severely understudied relative to
mRNA-LNP vaccination. Last, through the addition of CD40L, we
were able to investigate the combination of a molecular adjuvant with
LNP-mediated vaccine delivery, an avenue of exploration with bound-
less therapeutic potential for both DNA and mRNA vaccines.

The B.1.617.2 S protein does not contain many notable mutations
such as K417N, N501Y, G446S, E484A, and G496S, which contribute
to the Omicron lineage’s resistance to neutralizing antibodies.
However, in our studies, encapsulation of the B.1.617.2 pDNA vac-
cine within KC2- or SM-102-based LNPs led to the induction of a
significant NADb response against BA.1, BA.2, BA.2.75, and BA.5,
albeit to a lower extent than against B.1.617.2. It is also of note that
low but detectable NAb activities were observed against BF.7,
BQ.1.1, and XBB.1.5, variants in which R346T, N640K, K444T, and
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A Figure 5. In vitro characterization of DNA-LNPs
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F486P mutations are likely to further enhance neutralization resis-
tance.”>® These findings are largely in agreement with previous
reports with respect to cross-neutralizing activities of human

: 35,37
antisera.”™’

To compare the two different LNP formations, we chose to assess the
level of protection afforded by our B.1.617.2-based vaccine against
challenge with the Omicron BA.5 variant to which considerable but
reduced NAb activities, relative to homologous B.1.617.2, were
induced by both the KC-2 and SM-102 DNA-LNPs. Despite the
reduced NAb response, immunization with either of the two DNA-
LNP formulations led to excellent control of the heterologous BA.5
infection, comparable to that following homologous B.1.617.2 chal-

follicular helper cell counts and promotes GC for-
mation,***> our unencapsulated CD40L-adjuvanted
pDNA vaccine was unable to overcome the hurdle of
neutralizing heterologous Omicron variants. It has
been shown in recent studies that SARS-CoV-2 mRNA-LNP vaccines
drive strong GC responses in lymph nodes following vaccination.'***”
The enhanced breadth of neutralization observed in our LNP-formu-
lated pDNA vaccines could potentially be attributed to enhanced vac-
cine immunogenicity, subsequently driving superior GC formation and

a broader humoral response.

Finally, our proteomic analysis of lung tissues collected 6 dpi demon-
strated a general decrease in innate immune and infection-related
response pathways in pVAXI1 S-CD40Lg ; 17 ,-Vaccinated groups rela-
tive to the pVAXI control-vaccinated animals (Figure 5). Although
the three vaccinated groups had similar proteomic profiles, DNA-
LNP-vaccinated groups had additional DEP signatures linked to the
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Figure 6. DNA-LNPs formulated with SM-102 induce
superior humoral responses

(A) Male Syrian hamsters were immunized intramuscularly on
days 0 and 28 with 100 pg of pVAX1, 100 ug of pvVAX1 S-
CD40Lg 1 g17.2, or 5 pg of KC2 or SM-102 LNP-encapsulated
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determination of the total B.1.617.2 (B) and BA.5 (C) spike-
specific IgG in the sera of immunized hamsters 21 and
42 days post-vaccination. The 50% neutralizing titer (NT50)
of immunized hamster sera on days 21 and 42 was
determined using (D) B.1.617.2 and (E) BA.5 pseudotyped-
VSV. (F) The NT50 on day 42 was also determined using
D614G, BA.1, BA.2.75, BQ.1.1, and XBB.1.5 SARS-CoV-2
spike pseudotyped-VSV. Red indicates mutations acquired
in the SARS-CoV-2 spike protein. Data shown are mean +
SEM; n=8,*p <0.05, *p <0.01, **p <0.001, ***p < 0.0001.
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BA.1 spike that mirror our own.”® Interestingly,
they also found that DNA-LNPs provided superior
antibody responses and protection than mRNA-
LNPs. Their results appear to be at odds with our
recently published study comparing mRNA- and
DNA-LNPs, where we reported that mRNA-LNPs
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inhibition of macrophage responses. Other transcriptomics and prote-
omics studies have correlated upregulated monocyte, macrophage, and
neutrophil signatures with disease severity during SARS-CoV-2 infec-
tion.**">* Stronger vaccine-induced adaptive immune responses should
provide better protection during the early stages of viral infection,
reducing the subsequent induction of innate immune responses.
Clearly, effective vaccination can attenuate the upregulation of these
innate immune and inflammatory response pathways following
SARS-CoV-2 infection.”* >* Altogether, these findings support the his-
topathological absence of pulmonary inflammatory infiltrates observed
in DNA-LNP-vaccinated lung tissues upon B.1.617.2 challenge.

Research demonstrating the potential therapeutic benefits of encapsu-
lating pDNA vaccines within ionizable lipid nanoparticles is beginning
to accumulate.' >~ During the preparation of this manuscript, Liao
et al. reported results of a DNA-LNP vaccine encoding ancestral or

8

F486V/ \‘N"GOK

XBB.1.5

induce superior antigen expression and antibody re-
sponses.”® While this discrepancy remains to be un-
derstood, antigen selection, construct design, and
nanoparticle fabrication could be among other un-
known contributing factors. These questions, along
with the rates of possible ribosomal skipping in
DNA vaccines, await further investigation.

BA.2.75

l

>10 mutations
(R346T,
F486P, F490S)

MATERIALS AND METHODS

Cell lines and viruses

HEK293T, HEK293T-ACE2, and HEK-Blue CD40L
cells were cultured in Dulbecco’s modified Eagle’s
medium (DMEM, Thermo Fisher) supplemented
with 25 mM HEPES, 20 U/mL penicillin, 0.02 mg/mL streptomycin,
and 10% heat-inactivated fetal bovine serum (FBS). HEK-Blue CD40L
medium was additionally supplemented with 100 pg/mL of Normocin.
Vero-TMPRSS2 cells were cultured in DMEM with L-glutamine sup-
plemented with 1X non-essential amino acid, 1 mM sodium pyruvate,
and 5% fetal bovine serum (FBS). SARS-CoV-2 viruses were obtained
from BEI Resources. B.1.617.2 hCoV-19/USA/MD-HP05647/2021
(NR-55672) and BA.5 hCoV-19/South Africa/ CERI-KRISP-K040013/
2022 (NR-56798) were propagated and titered using Vero-TMPRSS2
cells and sequenced to confirm genetic fidelity. Passage four virus stocks
were used in all subsequent experiments that required live virus.

Immunization

Animal experiments and procedures were approved by the National
Research Council Canada (NRC) Human Health Therapeutics Animal
Care Committee and performed by trained staff in accordance with

Molecular Therapy: Methods & Clinical Development Vol. 32 September 2024



www.moleculartherapy.org

A
105 T
*kk ok
*k T == pVAX1 (100 ug) == =}
. Kkkk p! VAXI J
S s I
£ 1001 SCoLaens
'3 (5 Hg)
z e
(5 Hg)
95 T 1 T T T 1 T
0 1 2 3 4 5 6
Days post-challenge
C Lung
*kkk
@ 10-
3 10 X *kkk
'g 8 ' Aa ' 1 Fkkk
Y o
5 I
<zt e} A =
[1'4 E 61 A °® [ )
£ L g
78 4 5 ¥ ¢« T mm
w'g T Y = &
o 2l
o
=3
S o . r
- < <
'56 bb

e pVAX1 (100 pg)
A PpVAX1S-CD40Lg 4 g17.2 (100 pg)

B TCID;;, (3 dpi)
8+ FxK
Fekkk
s **** Fekkk
[}] S— *
o 5 64 [ ) e,
508 |° o
25 % \
E 25 s, .
S8 N e °
4521 °
[=1
S &
& <
S
D Nasal Turbinate
T 10- =
= *k%k
a
L4 [ ]
- 8_
5 1 % . .
< o o = ° °
Z . G- A . ) -
g2l cF. ¥533
Do, + 3
oo 4 A TN e
— A
1] g. °
i
(=]
S o T T
® &

KC2 LNP-pVAX1 S-CD40Lg 4 ¢17.2 (5 M)

e SM-102 LNP-pVAX1 S-CD40Lg 4 6172 (5 M)

Figure 7. DNA-LNP encapsulation improves protection against the BA.5 Omicron variant

Vaccinated Syrian hamsters were challenged intranasally with 1.67 x 10° median tissue culture infectious dose (TCID50) of a SARS-CoV-2 BA.5 isolate. (A) Syrian hamster
body weight was measured for 6 days following challenge. (B) TCID50 was determined in the lung and nasal turbinate tissue collected 3 dpi. The number of SARS-CoV-2 E
sgmRNA copies in lung (C) and nasal turbinate (D) tissues was determined via RT-gPCR 3 and 6 dpi and normalized per gram of tissue. Data shown are mean + SEM; n = 8,

"0 < 0.05, *p 7 < 0.01, **p < 0.001, ***p < 0.0001.

regulations and guidelines set by the Canadian Council on Animal Care.
All infectious work was carried out under ABSL-3 conditions at the
NRC. Six- to 8-week-old male Syrian hamsters were purchased from
Charles River Laboratories (Senneville, QC). Animals were randomly
allocated into four experimental groups, being immunized with either
100 pg of pVAX1, 100 pg of pVAX1 S-CD40Lg ; 6172, and 5 or 20 pg
of LNP-formulated pVAX1 S-CD40Lg ; 417.,. Vaccines were suspended
in 100 pL of PBS and administered intramuscularly in the hamster’s left
tibialis anterior muscle with a needle syringe on day 0 and day 28. Serum
was collected on days 21 and 42 post-vaccination. On day 49 post-vacci-
nation the hamsters were intranasally challenged with 1.67 x10°
TCID50 of B.1.617.2 or BA.5. Challenge doses were found to induce sig-
nificant illness in earlier dose-optimization experiments (data not
shown). Animals were euthanized by CO, either 3 or 6 days post-chal-
lenge, after which the nasal turbinate and lung tissues were collected for
downstream experiments.

DNA vaccine design and synthesis
The DNA vaccine was designed and prepared as previously
described with minor modifications.”> A DNA sequence encoding

the SARS-CoV-2 B.1.617.2 spike ectodomain (T19R, G142D,
E156G, Del 157/158, L452R, T478K, D614G, P681R, D950N) fused
via “GSGG” glycine-serine linkers to a T4 fibritin foldon trimeriza-
tion motif and the ectodomain of Mesocricetus auratus CD40L
(GenBank: XM_005084522.4, residues 118-260) was commercially
synthesized (Genscript). The spike sequence was mutated to
contain a “GSAS” substitution at the furin cleavage site (residues
682-685) and pre-fusion stabilizing proline substitutions at resi-
dues 986 and 987.>° The vaccine was codon optimized for expres-
sion in Syrian hamsters and subcloned into the mammalian
expression plasmid pVAX1 (Thermo Fisher) using Kpnl and
Xhol restriction enzymes. Bulk DNA vaccine preparations were
prepared with plasmid gigaprep kits (Qiagen) and sequence vali-
dated with Sanger sequencing.

LNP generation

LNPs were synthesized as previously described within 3 days of
vaccination and stored at 4°C.>** Briefly, pDNA-LNPs were pre-
pared via the microfluidic mixing of an aqueous and organic
phase. The aqueous phase was prepared by suspending pDNA in
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Figure 8. LNP encapsulation greatly reduces lung pathology following Omicron BA.5 challenge
Histopathological changes in the lungs of hamsters immunized with different vaccine formulations and euthanized at 3 and 6 days after being challenged intranasally with a
SARS-CoV-2 BA.5 isolate. (A) Summary of histopathological scores. Data shown are mean + SEM; n = 8, *p < 0.05, *p < 0.01, **p < 0.0001. (B) Representative

photomicrograph of H&E-stained lung tissue. Scale bar, 100 pm.

25 mM acetate buffer (pH 4.0). The organic phase was prepared
in ethanol and consisted of 2,2-dilinoleyl-4-dimethylaminoethyl-
[1,3]-dioxolane (DLin-KC2-DMA, MedKoo Biosciences) or
heptadecan-9-yl-8-((2-hydroxyethyl)  (6-oxo-6-(undecyloxy)hexyl)
amino)octanoate (SM-102, MedKoo Biosciences), 1,2-distearoyl-
sn-glycero-3-phosphocholine (DSPC, Avanti Polar Lipids) or 1,2-di-
oleoyl-sn-glycero-3-phosphocholine (DOPC, Avanti Polar Lipids),
ovine cholesterol (Avanti Polar Lipids), and 1,2-dimyristoyl-rac-
glycero-3-methoxypolyethylene glycol-2000 (DMG-PEG2000, Avanti
Polar Lipids) at a ratio of 50:10:38.5:1.5 mol %, respectively.
The two phases were mixed with a polymer amine (N = nitrogen)
group to nucleic acid phosphate (P) group (N/P) ratio of
6:1 using either a NanoAssemblr BT instrument (Precision
Nanosystems, Vancouver, BC) with a microfluidics cartridge con-
taining a staggered herringbone mixing unit or a NanoAssemblr

Ignite instrument with NxGen cartridges equipped with toroidal
structures. LNPs were dialyzed against a 1,000-fold volume of phos-
phate-buffered saline (PBS) (pH 7.4) for 18 h at 4°C in a 10k
MWCO cassette (Thermo Fisher), passed through a 0.22-um
filter and then concentrated using an Amicon Ultra 4 10 k
MWCO centrifugal concentrator (Millipore Sigma). After concen-
tration, the nanoparticle size was measured via nanoparticle
tracking analysis (NTA) under static conditions (NanoSight, Mal-
vern Panalytical, Westborough, MA, USA). Five separate tracking
videos (1 min each) were taken consecutively and merged together
to generate the NTA sizing data. Zeta potential was measured in
5 mM phosphate buffer (pH 7.4) using disposable capillary cells
on a Zetasizer Ultra instrument (Malvern Panalytical, Westborough,
MA, USA). pDNA-LNPs were stored at 4°C and administered
within 48 h.
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LNP encapsulation efficiency

Nucleic acid encapsulation efficiency and vaccine dose were deter-
mined as previously described.”” Briefly, LNPs were either untreated
or disrupted with 1% Triton X-100 (Millipore Sigma) in a 96-well
plate before the addition of SYBR Gold dye (Thermo Fisher). Fluores-
cence (Ex/Em: 495/537 nm) was measured in each sample using a
Synergy MX plate reader (BioTek). Total pDNA concentration in
each sample was determined by comparing the fluorescence relative
to that of a standard curve of pDNA prepared in the same buffer. Un-
treated and disrupted samples were used to determine unencapsu-
lated and total pDNA, respectively. The amount of encapsulated
pDNA, calculated by subtracting the amount of unencapsulated
pDNA from the total amount, was used for dose calculations. Last,
the encapsulation efficiency was determined from the amount of
encapsulated pDNA relative to the total amount (Tables S1 and S2).

In vitro transfection

In a 24-well plate, HEK293T cells were transfected in triplicate with
500 ng of DNA-LNPs, suspended in PBS (Thermo Fisher). The
DNA-transfected cells were then incubated at 37°C, 5% CO, for
48 h prior to quantification of S-CD40L, firefly luciferase (Fluc), or
green fluorescent protein expression (GFP).

Western blotting

For determination of S-CD40L expression, transfected cells were
washed with PBS and then lysed with radioimmunoprecipitation
assay buffer (Thermo Fisher). Lysates were electrophoresed on a
4%-15% TGX stain-free SDS-PAGE gel (Bio-Rad) and then trans-
ferred to a polyvinylidene difluoride membrane. Membranes were
blocked for 1 h at room temperature with tris-buffered saline
(TBS) containing 0.5% Tween 20 (Sigma-Aldrich) (v/v) (TBS-T)
and 5% (w/v) non-fat milk powder, then incubated overnight at
4°C in blocking buffer containing either polyclonal rabbit anti-
SARS-CoV-2 spike antibody (1:3,000 dilution) (40591-T62, Sino
Biological) or polyclonal rabbit anti-B-actin antibody (1:1,000 dilu-
tion) (#4967, Cell Signaling Technology). Membranes were then
incubated for 1 h at room temperature with goat anti-rabbit horse-
radish peroxidase (HRP)-conjugated secondary antibody (1:75,000
dilution) (Thermo Fisher) in blocking buffer and developed using
SuperSignal West Femto Maximum Sensitivity Substrate (Thermo
Fisher) and a ChemiDoc MP imaging system (Bio-Rad) (Figures S4
and S5).

Quantification of luciferase

Luciferase expression in cells transfected with pVAX1 Fluc DNA-
LNPs was quantified as previously described.”® Briefly, media were
aspirated and replaced with 200 pL of passive lysis buffer (Promega).
Cells were then incubated for 30 min at room temperature on an
orbital shaker at 50 rpm. Lysates were clarified via centrifugation at
15,000 x g for 5 min at room temperature and then added in tripli-
cate, 100 pL per well, to a white Costar 96-well plate (Corning)
followed by 100 pL of room temperature Bright-Glo Reagent (Prom-
ega). Luminescence was read within 5 min and expressed as relative
light units/mg of protein (RLU/mg) after being normalized to total

protein content as measured by a Bicinchoninic Acid (BCA) Kit
(Millipore Sigma).

Flow cytometric analysis of GFP-positive cells

HEK293T cells transfected with pVAX1 GFP DNA-LNPs were
analyzed by flow cytometry (BD FACSymphony Al). Briefly, cells
were lifted with PBS supplemented with 0.5 mM EDTA (Thermo
Fisher) for 10 min at 37°C. Data were acquired using the FACS
DIVA software (version 9.0.2). GFP signal was measured off the
488-nm blue laser, using 505-nm long-pass and 530/30-nm band-
pass filters. GFP signal was used to analyze the % GFP+ HEK293T
cells and measure mean fluorescence intensity (MFI) (Figure S6).

CD40 ligand bioactivity assay

CD40L activity was assessed as previously described.”” Briefly,
HEK293T cells were transfected in a 24-well plate with 1 pg of
pVAX1 or pVAX1l S-CD40Lp;¢17, using lipofectamine 3000
(Thermo Fisher). After a 24-h incubation at 37°C and 5% CO,,
100 pL of 0.45-pm filtered supernatant was added to a 96-well plate
and mixed with 100 pL of HEK-Blue CD40L cells (InvivoGen) resus-
pended at 2.0 x 10° cells/mL. After 24 h, 20 pL of cell culture super-
natant was mixed with 180 uL of QUANTI-Blue Reagent (InvivoGen)
in a 96-well plate. The absorbance at 630 nm was measured after a
30-min incubation at 37°C using a Synergy 2 microplate reader
(BioTek).

ELISA

Spike protein ectodomains were obtained from the National Research
Council of Canada for the following strains: B.1.617.2 (PRO7604-10
[SmT1v3 (B.1.617.2)]), BA.l (PRO7911-2 [SmT1v3-B.1.1.529]),
and BA.5 (PRO8213 [SmT1v3 (BA.5)]), which were produced
using previously described methods.®”®" ELISAs were conducted as
described previously.** Briefly, Nunc MaxiSorp flat-bottom 96-well
plates (Thermo Fisher) were coated with 1 pg/mL of antigen diluted
in PBS and incubated overnight at 4°C. Plates were washed with PBS
containing 0.1% Tween 20 (PBS-T) before blocking with 3% (w/v)
bovine serum albumin (IgG-free, protease-free) (Jackson Immuno
Research) in PBS-T for 2 h at 37°C. Plates were washed again and
2-fold serial dilutions of hamster serum were prepared. After a 1-h in-
cubation at 37°C the plates were washed again and Peroxidase
AffiniPure Goat Anti-Syrian Hamster IgG (H + L) (Jackson Immuno
Research) was added to each well at 1:4,000 and incubated at 37°C for
1 h. After a final wash, 100 pL of tetramethylbenzidine (TMB) sub-
strate (Cell Signaling Technology) was added to each well. After a
2-min incubation at room temperature, 100 pL of 0.16-M sulfuric
acid was added to terminate the reaction and absorbance was
measured at 450 nm. Endpoint titers were expressed as the reciprocals
of the final detectable dilution with an optical density above the cutoff
value, which was defined as the average OD of the empty vector sam-
ples plus three standard deviations.

Pseudovirus production and neutralization
The neutralizing activity of hamster sera was determined by using a
VSV-based SARS-CoV-2 S pseudovirus reporter assay as described
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previously.”>** Briefly, pseudotyped-VSV was generated by concur-
rently infecting HEK293T cells with G*AG-VSV (Kerafast) and trans-
fecting them with pLV vectors encoding SARS-CoV-2 S A19. Vectors
encoding D614G, B.1.617.2, BA.1, and BA.5 spike were purchased
commercially (Invivogen) while vectors encoding BA.2.75, BE.7,
BQ.1.1, and XBB.1.5 were synthesized commercially (GenScript,
Brockville, ON, Canada). Supernatant containing the pseudovirus
was collected 48 and 72 h post-infection and passed through a
0.45-um filter. In a 96-well plate, serum samples heat inactivated at
56°C for 30 min were serially diluted 3-fold and mixed with
1.3 x 10* TCID50 of pseudovirus. After a 1-h incubation at 37°C,
5% CO,, 2 X 10* HEK293T-ACE2 cells were added to each well. After
a 24-h incubation at 37°C, 5% CO,, luminescence was measured us-
ing Bright-Glo luciferase reagent (Promega) and a Synergy 2 micro-
plate reader (BioTek). The 50% neutralization titers (NT50) were
measured as the reciprocal of the sample dilution at which a 50%
reduction in relative light units (RLU) was observed relative to the
average of the no-serum control wells.

Quantification of viral burden

Lung and nasal turbinate tissues were homogenized in PBS using a
Precellys Evolution. Spin-clarified supernatants of the homogenates
were then used for viral quantification. B.1.617.2 viral burden was
determined by plaque assay as previously described.”” Briefly, a 1:10
serial dilution of clarified supernatant was prepared in infection
media (DMEM supplemented with 1X non-essential amino acid,
20 U/mL penicillin, 0.02 mg/mL streptomycin, 1 mM sodium pyru-
vate, and 0.1% bovine serum albumin). Virus was adsorbed on
Vero E6 cells at 37°C, 5% CO, for 1 h before the inoculum was re-
placed with overlay media (1X infection media with 0.6% ultrapure,
low-melting point agarose). Cells were incubated at 37°C, 5% CO,
for 72 h, then fixed with 10% formaldehyde and stained with crystal
violet. Plaques were enumerated and PFU was determined per gram
of tissue. BA.5 viral burden was determined by TCID50 assay on
Vero-TMPRSS2 cells. Spin-clarified supernatants were serially
diluted 1:10 in infection media (DMEM supplemented 1X non-essen-
tial amino acid, 1 mM sodium pyruvate, and 1% FBS). Dilutions were
adsorbed on Vero-TMPRSS?2 cells seeded in 96-well plates for 1 h at
37°C, 5% CO,. After adsorption, inoculum was removed and 100 mL
of infection media was added to each well and incubated at 37°C, 5%
CO, for 5 days. Observed cytopathic effect indicates presence of infec-
tious virus was recorded and TCID50/g of lung tissue was calculated
using the Reed-Muench method.®’

RNA extraction and quantitative reverse-transcription PCR
(qRT-PCR)

Quantification of SARS-CoV-2 E subgenomic mRNA (sgmRNA) was
completed as described previously.”” Briefly, lung and nasal turbinate
tissues were placed into RNA shield buffer (Zymo Research) and
incubated overnight at 4°C before freezing at —80°C. Viral RNA
was extracted from the mechanically homogenized samples using a
Quick-RNA Viral Kit (Zymo Research). Viral RNA expression was
quantified using a one-step Fast Virus master mix (ThermoFisher)
and E sgmRNA-specific primer/probe set.”* sgmRNA copy numbers
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were calculated by comparing sample Ct values to a standard curve of
in vitro transcribed E sgmRNA prepared using a TranscriptAid T7
High Yield Transcription Kit (Thermo Fisher) and normalized by tis-
sue weight. All RT-qPCR reactions were conducted in MicroAmp
Fast Optical 96 wells with an Applied Biosystems 7500 Fast Real-
time PCR instrument.

Histopathology

Histopathology analysis was conducted as described previously.*”
Briefly, right lung lobes were fixed for 72 h in 10% neutral buffered
formalin and processed by standard paraffin embedding methods.®
Four-micrometer-thick sections were stained with hematoxylin-eosin
(H&E) and examined under microscopy. The severity and extent of
pneumonia was scored blinded based on previously established
criteria.*®

Mass spectrometry sample preparation and LC-MS/MS
acquisition

Lung tissue was mechanically homogenized in 4% SDS supplemented
with Halt Protease Inhibitor Cocktail (Thermo Fisher) to inactivate
SARS-CoV-2 virus and extract proteins. Extracted proteins were then
purified using acetone precipitation, reduced using Pierce Premium-
Grade TCEP HCI (Thermo Fisher), and alkylated using Iodoacetamide
(Sigma-Aldrich). Proteins were digested with trypsin and labeled with
isobaric tags (TMT 11plex, Thermo Fisher) using a dry TMT-based la-
beling approach as described previously.”” Briefly, samples were
randomly assigned to tags that were pre-aliquoted dried in 12-tube
strips. A pooled sample was included in each strip for normalization be-
tween strips. After quenching, the labeled peptides from each strip were
combined and fractionated (Pierce High pH Reverse-Phase Peptide
Fractionation Kit, Thermo Fisher) into eight fractions. Collected pep-
tide samples were analyzed with an Orbitrap Fusion Lumos Tribrid
Mass Spectrometer coupled to an Easy-nLC 1200 (Thermo Fisher).
For each sample 2 pL (corresponding to approximately 500 ng of pep-
tide) were analyzed by loading onto a NanoViper Acclaim pepmap
100-trap column (75-um 20 mm with 3-um beads) and desalting
with 0.1% formic acid in water (solvent A) before separating on an Easy-
spray pepmap C18 reverse-phase analytical column (50-pm 150 mm
with 2-um beads). Chromatographic separation was achieved at a
flow rate of 0.300 pL/min over 100 min in five linear steps as follows
(solvent B was 0.1% formic acid in 80% acetonitrile): initial, 2% B;
80 min, 25% B; 90 min, 40% B; 95 min, 95% B; 100 min, 95% B. The
eluting peptides were analyzed in data-dependent mode MSMS. An
MS survey scan of 400-1600 m/z was performed in the Orbitrap atares-
olution of 120,000, 50-ms maximum injection time and an AGC target
of 4 x 10°. The top speed mode was used to select ions for MS2 analysis
with dynamic exclusion 20 s with a £10 ppm window. During the MS2
analyses, precursors were isolated using a width of 0.7 m/z and frag-
mented by HCD at 42% collision energy, AGC target 1.25 x 10° fol-
lowed by Orbitrap analysis at 50,000 resolutions.

Bioinformatics and statistical analysis pathway analysis
Raw MS data were subjected to protein identification and quantifica-
tion using MaxQuant 1.6.3.3 against a Mesocricetus auratus
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(golden hamster) database that was downloaded from UniprotKB
(https://www.uniprot.org/, downloaded 2021-08-31, 89281 entries).
MaxQuant search was performed with reporter ion MS2 (TMT11)
mode with the following parameters: fixed modification was set as
carbamidomethyl cysteine, variable modifications set as oxidized
methionine, protein N-term acetylation; enzyme was set as trypsin/
P with maximum missing cleavage site of 2; minimal peptide length
of 7; and an FDR (false discovery rate) of peptide-spectrum match
(PSM) of 0.01. Isotopic impurities of each TMT channel were ob-
tained according to the reagent lot and was used during database
search to correct the purities of TMT channels for each set of TMT
labeling data. MaxQuant output was then summarized and normal-
ized using MSstatsTMT,"® using the open-source R software available
on Bioconductor. Proteins in all groups were compared pairwise us-
ing a pairwise t test. Proteins with an absolute fold change >1.5 and
an adjusted p value <0.05 were defined as differentially expressed
proteins (DEPs). Principal-component analysis (PCA) was per-
formed with Metaboanalyst (https://www.metaboanalyst.ca/) using
K-Nearest Neighbors Algorithm to estimate missing values and all
other parameters set to default. The Kyoto Encyclopedia of Genes
and Genomes (KEGG) pathway enrichment analyses were performed
on the DAVID Bioinformatics database (https://david.ncifcrf.gov/)
with all parameter settings at their default values. DEPs were im-
ported into ingenuity pathway analysis (IPA) (QIAGEN) and used
to predict the activation or inhibition of canonical pathways. An
enrichment score of 1.3 was considered significant. The overall pre-
dicted activation state of the biological attributes was assigned a Z
score (<0: inhibition, >0: activation) and those that gave a Z score
>2 or < —2 were considered significant. The results of the KEGG
and IPA analysis were plotted as heat maps using RStudio.

Quantification and statistical analysis

Statistical analyses were performed using GraphPad Prism 9. An un-
paired two-tailed t test was used for comparisons of CD40L bioac-
tivity. If possible, before pairwise comparison, normality of the data
was assessed by a Shapiro-Wilk test (alpha-level = 0.05). Whenever
data or their log transformations were deemed not of normal distri-
bution, a non-parametric approach was adopted. A non-parametric
Kruskal-Wallis H test with Dunn’s test for multiple comparisons
was applied for pairwise (between-group) comparisons of spike-spe-
cific IgG endpoint titers, neutralizing antibody titers, and plaque assay
viral burden. A one-way analysis of variance (ANOVA) with Bonfer-
roni’s adjustment was applied for pairwise (between-group) compar-
isons of weight loss data by day, log subgenomic mRNA expression,
RLU/mg, % GFP+ cells, GFP MFI, and lung histopathology. The sig-
nificance level and # number for each test is indicated in the figure
legends.

DATA AND CODE AVAILABILITY
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ner repository with the identifier PXD: 049053. All additional data needed to evaluate the
conclusions in the paper are present in the main text and supplementary materials or
available from the corresponding author upon request.
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