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Highly immunogenic DNA/LION nanocarrier vaccine
potently activates lymph nodes inducing long-lasting
immunity in macaques
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SUMMARY

A SARS-CoV-2 spike DNA vaccine formulated with a cationic nanoparticle emulsion (LION) was tested in Rhe-
sus macaques. It induced robust, long-lasting (>2 years) cellular and humoral immunity, including increased
neutralization breadth. T cell responses were predominantly CD8", in contrast to other DNA vaccines. A rapid
transient cytokine/chemokine response was associated with expansion and trafficking of myeloid cells and
lymphocytes. Increased proliferation and dynamic changes between blood and lymph node (LN) were found
for monocyte-derived cells, dendritic cells, and B and T cells, resulting in activation of LN and expansion of
germinal centers (GCs), likely critical in shaping long-lasting adaptive immunity. Significant GC expansion of
B, CD4—, and CD8- cells, including the Tfc3 subset, reflects a balanced immune response, including anti-
body (Ab) development. DNA/LION vaccination activates myeloid and lymphoid cells in blood and LN and
promotes effective antigen presentation, resulting in sustained antigen-specific cellular and humoral re-

sponses, emerging as an effective DNA vaccine delivery platform.

INTRODUCTION

The successful response to the recent SARS-CoV-2 pandemic
demonstrated the power of a rapidly deployable, cost-effective
and simple vaccine. Nucleic acid-based vaccines have several
important advantages over other vaccine regimens that are
based on viral vectors and proteins, including simplicity of
vaccine design and rapid implementation with predictable
scale-up production. Nucleic acid-based vaccines can be
administered repeatedly without concern about anti-vector im-
munity.””® DNA, mRNA or alphavirus-derived self-amplifying
replicon (rep) RNA vaccines are delivered by intramuscular
(IM) or intradermal injection. Naked DNA uptake is enhanced
by in vivo electroporation (EP) resulting in higher immunogen
expression and increased immunogenicity. Inclusion of cyto-
kine DNA producing interleukin (IL)-12 was shown to signifi-
cantly increase HIV immune responses in macaques and
humans.’®'* DNA vaccination induces durable immune re-
sponses in macaques.’'>° mRNA vaccines require formula-
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tion with lipid nanoparticles (LNPs)®* and are inducing protec-
tive immunity against SARS-CoV-2 in humans.?'2* RepRNA,
complexed with the cationic nanocarrier Lipid InOrganic Nano-
particle (LION), was also shown to induce robust immune re-
sponses in animal models®>~*° and humans.®"

In this report, we evaluated the LION formulation for delivery of
a DNA vaccine. In contrast to LNP formulations, the nucleic acid
is attached to the cationic surface of LION nanocarriers, which
serves as vehicle to protect and deliver the cargo efficiently
into the muscle cells®® whereas LNPs encapsulate the cargo in-
side the nanoparticle. LION is a refrigerator-stable formulation
that is easy to use by performing a simple admixture step with
the nucleic acid payload before IM injection. Here, we tested
the DNA/LION vaccine platform for its ability to induce innate
and adaptive immune responses in rhesus macaques using
SARS-CoV-2 spike DNA as a model. We demonstrated that
DNA/LION vaccination induced both robust and long-lasting
(>2 years) cellular and humoral responses. Our data showed
rapid coordinated and transient (4-24 h) cytokine/chemokine
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Figure 1. DNA/LION vaccine induces durable antibody responses in rhesus macaques

(A) Schematic representation of DNA/LION vaccine. The supercoiled plasmid DNA is depicted as circles. Cartoon is modified from Erasmus et al.?’

(B) Schematic representation of DNA vaccine administration in study 1. Group 1 (n = 5) received 4 vaccinations (V1-V4) with the indicated spike DNA/LION via
intramuscular (IM) injection. Group 2 (n = 3) received 2 priming vaccinations with naked spike DNA via IM route (DNA(IM)), followed by 2 booster vaccinations with

spike DNA/LION. The animals were necropsied at week 91.

(C) Anti-WA1 spike-RBD Abs were measured by ELISA. Median values are shown with dots.
(D) Schematic representation of DNA/LION vaccination in study 2. Macaques (n = 5) were vaccinated twice (V1, V2; week 0 and 4) with BA.1 spike DNA/LION via

IM and were monitored for 2 years.

(E and F) In study 2, anti-BA.1 spike-RBD Ab and NAb were measured longitudinally. MC74 developed health issues 11 months after vaccination 2, evaluated as

non-intervention-related, and the animal was sacrificed (t).

(G) Anti-WA1 spike-RBD Ab responses at 2 weeks after the 2" vaccination (V2w2) induced by DNA/LION (study 1, group 1; n = 5) and DNA(IM) prime-DNA/LION
boost (study 1, group 2; n = 3) compared to a historical study® examining spike DNA vaccination by electroporation (EP) alone (n = 4) or co-immunized with EM-
005 adjuvanted spike protein (n = 4). Bars indicated median values. The p values were calculated by Mann-Whitney Wilcoxon test and are defined as <0.05, *.

(H) Magnitude and breadth of anti-spike NAb at 2 weeks after V3 and V4.

responses to the DNA/LION vaccine that associated with
expansion and migration of different myeloid and lymphocyte
cell subsets. We report significant expansions of GC-B cells,
CD4 T follicular helper (Tfh), CD4 GC-Tfh, CD8 T follicular
cells (Tfc1; CXCR5*PD-1""9") including a subset of CXCR5*
PD-1"9" Bcl-6~/* Tfc3 cells, reflecting cell subsets necessary
for a balanced immune response including Ab development.
Together, these data highlight the significant role of innate re-
sponses to vaccination by shaping the cellular and humoral
adaptive immunity.
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RESULTS

DNA/LION vaccine induces long-lasting antibody
responses in macaques

The vaccine studied in this report comprises supercoiled DNA
complexed with LION (Figure 1A). The LION nanocarrier compo-
sition is detailed elsewhere””?® and the oil phase contains squa-
lene, 1,2-dioleoyl-3-trimethylammonium propane cationic lipid
(DOTAP), sorbitan ester (SPAN 60), polyoxyethylene-80-sorbitan
monooleate (Tween 80). LION is a refrigerator-stable, cationic
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oil-in-water nanoparticle emulsion formulation with a 60 nm
average hydrodynamic diameter.®® Formulation of the nucleic
acid payload is performed by a simple admixture step with
LION before IM injection. LION-formulated nucleic acids exhibit
distinct safety and biodistribution profiles compared to LNP
formulations.?*>'

Five Indian rhesus macaques (Table S1; study 1, group 1) were
vaccinated with 2 mg DNA complexed with the LION formula-
tion.?”?® The vaccine was administered by IM injection for a total
of 4 vaccinations (V1-V4) (Figure 1B, top panel). The sequential
vaccinations used DNA vectors expressing 2P-stabilized ances-
tral SARS-CoV-2 WAT1 spike (for V1, V2), BA.1 spike (for V3) and
the bivalent WA1 and BA.4/5 spike combination (for V4).

Complete blood count/blood chemistry (CBC/Chem) analysis
showed transient changes, which returned to baseline by day
8-15 (Figure S1). White Blood Cells transiently and rapidly
increased, followed by lymphocytes (Figure S1A). Some en-
zymes also showed transient elevation (Figure S1B).

Humoral immune responses against WA1 spike receptor bind-
ing domain (spike-RBD) were measured after each vaccination
and monitored over time (Figure 1C). Binding antibody (Ab) re-
sponses were detected in all DNA/LION vaccinated animals as
early as 3 weeks after the 15! vaccination (V1w3) and increased
upon the subsequent vaccinations, reaching maximal levels after
the 2" vaccination. After an initial contraction, Ab responses
were maintained with a slow decay rate over the 8 and 10 months
of follow-up after the 2" and 3 DNA/LION vaccination, respec-
tively, demonstrating durability. To address Ab durability further,
another group of 5 macaques (Table S1, study 2), which received
2 vaccinations with stabilized spike BA.1 DNA/LION, was also
monitored (Figure 1D). Anti-spike BA.1-RBD Ab were still de-
tected (median titer of 3.5 log) in all animals at 2 years after the
2" vaccination (Figure 1E) and neutralizing Ab (NAb) were de-
tected in all animals at 1 year, and in 2 of 4 animals for >2 years
(Figure 1F). Together, these data showed strong durability of the
spike DNA/LION-induced humoral immune responses.

To test the contribution of LION in the efficacy of the DNA/
LION regimen, the responses in group 1 (n = 5; study 1, group
1) were compared to responses obtained in macaques (n = 3;
study 1, group 2; Table S1), which received 2 priming vaccina-
tions (V1, V2) with naked DNA without LION [DNA(IM)] (Figure 1B,
bottom panel). The vaccine included the same dose of the same
WAT1 spike DNA administered directly by the IM route. DNA(IM)
vaccination induced weaker and slower responses, with 1 of 3
animals scoring positive after V1, and ~2 log lower Ab levels,
which remained after V2, compared to levels obtained with
DNA/LION (Figure 1C, bottom panel). The DNA(IM) primed
group received subsequently 2 DNA/LION booster vaccinations
(V3, V4), which increased Ab magnitude to levels similar as those
of the DNA/LION group.

We further compared the humoral immune responses upon
DNA/LION vaccination to responses obtained using other DNA
delivery methods to rank the vaccine platforms. The Ab data
were compared to historical data®® obtained from macaques
vaccinated with the same spike DNA delivered by EP either alone
or co-immunized with Toll-like receptor 4 agonist glucopyranosyl
liped adjuvant-stable emulsion (GLA-SE)-adjuvanted WAT1
spike-RBD Protein (Figure 1G), reported in Rosati et al.>* and
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were analyzed together with the current study samples. Com-
parison of the four different regimens after the 2" vaccination
(V2w2, when data were available for all groups) showed that
the Ab magnitude induced by DNA/LION vaccine was similar
those induced by regimens of DNA(EP) or DNA(EP)+adjuvanted
spike protein co-immunization,® a regimen known to maxi-
mize Ab responses in macaques,'®**°° put was significantly
higher than the levels obtained by unformulated DNA(IM)
vaccination.

Anti-spike-specific neutralizing (NAb) responses were exam-
ined for their magnitude and breadth after V3 and V4. Similar
NAb titers were found against WA1 and the closely related
BA.1 spike pseudotyped viruses (Figure 1H). Interestingly,
although the magnitude against WA1 was comparable at
V4wk2, animals (study 1, group 1), which received 4 DNA/LION
vaccinations showed better neutralization breadth against
BA4/5, BQ1.1, XBB1.5 spike-carrying pseudotyped viruses,
than animals primed with DNA(IM) and boosted with DNA/
LION (study 1, group 2). Thus, despite similar WA1 Ab and
NAb levels at V4w2, DNA/LION vaccinations induced broader
NAb responses, including BQ1.1 and XBB1.5, compared to the
DNA(IM) primed macaques indicating a benefit of stronger prim-
ing by DNA/LION. Of note, such NAb levels were shown to be
protective in our previous SARS-CoV-2 challenge study.*?
Therefore, DNA/LION vaccination induced potent and durable
binding and neutralizing Ab responses.

DNA/LION vaccine induces long-lasting cellular
responses in rhesus macaques
The DNA/LION vaccination also induced robust cellular spike-
specific T cell responses (Figure 2A, upper panel) reaching up
to 2% of circulating T cells measured by intracellular cytokine
staining. These responses were also durable over the 8- and
10-month follow-up upon V2 and V3, respectively. In contrast,
DNA(IM) vaccination induced lower responses, which lacked
durability (Figure 2A, lower panel). Upon DNA/LION boosting
(V3, V4) of the DNA(IM) animals (group 2), these responses
were increased, reaching similar levels as the DNA/LION vacci-
nated animals (group 1). Similar robust cytokine® T cell re-
sponses were induced by animals in study 2 (Figure 2B). Analysis
of the cytokine™ T cells showed that they were mainly interferon
(IFN)-vy single-positive (~77 %), ~15% IFN-y/tumor necrosis fac-
tor (TNF)-o double-positive and a minority (~8%) TNF-a single-
positive, similar to DNA/EP vaccine responses®® (Figure 2B, right
panel). Monitoring durability of these cellular responses over
longer time (Figure 2B) showed that antigen-specific T cells
were still detectable at 2 years post V2 with median 0.03% (range
0.13-0.61) of circulating T cells. Thus, DNA/LION induced both
long-lasting humoral and cellular immune responses.
Interestingly, DNA/LION induced a strong skewing toward
CD8" T cell responses (Figure 2C). In contrast, priming by
DNA(IM) or with DNA(EP) resulted in higher spike-specific
CD4* T cells (V2w2; Figure 2C, upper panels). Similar results
were reported prior®> upon DNA(EP) vaccination (Figure 2C,
upper and lower right panels), analyzed using the same gating
strategy and FlowJo software. Boosting of the DNA(IM) primed
animals with DNA/LION led to a substantial increase of spike-
specific CD8" T cells (V3w2; Figure 2C, lower panels). We further
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Figure 2. DNA/LION vaccine induces durable T cell responses in rhesus macaques
(A and B) Spike-specific T cell responses were measured in PBMCs over time by flow cytometry in (A) study 1, as IFN-y * T cells, and (B) study 2, as cytokine®
(IFN-y, TNF-a single- and/or double-positive) T cells. Scatterplots with median line and minimum and maximum values are shown. The pie chart depicts the

frequency of spike-specific IFN-y, TNF-a single- and/or double-positive T cells.

(C) Comparison of CD4* and CD8* IFN-y* spike-specific T cell responses induced by DNA/LION (study 1, group 1) and by DNA(IM) prime followed by DNA/LION
boost (study 1, group 2) and a historical study* examining spike DNA vaccination by EP alone (n = 4) or co-immunized with adjuvanted spike protein (n = 4).
(D) Frequency of spike-specific cytokine® T cells CD4* and CD8* T cells at the day of V4 and 2 and 3 weeks later (study 1). Bars indicate mean values. p values
from generalized estimating equation (GEE) and are defined as <0.05, *; <0.01, **; <0.001, ***; <0.0001,****,

(E) Frequency of cytokine* spike-specific CD8" Tgy (CD28" CD95%) and Tgym (CD28~ CD95* CCR7 ™) after V4. Scatterplots with mean values are shown.

(F) Proportion of cytokine® CD8* T cells expressing EOMES and/or T-bet (mean of 8 animals).

(G) Manually gated spike-specific cytokine® CD107a* CD8* Tgyw and Tgy cells (V4 [blue], V4w2 [red], V4w3 [green]) were overlaid in histograms depicting
expression of EOMES, T-bet, GzmB, and Ki67 (mean fluorescent intensity [MFI] as mean of 8 animals at each time point). Gray dotted line marks the border

between the negative and positive population.

noted that the overall frequency of spike-specific CD4* T cells
upon DNA/LION vaccination remained stable upon V4 (Fig-
ure 2D, upper panel), whereas the frequencies of CD8" T cells
were significantly increased (Figure 2D, lower panel). These
data demonstrated the strong CD8" T cell response mediated
by DNA/LION vaccination, which was further boosted in subse-
quent vaccinations.

4 iScience 28, 112232, April 18, 2025

DNA/LION vaccination also significantly increased the fre-
quencies of spike-specific CD8* memory responses, including
both central (Tgy) and effector (Tgy) memory cells (Figure 2E,
analysis after V4). T-bet and Eomesodermin (EOMES) are key
transcription factors associated with effector function and mem-
ory T cell formation,®”*® respectively. Importantly, these Tgy
cells expressed higher T-bet, a transcriptional factor supporting
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their expansion, differentiation and maturation toward a cyto-
toxic differentiation state®® (Figure 2F). The spike-specific cyto-
kine* (IFN-y and/or TNF-o) CD107a*CD8"* T cells, including
Tcowm and T-bet*Tgy, fractions, displayed additional cytotoxic
properties granzyme B (GzmB™*) and proliferative capabilities
(Ki67") (Figure 2G), underscoring their potent activation levels
and cytotoxic potential. Expression of all markers was sustained
to week 3, except the proliferation marker Ki67, which was
reduced, as expected. Together, these results demonstrated
that the DNA/LION vaccine is a potent inducer of durable hu-
moral and cellular immunity including induction of both potent
NAb and multifunctional CD8" memory T cells with cytotoxic
potential.

DNA/LION vaccination induces rapid transient
chemokine/cytokine changes in plasma

To explore the effect of the DNA/LION vaccination on induction
of chemokine and cytokine responses, we performed a plasma
proteomics analysis measuring their levels by multiplex immuno-
assays and ELISA. Of the 63-analytes panel, 41 analytes
(Table S2) showed changes, displaying a similar pattern (Fig-
ure S2A) and similar magnitude after each vaccination (V1-V4)
(Figure S2B). Interestingly, several analytes showed a significant
early activation (+4 h) (Figure 3A, upper panel) depicted in the
volcano plot, exemplified by IL-6, IL-18, IL-1Ra, CXCL10,
CCL8. The responses were enriched by additional analytes,
including IL-15, CCL2, CCL19, CXCL11, IL-23 at 24 h (D2) (Fig-
ure 3A, lower panel). Figure 3A highlights the innate responses
immediately following the first encounter with the vaccine. Com-
parable responses were detected upon additional vaccinations
(Figure S2). Detailed analysis of analyte changes over time
(D2 to D22 compared to D1) upon V4 is depicted in a heatmap
(Figure 3B). Similar patterns were observed upon vaccinations
1-8 (Figures S2A and S2B). Most of these increases were
dimmed by D3/D4, returning to baseline by D8 to D15, as shown
in the alluvial display (Figure S2C).

Among the increased analytes (Figures 3B, S2A, and S2B), we
found several chemokines/cytokines produced by myeloid
cells,"®*" including CCL2/MCP-1, CCL19/MIP-38, IL-6; IL-15,
an activation and differentiation factor for multiple lymphocyte
populations; the IFN-induced CXCL11/I-TAC and CXCL10/IP-
10 coordinating the trafficking of T cells, natural killer (NK) and
natural killer T (NKT) cells toward inflammatory sites*; as well
as the proinflammatory IL-18 and the anti-inflammatory IL-1Ra,
a regulator of the IL-1 pathway, reflecting vaccine-induced
inflammation.***** We also noticed significant changes in analy-
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tes associated with LN and germinal center (GC) activation
including CXCL13, FLT3L and IL-7. FLT3L and IL-6°*® are
also involved in the development of dendritic cell (DC) and B
cells.*®°° The combination of DNA/LION-induced plasma cyto-
kine/chemokines were unique to this regimen. In contrast, only
few and low changes were found upon DNA(IM) vaccination (Fig-
ure S3). These data further support the observation of a strong
adjuvant effect by LION.

Evaluating the inter-relationship among analyte changes
(Log2FC, D2 vs. D1), we identified a clusters of cytokine/chemo-
kines showing concerted significant increases (Figure 3C), with a
cluster (cluster 1, green box) comprising IL-15, CXCL10/1P-10,
CCL2/MCP-1, CCL3/MIP-1a, CCL8/MCP-2, M-CSF, CCL4/
MIP-18, CXCL11/I-TAC and two smaller ones including a cluster
(cluster 2, purple box) comprising CXCL13, CCL24/Eotaxin-2,
CCL26/Eotaxin-3, CCL19/MIP3 and a cluster (cluster 3, brown
box) comprising FLT3L, CCL13/MCP-4, CXCL12/SDF-1a,
CCL11/Eotaxin, CCL22/MDC. We previously reported that
several analytes in cluster 1, including IL-15, were part of a signa-
ture associated with enhanced humoral immune responses in
Pfizer/BioNTech BNT162b2 mRNA vaccinated persons.®'° An-
alytes in clusters 2 and 3 are associated with LN activation.*>*’
Thus, our cytokine/chemokine analysis support the conclusion
that the DNA/LION-induced unique and strong immune activa-
tion can contribute to the development of robust vaccine-
induced adaptive immune responses.

Dynamic redistribution of immune cells in LN and blood
upon DNA/LION vaccination

To understand the nature of different cell subsets affected by
DNA/LION vaccination, an extensive flow cytometric phenotyp-
ing analysis was performed. Peripheral blood mononuclear cells
(PBMC) and lymph node mononuclear cells (LNMCs) were
collected sequentially upon V4 (Figure 1A), including at the day
of vaccination D1, D3 or D4 (referred to as combined D3/4 with
n = 4 macaques on each day), D8 and D22, at which time point
the animals were necropsied. Myeloid and lymphocyte cell sub-
sets were analyzed by immune phenotyping in blood and LN us-
ing multiparametric flow cytometry and high-plex spatial biology
analysis (Figures 4, 5, 6, 7, and 8).

Both unsupervised clustering t-Distributed Stochastic Neighbor
Embedding (t-SNE) and conventional gating strategies were em-
ployed. The t-SNE map clusters (Figure 4B) illustrate the baseline
distribution (D1) of the cell populations among live cells in blood
and lymph nodes (LNs), including HLA-DRP®SLin™®9, T, and B cells,
the focus of this work. Manual gating showed the dynamic

Figure 3. Plasma cytokines/chemokines induced by DNA/LION vaccination

Plasma proteomics was performed on samples collected upon vaccinations and analyzed for cytokines/chemokines by a chemiluminescent assay (Meso Scale
Discovery, 61 plex) and ELISA for CXCL13.

(A) Volcano plots representation of Log2FC enrichment of analytes at 4 and 24 h after V1, respectively. Significantly changed (p < 0.05 by GEE, >2-fold; red dots;
<2-fold, blue dots) analytes are shown. p values < 1e—18 were set to 1e—18 for plotting —log10 of p value.

(B) Heatmap shows cytokines/chemokine changes from 8 animals as Log2FC estimate from GEE in relation to the day of vaccination V4 (D1), including D2, D3,
D4, D8, D15, and D22. p values from GEE are summarized in the left columns with significant increase (red) and decrease (blue) with >2x and <2x upregulation are
shown in respective shades. Gray bars indicate not analyzed analytes.

(C) Inter-relationship of the vaccine-induced effects on different analytes. Pairwise Spearman correlations were calculated between the log2FC at one day (D2)
after the V4 vs. D1 for all biomarkers shown in (B). Significant correlations (p value < 0.05) are represented by ellipses with color and shape corresponding to the
value of the Spearman correlation coefficient with red color indicating a positive correlation. Three clusters of analytes with positive associations among Log2FC
are denoted with boxes and lettering in green (cluster 1), purple (cluster 2), and brown (cluster 3).
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Figure 4. Dynamic distribution of lymphocytes and myeloid cells in blood and LN upon DNA/LION vaccination

(A) Cartoon outlining the blood and LN collection after V4.

(B) t-SNE analysis showing phenotypic clustering of equal numbers of blood and LN live cells on the day of the V4 (D1). Manually gated lineage subsets were
overlayed on the t-SNE map and allocated a unique color (CD20* B cells [green], CD3* T cells [blue], and Lin"*? HLA-DRP®® cells [gray]).

(C) Manually gated cell subsets expressed as frequency of live cells. Bars indicate mean values. p values from GEE, 1, day of vaccination. The p values are defined
as <0.05, ; <0.01, *; <0.001, ***; <0.0001,****,

(D) B-to-T cell ratio in blood and LN overtime. p values from GEE. Bars indicate median values.

(E) Representative pictures of LN sections over time after 4" vaccination (scale bar: 500 um) to illustrate the in situ quantification (right upper panel) performed on
the germinal center (GC) and B cell follicle (BCF) percentage of area per tissue section at D3/4, D8, and D22 post-vaccination. The ratio GC/BCF was determined
in situ at D3/4, D8, and D22. GCs were identified based on morphology as well as CD20, Ki67 expression, and T cell markers to localize dark zone and T cell zone
(TCZ) (right lower panel). p values from GEE. Bars indicate mean values.

changes overtime in all animals upon vaccination (Figure 4C). The  atemporally distinct response in blood and LN; a similar trend was
HLA-DRP°Lin"®? cell cluster, representing HLA-DR* myeloid observed in LN for the CD123"CADM1*cDC1 and CD123 CD1c*
cells, trended to expand in blood as early as D3/4, followed by a  ¢DC2°*°° subsets, whereas in blood, the CD123 CADM1*
recovery by D8. In LN, the HLA-DR* myeloid cells expanded cDC1 levels increased at D8 and CD123" CD1c*cDC2 levels
significantly with a peak by D8 and remained elevated, indicating decreased at D3/4 (Figure S4A). A transient change of B and
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T cells was also observed. Both B and T cells transiently
decreased in blood, with T cells recovering by D8 and B cells by
D22. Conversely, after an initial decrease, an increase in T cells
in the blood was paralleled by a significant decrease in LN. In
LN, B cells trended toward a transient increase by D3/4 and recov-
ered by D8, whereas T cells significantly decreased by D8 and
recovered by D22. The dynamic change of lymphocyte fre-
quencies resulted in an inverted B:T cell ratio comparing LN and
blood (Figure 4D). These data are reminiscent of the LN activation
found upon IL-7 treatment in macaques.®” The change in T cells
was meditated by both CD4* and CD8*T cells (Figure S4B).
Thus, DNA/LION vaccination resulted in a rapid and transient
expansion and mobilization of PBMC and LNMC, affecting their
trafficking within lymphoid and peripheral compartments.

Using high-plex in situ spatial phenotyping, we observed a
significant increase in the size of the B cell follicle area and
GC over time. These changes were visualized by immunohisto-
chemistry using representative full LN tissue sections (Fig-
ure 4E, left panels) and supported by quantification (Figure 4E,
right panels). We observed a significant increase of the B cell
follicle areas (Figure 4E, right upper panel) and a significant in-
crease in the number of activated GC, defined by Ki67*-CD20
and B Cell Follicles (BCFs) morphology, presented as ratio
of activated versus non-activated B cell follicles (Figure 4E,
right lower panel). Together, in situ immunohistochemistry
and flow cytometry analysis showed a significant increase in
LN activation.

Effect of DNA/LION vaccination on myeloid lineage cells
in blood and lymph nodes

Different myeloid cell populations, in addition to CD123 CADM1*
c¢DC1 and CD123~ CD1c*cDC2, were monitored after vaccina-
tion, including classical, intermediate, and non-classical mono-
cytes, plasmacytoid dendritic cells (pDCs) and the recently
described dendritic cell type 3 (DC3°%) (Figures 5A-5C and S5).
We found significant changes by D3/4 analyzing different cell sub-
sets. DNA/LION mediated an expansion of proliferating (Ki67*)
HLA-DR" myeloid cells in blood, and in 5 of 8 animals in LN
(Figures 5A and 5B). Classical monocytes showed the largest
expansion in blood and LN, in support of their essential role in
the early inflammatory responses (Figures 5B and S5A). A signif-
icant increase in CD14*CD16" monocyte subsets was found in
blood and LN, and an increase in proliferating non-classical
monocyte in blood (Figure 5C). pDC decreased in blood and re-
turned to baseline only at D22 (Figures 5B and S5A). DC3, which
play a crucial role in shaping CD8*T cell responses,””’ significantly
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increased in both blood and LN (Figure 5C). Additionally,
Ki67*CD123 CADM1*cDC1 levels increased at D8 before return-
ing to levels below baseline by D22, whereas Ki67*CD123~
CD1c*cDC2 levels decreased at D3/4 and similarly rebounding
but remaining below baseline by D22 (Figure 5C). Conversely, in
LN, proliferating CD123"CADM1*cDC1 did not consistently
change over time, while CD123~CD1c*cDC2 modestly increased
with a slower kinetic at D8 and D22 (Figure 5C). The transient
reduction of pDC and ¢DC in blood, accompanied by a simulta-
neous increase of DC3 in both compartments (Figures 5B and
S5A), suggested a coordinated movement of DC to antigen-pre-
sented sites (Figures 5B and S5A). This movement predicted facil-
itation of initiating and boosting of adaptive immune responses
within the lymphoid tissues. The changes of the proportions of
the different cell subsets among proliferating HLA-DR* myeloid
cells are summarized in Figure S5B.

Interestingly, we found several significant associations be-
tween the changes in myeloid cell subsets and changes
(Log2FC; D2-D1) of plasma cytokines/chemokines. Significant
associations, mainly from clusters 2 and 3, with changes in
myeloid cell subsets are summarized in a bubble plot (Fig-
ure 5D) with selected correlations shown in Figure 5E.
CCL13/MCP-4, CCL27/CTACK, CXCL12/SDF-1a, FLT3L,
G-CSF, IL-9, and IFN-y correlated with increases in different
proliferating myeloid subsets and DC. Several of these analytes
play a role in myeloid and DC function and/or are produced
by these cells.*®°®%* These analytes are also associated with
LN activation.**™*%%° Several analytes were associated with
cell expansion, function and or trafficking, i.e., G-CSF with clas-
sical monocytes,®® FLT3L with DC3 and non-classical mono-
cytes,’>*° IL-9 with classical monocytes expansion,®’
CCL13/MCP-4 and monocytes, T cells and immature DC,®®
and CXCL12/SDF-1a with the CD14*CD16"* intermediate
monocyte subset.®® Association with antigen-presenting cells
supports facilitation of adaptive immunity development result-
ing from a complex interplay among cytokines/chemokines
and myeloid cells and lymphocytes.

Increase of lymphocytes in lymph nodes correlates with
innate immune responses

To gain a better understanding of the effect of DNA/LION vacci-
nation on the GC, we examined different LN cell subsets.
The distribution and dynamic changes of total proliferating
(Ki-67*) CD4 T follicular helper (Tfh; CXCR5*PD-1""), CD4 GC-
Tfh (CXCR5*PD-1"9"), CD8 T follicular cells (Tfc1; CXCR5*PD-
1inthighy70-74 35 well as GC-B cells (Bcl-6*CCR6™) are shown in

Figure 5. DNA/LION vaccination promotes the proliferation and trafficking of myeloid cells

(A) Proliferating HLA-DR™ myeloid cell subsets in blood and LN after V4, expressed as percentage of total HLA-DR* myeloid cells. Bars indicate mean values.
p values from GEE and are defined as <0.05, *; <0.01, **; <0.001, ***; <0.0001,****,

(B) Heatmap showing the Log2FC estimate from GEE of different proliferating cell subsets measured as percentage of HLA-DR* myeloid cells over time in blood
and LN. Statistical analysis as in (A) is summarized in the left columns with significant increase (red) and decrease (blue) with >2x and <2x upregulation are shown
in respective shades.

(C) Plots show proliferating myeloid cell subsets in blood and LN over time as percentage of HLA-DR* myeloid cells. Statistical analysis as in (A) and (B) is depicted
below the graphs.

(D) Bubble plots show Spearman correlation (p < 0.05) between proliferating myeloid subsets (log2FC) and selected biomarkers (log2FC) in blood and LN, at D3/4
or D8 vs. D1. Time points indicated by different bubble size.

(E) Selected correlation plots from (D) in blood for classical monocytes (D3/4 vs. D1) and HLA-DR™ myeloid cells and non-classical monocytes (D8 vs. D1) in LN for
intermediate monocytes (D3/4 vs. D1) and for classical monocytes and DC3 (D8 vs. D1).
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Figure 6. DNA/LION vaccination induces germinal center activation

(A) Proliferating LN cell subsets based on unsupervised t-SNE clustering of Ki67* live cells (gray background) with overlaid manually gated CD4 Tfh
(CD3*CD4*CXCR5*PD-1"™; light blue), CD4 GC-Tfh (CD4*CD3*CXCR5*PD-1"9"; dark blue), CD8 Tfc1 (CD3*CD8*CXCR5*PD-1"""9" [purple] with PD-1M9"
fraction [darker purple]), and GC-B (CD3~CD20*CXCR5"CCR6*Bcl-6"; green) cells.

(B) Heatmap showing Log2FC estimate from GEE of LN subsets. p values from GEE summarized in the left columns with significant increase (red) and decrease
(blue) with >2x and <2x upregulation are shown in respective shades.

(legend continued on next page)
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the t-SNE map as distinct clusters (Figure 6A) and by manual
gating (Figures 6B and S6). All subsets significantly increased
upon DNA/LION vaccination reaching peak levels by D8, with
some subsets maintaining elevated proliferation through D22,
although at lower level (Figure 6B). Interestingly, significant direct
correlations were found among the changes of these lymphocyte
subsets (Log2FC, D8 vs. D1; D22 vs. D1) (Figure 6C), supporting
their coordinated increase.

High-plex immunofluorescence staining of LN visualized the
changes of proliferating CD4* and CD8*T cells over time after
V4 (Figure 6D). Proliferating T cells were quantified (Figure 6D,
lower panels) within activated (GC) and non-activated (non-GC)
B cell follicles as well as in the T cell zone (TCZ) and compared
to control animals naive to the LION vaccine (Figure S6B). Both
CD4* and CD8" T cells increased in all areas of the LN at D3/4
compared to unvaccinated animals. The increase of CD4*
T cells within GC was a rapid and transient response post vacci-
nation shown by number of CD4*T cells returning to baseline
level by D8. Interestingly, the CD8*T cells increased more dras-
tically in BCF (GC and non-GC) than in TCZ, and showed a con-
stant increase over time, maintaining a significantly higher num-
berin all LN compartments than the unvaccinated animals. Thus,
DNA/LION vaccination significantly expanded cell subsets
known to play a pivotal role in the GC formation, providing help
to the B cells and enhancing Ab production’® upon changing
their distribution within LN.

We conducted a more detailed analysis of GC T cells consid-
ering their expression of CXCR3, a chemokine receptor mainly
effectors on T cells, known to play a role in trafficking,”®”” but
also in regulation of their interaction with antigen-presenting
cells (APCs) mediating their differentiation.”®’> CXCR3"*? sub-
sets significantly increased overtime, indicative of their potential
retention in LN (Figures 6E and S6C). The CXCR3P°® subsets
expanded by D8, followed by a contraction of CD4 Tfh and
CD4 GC-Tth by D22, indicating their trafficking from the LN.
On the other hand, the CXCR3P°® CD8 Tfc1 cells remained at
higher level at D22, indicating their distinct migration kinetics.

The CD4 Tth, CD4 GC-Tfh and CD8 Tfc1 cell subsets (Fig-
ure S6D) exhibited a central memory phenotype (CD28*
CD95%). CCR7 was detected in a subset of CD4 Tfh cells,
whereas CCR6 expression was primarily found in the GC-B cells.
The lineage transcription factors Bcl-2 and Bcl-6 were differen-
tially expressed in the four subsets, with expression of Bcl-2 pre-
dominantly in Tfh and Tfc cells, and Bcl-6 in GC-B cells and in a
subset of CD4 GC-Tfth cells.

Next, we performed a correlation analysis between the chemo-
kine/cytokine changes (D2 vs. D1, Log2FC) and changes of lymph
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nodes cell subsets overtime (Figures 6F and S7). Several of these
analytes were also found to coordinately increase upon DNA/LION
vaccination (see clusters in Figure 3C) and are known to serve as
biomarkers for LN activation and induction of adaptive immune
responses. Significant associations of CXCR3P°® CD4 Tth, CD4
GC-Tfh and CD8 Tfc1 cells were identified with cytokines/chemo-
kines from cluster 1, belonging to the previously identified IL-15
signature,®'° associated with Ab development in mRNA/LNP
vaccinated humans (see Figure 3C). CXCR3P°® cell associations
with CXCL10/IP-10, CXCL11/I-TAC (cluster 1) and CXCL12/
SDF-1a (cluster 3) is supporting their migration from LN.%°
CXCL12/SDF-1a and FLT3L associations with Bcl-6* GC-B cells
also support LN activation as these analytes play a role in B cell
development, function and Ab production.***%¢> Associations
of CD4 Tfh and CD4 GC-Tfh with IL-7 and associations of CD4
Tfh, CD4 GC-Tfh and CD8 Tfc1 with CX3CL1/Fractalkine reflected
LN activation and trafficking.*”-5%5

The observed changes in LN cell subsets and cytokine/
chemokines indicate a connection between innate responses
and adaptive T and B cell responses. Indeed, we also found
direct associations between the levels of GC-B cells as well as
of CXCR3"°? CD4 GC-Tfh, an LN subset mainly involved in the
GC formation, as well as CD8 Tfc1 cells and Ab levels measured
over time (Figure 6G). Together, these data provided a critical link
demonstrating the connection of DNA/LION-induced cytokine/
chemokine changes, cell expansion and trafficking, strong LN
activation and Ab development.

Expansion of CD8 T cell memory subsets in draining LNs
and blood

DNA/LION vaccination induced mainly antigen-specific CD8*
T cell responses including memory responses (Figure 2),
prompting the characterization of the vaccination effect on gen-
eral proliferating (Ki67*) CD8" naive and memory T cell popula-
tion (Tem, Tcm), as well as on CD8 Tfc1 in LN and circulating
CD8 cTfc1 cells (Figures 7 and S8).

Pie charts illustrate the relative proportion of these 4 subsets
within CD8* T cells (Figure 7A). As expected, the frequencies
of naive, Tcm, and CD8™ Tfc1 cells were higher in LN compared
to blood at all time points. Conversely, the frequency of Tgy was
higher in blood reaching 66% of systemic CD8" T cells by D22,
consistent with their role in immune surveillance and their
effector functions.®' In contrast, in LN, the frequency of Tgy re-
mained constant with ~14% (D1 to D22).

We identified a subset of CD8 Tfc3 cells (CXCR5*PD-1"9") in
LN, which showed similarity to CD4 GC-Tfh. We confirmed co-
expression of Bcl-6 and ICOS in this fraction of CD8 Tfc3

(C) Direct correlations between the changes (Log2FC D8 and D22 vs. D1) of the listed populations. Color and size of square represent Spearman R, and asterisks
indicate spearman p < 0.05.

(D) Representative pictures of activated CD4, CD8, and CD20 populations showing a B cell follicle (BCF), germinal center (GC), and T cell zone (TCZ) within an LN.
Scale bars: 100 um. In situ quantification of activated CD4 (CD3*CD4*Ki67*) and CD8 (CD3"CD8a*CD4Ki67*) T cells within GC in LN per million nuclei.
Combined data points from 7 animals and 3 controls. Number of analyzed GC: control, 144; D3/4, 46; D8, 155; D22, 219. p values from linear mixed effect model.
Mean and SEM are shown. The p values are defined as <0.05, *; <0.01, **; <0.001, ***; <0.0001,****.

(E) Heatmap showing Log2FC estimate from GEE of LN subsets +/— CXCRS3. Statistical analysis as in (B).

(F) Bubble plot summarizing Spearman correlations (o < 0.05) between LN cell subset changes (log2FC, indicated by different bubble size) and the Log2FC of
plasma cytokines/chemokines (D2 vs. D1).

(G) Correlation plots summarize spearman correlations of GC cell subset frequencies and Ab levels to WA1 (left) and BA.4/5 (right) over time. Color and size of
square represent Spearman R, and asterisks indicate p < 0.05.
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(A) Pie charts depict the mean frequency in blood and LN of manually gated Tgy (CD28*CD95™), central memory (Tom; CD28~CD95™), and naive (CD28*CD957)
CD8*T cell subsets and the circulating CXCR5"PD-1""9" CD8 cTfc1 and the two LN-associated CXCR5*PD-1™ CD8 Tfc2 and CXCR5* PD-1"9" CD8 Tfc3

subsets.

(B) Heatmap shows manually gated Log2FC estimates from GEE of Ki67* and Ki67*GzmB™ Ty and Ty in blood and LN. p values from GEE are summarized in
the left columns with significant increase (red) and decrease (blue) with >2x and <2x upregulation shown in respective shades.

(C) Heatmap shows manually gated Log2FC of CD8 cTfc1 in blood and CD8 Tfc1 in LN. Statistical analysis as in (B).

(D and E) Bubble plots summarizing Spearman correlation (p = 0.05)of changes in cell populations (Log2FC D3/4vsD1; D8vsD1, D22vsD1; indicated by different
bubble sizes) and changes of plasma cytokines/chemokines (log2FC, D2 vs. D1) for (D) Tcm and Ty and (E) CD8 cTfc1 in blood and CD8 Tfc1 in LN.

(CXCR5*PD-1"9" (Figure S8A), distinct from the circulating CD8
cTfc1 in blood. Also, like CD4 GC-Tfh, the CD8 Tfc1, Tfc2, and
Tfc3 displayed a central memory phenotype, and the absence
of CCR7 in blood and LN indicated a transitional memory (T1y)
phenotype associated with enhanced proprieties including the
ability to proliferate and to exert effector functions in both
lymphoid and systemic sites.®” These data could emphasize
the importance of CD8 Tfc3 (CXCR5"PD-1"9" in exhibiting B
cell helper function.”®3

The CD8'T cell subsets were further tested for the proliferative
capacity and/or cytotoxic potential. The proliferating (Ki67") Tewm
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and Tgy subsets increased transiently (D22 or D8, respectively)
in the blood, but showed sustained increases in LN from D8
through D22 (Figure 7B). We also found that the CD8" Tfc1 sub-
set’%"%8 retained functional potential within the LN and circula-
tion (Figure 7C), showing a significant increase of Ki67*GzmB*
cells by D8 and maintained through D22.

Tem and Tem (Figure S8B) were further characterized for
expression of a series of different markers in both blood and
LN. All CD8 subsets comprised a significant portion of cells ex-
pressing the lineage transcriptional factor Bcl-2, while lacking
expression of Bcl-6, except for a small fraction of CD8" Tfc3,
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Figure 8. Antigen-specific cell activation in LN by the AIM assay

medium  Spike

(A and B) Quantification of spike-specific (A) CD4 GC-Tfh and (B) CD8 Tfc1 cells by the AIM assay using LNMC isolated at D22 after 4" vaccination from DMSO-
and spike peptide/protein-stimulated cells, respectively, showing activated (A) CD25" CD134/0X40* CD4 GC-Tth and (B) CD69* CD137/4-1BB* CD8 Tfc1.
(C) Dot plot of a representative animal 43825 and data of all 8 animals, showing memory B cell activation (CD278/ICOS and CD137/4-1BB). Boxes indicate

median values.

(D) Changes in spike-specific CD8* Tcwm, T, and Tem cells expressing CD137/4-1BB and the activation marker CD69.
(E) Cytokines/chemokines levels detected in the supernatant after 24 h incubation with medium or spike peptide/protein using the Meso Scale Discovery assay.

p values were calculated by GEE.

associated with CD4 GC-Tfh and GC-B cells.®>®® In blood, a
large portion of Tgy expressed T-bet compared to LN, support-
ing the important role of this transcription factor in the differenti-
ation of CD8 and their acquisition of effector functions.

We found significant correlations between changes in several
cytokines/chemokines (D2 vs. D1) and changes in CD8 memory
(Figure 7D) and CD8 Tfc1 (Figure 7E) subsets. Changes of
CD8*Tgw With cytotoxic potential (Figure 7D) were associated
with IL-15, CCL2/MCP-1, CCL4/MIP-18, CCL8/MCP-2, CXCL10/
IP-10, CXCL11/I-TAC, M-CSF, analytes whose coordinated
expression was reported in Figure 3C (cluster 1) and which are
associated with T cell growth and migration.?” Increase of Tgy, in
blood correlated with CCL13/MCP-4, CXCL12/SDF-1a and

FLT3L (cluster 3, Figure 3C), whereas both Tgy and Tgy in LN
correlated with CX3CL1/Fractalkine (cluster 1) and IL-7,
comprising analytes associated with LN activation.*>%°
Changes of CD8 cTfc1 (Figure 7E) also showed a strong cor-
relation with the IL-15 cluster (cluster 1) identified in Figure 3C.
The CD8 Tfc1 in LN associated with the Eotaxin-3, CCL19/
MIP-3b cluster (cluster 2) and with the FLT3L, CCL13/MCP-4,
CXCL12/SDF-1a cluster (cluster 3) (see Figure 3C). Both subsets
were associated with changes in CX3CL1/Fractalkine.
Together, these data showed that the vaccine-mediated cyto-
kine/chemokine responses and their coordinated increases
contributed to the significant changes in magnitude, phenotype
and trafficking of different CD8" cell subsets in both blood and

iScience 28, 112232, April 18,2025 13




¢ CellPress

OPEN ACCESS

LN. DNA/LION promoted the induction of T cell subsets with
cytotoxic potential. Together, the induction of follicular helper
CD4 subsets in LN (Figure 6) as well as follicular CD8 T cells (Fig-
ure 7) and GC-B cells (Figure 6) correlated with distinct cytokine/
chemokine signatures providing a critical role for the develop-
ment of humoral immune responses (Figure 6G).

Detection of antigen-specific cellular responses in
lymph nodes by AIM assay

In addition to the overall activation of lymphocyte subsets in LN
upon DNA/LION vaccination (Figures 6 and 7), we further inves-
tigated their antigen-specific nature. Antigen-specific responses
were measured in vitro in LNMC from draining LN by the activa-
tion-induced marker (AIM) assay®® upon spike stimulation (Fig-
ure 8). We found significant increases of spike-activated CD4
GC-Tfh (CD134/0X40*CD25*; Figure 8A) and CD8 Tfct
(CD137/4-1BB*CD69"; Figure 8B). We also found a significant
increase in CD278/ICOS*CD137/4-BB* double-positive mem-
ory (CD27*CD95%) B cells (Figure 8C). In addition, we found sig-
nificant increases of spike-specific activated (CD137*ICOS*
[inducible T cell costimulator]) CD8" memory subsets (Tcw,
T+m, Tem) (Figure 8D). Together, these data demonstrate the
presence of antigen-specific activated T and B cell subsets in
LN (Figure 8) and in blood (Figure 2).

Cytokines/chemokines secreted in the AIM assay were
measured by multiplex immunoassay. We found significant pro-
duction of TNF-B, IL-2, and CXCL11, and a trend and/or only few
responders for CXCL10, CCL4/MIP-1B, and IFN-y (Figure 8E),
supporting spike-specific induction of Th1-associated chemo-
kines. Together, DNA/LION vaccination resulted in induction of
antigen-specific activated T cells both in blood (Figure 2) and
in lymph node GC (Figure 8).

DISCUSSION

In this study, we demonstrate that LION nanoparticle is a prom-
ising delivery technology for effective DNA vaccination by IM
administration in macaques. Using SARS-CoV-2 spike DNA as
a model, we found that DNA/LION vaccination induces cellular
and humoral immune responses with durability maintained for
>2 years after only 2 vaccinations, supporting a promising
aspect of this vaccine regimen. The DNA/LION vaccine induced
antibody responses significantly higher than naked DNA and
comparable to DNA delivered by EP alone or co-immunized
with adjuvanted protein,®* a regimen known to maximize Ab
levels in macaques.'®***° Interestingly, we found that DNA/
LION vaccination induced also very strong antigen-specific
CD8'T cell responses that exceeded the high level of CD4*T
cells. This feature is distinct from the more pronounced CD4*T
cell response obtained upon IM delivery of the same DNA direct
or via EP including in clinical trials.’*#% It is also different than
that obtained by mRNA/LNP,®" which induces moderate cellular
responses with a preponderance of CD4™ T cells.®” In addition to
blood, antigen-specific T cells were found also in LN by the AIM
assay, supporting the potency of the DNA/LION vaccine result-
ing in antigen-specific cellular responses both in LN and blood.
DNA/LION vaccination induces a unique and strong transient
activation of cytokine/chemokines that can contribute to the
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development of robust vaccine-induced adaptive immune re-
sponses. Indeed, our data provided a critical link demonstrating
the connection of DNA/LION-induced cytokine/chemokine
changes, cell expansion and trafficking, strong LN activation
and Ab development. Thus, the DNA/LION vaccine triggers all
the critical events and is a promising platform to induce also hu-
moral immune responses to more difficult immunogens, like
HIV Env.

We also found that the DNA/LION vaccine induces rapid tran-
sient cytokine/chemokine responses within 4 h. Several of these
were found to be coordinately regulated upon DNA/LION vacci-
nation and are known to serve as a predictor for LN activation
and induction of adaptive immune responses. Interestingly, the
changes of several cytokine/chemokine showed an interrelation,
grouped in 3 main clusters (Figure 3C), exemplified by IL-15
(cluster 1), CXCL13 (Cluster 2) and SDF1a-FLT3L (Cluster 3).
We previously reported that several analytes present in cluster
1, including IL-15, CXCL10/IP-10, CCL3/MIP-1a, CCL4/MIP-
1B, CCL22/MDC-1, were part of a signature associated with
enhanced humoral immune responses in Pfizer/BioNTech
BNT162b2 mRNA vaccinated persons.’’™° This signature
included IL-15, IFN-vy, IP-10/CXCL10, TNF-a and IL-6°"°?, and
correlated with effective humoral immunity development
whereas its absence inimmunocompromized patients led to fail-
ure to develop Ab.°>*® Thus, successful development of an anti-
spike immune response in MRNA/LNP vaccinated humans was
associated with activation of an IL-15 signature. Interestingly,
DNA/LION vaccination in macaques induces a signature sharing
similarities with that induced by mRNA/LNP in humans. Expand-
ing this observation, our extensive immune phenotyping of DNA/
LION vaccinated macaques (Figures 4, 5, 6, 7, and 8) allowed us
to further analyze this finding. We found that expansion of
different myeloid subsets and DC correlated with several cyto-
kine/chemokines primarily from clusters 2 and 3, which play a
role in myeloid and DC function and/or are produced by these
cells.*®°®%* Notably, an increase in G-CSF, providing important
survival and activation signals to monocyte/macrophages,®®
was associated with an increase in the classical monocytes in
LN. We also found significant associations between DC3 in LN
and blood and non-classical monocytes with increase of
FLT3L, a cytokine crucial for the development of both classical
and plasmacytoid DC, supporting their growth and function.*:>°
IL-9, known for its role in monocyte expansion and recruitmen
correlated with an increase in classical monocytes in blood.
Additionally, CCL13/MCP-4, which induces migration of mono-
cytes, T cells and immature DC®® and of CXCL12/SDF-1a, which
activates downstream pathways mediating migration and sur-
vival of lymphocytes and monocytes®® were associated with
the proliferation of the CD14*CD16" intermediate monocyte
subset in LN. Significant associations of CXCR3P°® LN CD4 cells
with IL-7 are supported by our reported IL-7-mediated LN acti-
vation.*” These, along with CXCR3P°® CD8 cells also associated
with CX3CL1/Fractalkine, a driver of LN trafficking®>®* with
contribution to mucosal immunity development,®® with FLT3L,
a cytokine known to be associated with LN activation, playing
arole in B cell development, function and Ab production,“s"lg‘50
and with a group of analytes (cluster 1) including MIPs, MCPs,
CXCL10/IP-10, CXCL11/I-TAC, M-CSF belonging to the IL-15

67
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signature.”'°>°* Gradients of CXCL10/IP-10, CXCL11/I-TAC,
CXCL12/SDF-1a mediate LN cell migration via CXCR3.%° The
GC-B:CXCL12/SDF-1a association supports their trafficking
and GC formation.®® FLT3L associated CD4 GC-Tfh and GC-B
cell changes. In addition, association of CD8 memory and CD8
Tfc1 subsets and changes in several cytokines/chemokines
are also associated with cell growth and migration. Together,
several of these analytes were also found to coordinately in-
crease upon DNA/LION vaccination and served as biomarkers
for LN activation and induction of adaptive immune responses.
Our data show that DNA/LION vaccination drives a complex
interplay of cytokines with myeloid and lymphocyte subsets
facilitating the mobilization of antigen-presenting cells and
development of adaptive immunity. Importantly, we found con-
nections between innate responses and adaptive T and B cell re-
sponses, and in addition we also found associations between
GC-B cells and CXCR3"™° CD4 GC-Tfh and CD8 Tfc1 cells
with Ab. Thus, our data show that DNA/LION vaccination
strongly activated critical LN immune cell subsets resulting in
robust humoral and cellular immune responses.

Interestingly, DNA/LION vaccination induces CD8*T cells with
cytotoxic (GzmB) potential, which may be important for the
maintenance of protective immunity. Several features support
the conclusion of continuous activation and maintenance of
cytotoxic potential of the DNA/LION-induced antigen-specific
CD8'T cells. In addition to cytokine production (IFN-y and
TNF-o), they are cytotoxic competent (CD107a*GzmB™) and
have proliferative capacity (Ki67*). Spike-activated CD8 Tfc1
(CXCR5*PD-1""""9") aiso increased in the LN. Cells homing to
lymphoid follicles have been reported to have multifunctional ca-
pabilities, providing help to B cells and possessing cytotoxic po-
tential.®? Induction of such cells by vaccination may be beneficial
for addressing a virus defense, such as against HIV/simian im-
munodeficiency virus (SIV), which find sanctuary in LN.%>™%®
Thus, the DNA/LION vaccine offers unique advantages in
improving quality of the vaccine-induced T cell response. This
is further supported by the induction of antigen-specific cyto-
toxic (GzmB*CD107*) Ty effectors expressing T-bet, a tran-
scriptional factor supporting their expansion, differentiation
and maturation.*® Therefore, the DNA/LION vaccine overcomes
a major hurdle in the vaccine field, namely the generation of
strong and effective cellular immunity with CD8*T cell prepon-
derance, providing an advantage against certain infections. It
has been argued that appropriate levels of functional CD8*T
cells may be essential for suppressing or eliminating chronic in-
fections and for providing a block of spreading infection at the
portal of entry.®

In contrast to MRNA/LNP vaccines, which circulate throughout
the body and are hepatotropic,'®®'°" LION was shown to have
localized biodistribution detectable only in the injected muscle,?®
enabling efficient antigen expression in myocytes and local anti-
gen-presenting cells. A robust activation of myeloid cells was
found by D3/4 after vaccination, supported by the rapid (within
4 h) and transient activation of several cytokines/chemokines de-
tected in plasma. The expansion of myeloid cells, monocyte and
DC subsets in blood and LN was concomitant with their potential
to present antigens. Classical monocytes have been reported to
have the ability to differentiate into monocyte-derived macro-
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phages and DC and play anintegral partin controlling inflammation
in tissues,'% acquiring antigen-presentation properties during
inflammatory responses.'® Other monocyte subsets, including
CD14*CD16" intermediate and non-classical monocytes, alth-
ough initially present in low abundance in LN, showed a significant
increase. It has been suggested that under inflammatory condi-
tions, intermediate monocytes possess high capacity to present
antigens in comparison to classical and non-classical monocytes,
and it has been shown that the intermediate subset induces high
proliferation [reviewed in (51)]. Similarly, DC play a crucial role in
the immune response. Conventional cDC1 possess a significant
intrinsic ability to cross-present antigens via major histocompati-
bility complex class |, thereby activating CD8*T cells and promot-
ing T helper type 1 (Th1).'>* DC3 exhibit high expression CD1c,
which functions to display lipids on the cell surface of antigen-pre-
senting cells for direct recognition by T cells.'%° These results high-
light the multi-faceted effects of DNA/LION vaccination.

In addition to myeloid cells, DNA/LION also induced activa-
tion and trafficking of the lymphocytes in blood and LN
including both T and B cells, resulting in an increase of B cells
in the LN and their migration from the blood. This effect is
similar to our previously reported effect of IL-7 cytokine treat-
ment,*” which also increased B cells in LN leading to increase
of GC within the LN. DNA/LION induced significant activation
within the LN and GC increasing CD4 Tfh, CD4 GC-Tfh, CD8
Tfc1 cells and Bcl-6" GC-B cells, as well as enlarged B cell fol-
licles. We also found induction of a small subset of CD8 Tfc3,
defined by CXCR5* PD-1"9" sharing key features with the
CD4 GC-Tth.”® Importantly, their cytotoxic potential (GzmB™)
and proliferative capacity (Ki67*) was significantly increased
upon DNA/LION vaccination supporting their increased
effector function.

It has been reported that immunity against SARS-CoV-2
generated after infection or after vaccination by the mRNA/
LNP vaccines®® %" wanes, requiring frequent boosts. In
contrast, the spike DNA/LION vaccine generated noteworthy
long-lasting sustained responses in macaques. It is therefore
important to further expand these results and to study B cell
maintenance and the generation and properties of plasma cells.
Therefore, the present work is important in suggesting a vaccine
formulation with important additional properties. Future studies
probing the long-lasting localization and properties of immune
cells, including mucosal sites and bone marrow will be important
in evaluating the full potential of the presented methodology.
LION does not require cold-chain and can be delivered by simple
IM injection.?>" Vaccine preparation with just two components
is scalable and predictable, avoiding complications of different
protein and vector production, which may require manufacturing
adjustments and regulatory hurdles.

In conclusion, DNA/LION is a promising platform for effective
nucleic acid delivery for vaccination. DNA/LION formulation
induced distinct cytokine/chemokine signatures that contributed
to proliferation and trafficking of immune cell subsets and sup-
ported high magnitude of functional antigen-specific responses
in LN and blood. This delivery method with its ability to induce
robust T cell responses with cytotoxic potential, in addition to
high neutralizing Ab has also the potential to be used in other
vaccine efforts, including cancer immunotherapy.
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Limitations of the study

We show that DNA/LION vaccine induces robust and long-last-
ing humoral and cellular immune responses in macaques, using
SARS-CoV-2 spike DNA as model immunogen. This established
the proof-of-principle of this simple DNA delivery method. It
remains to be explored whether the strong vaccine-induced im-
munity can be expanded to other immunogens and, thus be of
general application. A limitation is the lack of a challenge after
LION/DNA vaccination. However, the induced immune response
is comparable to that of spike DNA delivered by EP either alone
or co-immunized with protein, and is therefore predicted to
be protective, as we showed in a previous challenge study.®?
Due to the approved mRNA/LNP vaccines (Moderna, Pfizer/
BioNtech) for human use, and the known correlates of protec-
tion, we did not consider that a challenge with pathogenic
SARS-CoV-2 would be justifiable at this point of time. Other
DNA/LION vaccines need to be tested such as in the SIV/HIV
model.
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Antibodies

Mouse anti-human CD3, Clone SP34-2, APC-Cy7

Mouse anti-human CDS3, Clone SP34-2, PE

Mouse anti-human CD4, Clone L200, V450

Mouse anti-human CD4, Clone L200, BUV395

Mouse anti-human CD8a, Clone RPA-T8, Brilliant Violet 650
Mouse anti-human CD8, Clone RPA-T8, BUV496

Mouse anti-human CD28, Clone RPA-T8, PerCP/Cyanine5.5
Mouse anti-human CD28, Clone V-CD28.05, Brilliant Violet 785
Mouse anti-human CD95, Clone DX2, FITC

Mouse anti-human CD95, BV480

Mouse anti-human CD95, PE CF594

Mouse anti-human CD107a (LAMP-1) Monoclonal
Antibody (eBioH4A3), PE, eBioscience

Mouse anti-human CD107a (LAMP-1) Monoclonal
Antibody (eBioH4A3), eFluor 660, eBioscience

Mouse anti-human Granzyme B Monoclonal
Antibody (GB12), APC

Mouse anti-human Granzyme B, Clone GB11, BV421

Mouse anti-human Granzyme B, Clone GB11, Alexa Fluor 700
Mouse anti-human Ki-67, Clone B56 Alexa Fluor® 700

Mouse anti-human Ki-67, Clone B56, BV711

Mouse anti-human IFN-g, Clone B27, PE-Cy7

LIVE/DEAD™ Fixable Blue Dead Cell Stain Kit, for UV excitation
Rat anti-human (CD197) CCR?7, Clone 3D12, BUV737

Rat anti-mouse CD197 (CCRY7), Clone 4B12, BUV737

Mouse anti-human CD197 (CCR7), Clone 2-L1-A, BUV661

Mouse anti-human EOMES Monoclonal Antibody
(WD1928), FITC, eBioscience

Mouse anti-human T-bet monoclonal antibody
(eBio4B10 (4B10), PE-Cyanineb, eBioscience

Mouse anti-human TNF, Clone Mab11, Alexa Fluor® 700
Mouse anti-human CD20, BV605
Mouse anti-human CD20, Clone 2H7, PE

Mouse anti-human TCR gamma/delta monoclonal
antibody (5A6.E9), FITC

Mouse anti-human CD159a (NKG2A)-APC, Z199
Mouse anti-human CD159a (NKG2A)-PE, Z199

Mouse anti-human CD25, Clone M-A251, BUV805
Mouse anti-human CD196 (CCR6), Clone 11A9, BV650
Mouse anti-human CD127 (IL-7Ra), PerCP/Cyanine5.5
Mouse anti-human CD183, Clone 1C6/CXCR3, BUV563
Mouse anti-human CD185 (CXCR5) Monoclonal
Antibody (MUSUBEE), PE, e-Bioscience

Mouse anti-human PE-Cyanine7 anti-human
CD279 (PD-1) Antibody, clone EH12.2H7

BD Biosciences
BD Biosciences
BD Biosciences
BD Biosciences
BioLegend

BD Biosciences
BioLegend
BioLegend

BD Biosciences
BD Biosciences
BD Biosciences
Thermo Fisher Scientific

Thermo Fisher Scientific

Thermo Fisher Scientific

BD Biosciences
BD Biosciences
BD Biosciences
BD Biosciences
BD Biosciences
Thermo Fisher Scientific
BD Biosciences
BD Biosciences
BD Biosciences
Thermo Fisher Scientific

Thermo Fisher Scientific

BD Biosciences
BD Biosciences
BD Biosciences
Thermo Fisher Scientific

Beckman Coulter
Beckman Coulter

BD Biosciences

BD Biosciences
BioLegend

BD Biosciences
Thermo Fisher Scientific

BioLegend

Cat#557757; RRID:AB_396863
Cat#560811; RRID:AB_2033927
Cat#562402; RRID:AB_11153863
Cat#564107; RRID:AB_2738596
Cat#301042; RRID:AB_2563505
Cat#612942; RRID:AB_2870223
Cat#302922; RRID:AB_2073718
Cat#302950; RRID:AB_2632607
Cat#556640; RRID:AB_396506
Cat#746675; RRID:AB_2743947
Cat#562395; RRID:AB_11153666
Cat#12-1079-42; RRID:AB_10853326

Cat#50-1079-42; RRID:AB_11220283

Cat#MHGBO05; RRID:AB_1500190

Cat#563389; RRID:AB_2738175
Cat#560213; RRID:AB_1645453
Cat#561277; RRID:AB_10611571
Cat#563755; RRID:AB_2738406
Cat#557643; RRID:AB_396760
Cat#1.34962

Cat#741786; RRID:AB_2871135
Cat#741892; RRID:AB_2871211
Cat#749824; RRID:AB_2874072
Cat#11-4877-42; RRID:AB_2572499

Cat#15-5825-82; RRID:AB_2815071

Cat#557996; RRID-AB_396978
Cat#747736; RRID:AB_2872209
Cat#555623; RRID:AB_395989
Cat#TCR2061; RRID:AB_223620

Cat#A60797; RRID:AB_10643105
Cat#IM3291U; RRID:AB_10643228
Cat#742011; RRID:AB_2871309
Cat#563922; RRID:AB_2738488
Cat#351322; RRID:AB_10897104
Cat#741406; RRID:AB_2870896
Cat#12-9185-42; RRID:AB_11219877

Cat#329918; RRID:AB_2159324
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Mouse anti-human HLA-DR, Clone G46-6, BUV661
Mouse anti-human Bcl-2, PE-CF594

Mouse anti-human Bcl-6, BV421

Mouse anti-human CD11c, Clone 3.9, PE/Cyanine5

Chicken anti-human SynCAM (TSLC1/CADMH1)
mAb-Alexa Fluor 647, Clone 3E1

Mouse anti-human CD1c, Clone L161, Alexa Fluor® 700

Rat anti-mouse CD11b, Clone M1/70, APC-Cy7
Tested in Development: Human

Rat anti-human Clec9A (CD370), Clone 3A4/Clec9A, BV421
Mouse anti-human CD16, Clone 3G8, BV480

Mouse anti-human CD123, Clone 7G3, BV786

Mouse anti-human CD14, Clone M5E2, BUV737

Mouse anti-human IRF8 monoclonal antibody
(VBGYWCH), PerCP-eFluor 710, eBioscience

Mouse anti-human IRF4 Monoclonal Antibody
(3E4), PE-eFluor™ 610, eBioscience

Mouse anti-human CD27, Clone M-T271, BV421

CD278 (ICOS) Armenian Hamster,
PE-CF594, Clone: C398.4A

Mouse anti-human CD134, Clone L106, BV480
Mouse anti-human CD137 (4-1BB), Brilliant Violet 711
Mouse anti-human HLA-DR, Clone G46-6, BUV737

BD Biosciences
BD Biosciences
BD Biosciences
BioLegend
MBL

BioLegend
BD Biosciences

BD Biosciences
BD Biosciences
BD Biosciences
BD Biosciences
Thermo Fisher Scientific

Thermo Fisher Scientific

BD Biosciences
BD Biosciences

BD Biosciences
BioLegend
BD Biosciences

Cat#612980; RRID:AB_2870252
Cat#563601; RRID:AB_2738307
Cat#563363; RRID:AB_2738159
Cat#301610; RRID:AB_493578
Cat#CMO004-A64; RRID:AB 3107120

Cat#331530; RRID:AB_2563657
Cat#557657; RRID:AB_396772

Cat#564266; RRID:AB_2738716
Cat#566108; RRID:AB_2739510
Cat#564196; RRID:AB_2738662
Cat#612764; RRID:AB_2870095
Cat#46-9852-82; RRID: AB_2573904

Cat#61-9858-82; RRID:AB_2637108

Cat#562513; RRID:AB_11153497
Cat#565888; RRID:AB_2869727

Cat#746511; RRID:AB_2743808
Cat#309832; RRID:AB_2650991
Cat#568351; RRID:AB_2691827

Biological samples

Peripheral blood mononuclear cells (PBMC)
Lymph node mononuclear cells (LNMC)
Human serum

Macaque plasma/serum

This paper
This paper
Sigma

This paper

N/A
N/A
Cat#H4522
N/A

Chemicals, peptides, and recombinant proteins

Ficoll-hypaque

lonomycin

WA.1 Spike Receptor Binding Domain (RBD) protein
BA.1 Spike-RBD protein

SARS-CoV-2 Spike Peptide Pool

GE Healthcare
eBiosciences
in-house

in-house

Pep-Mix SARS-CoV-2
JPT or Biosynthesis

Cat#17-1440-03
Cat#00-4970
N/A

N/A

Critical commercial assays

U-PLEX NHP Biomarker Assay kit
V-PLEX Human IL-21 Kit

Meso Scale Diagnostics LLC
Meso Scale Diagnostics LLC

Cat#K15082K-2
Cat#K151WUD-1

ELISA, human CXCL13 Invitrogen Cat#EHCXCL13

ELISA, macaque IL-27 MyBioSource Cat#MBS015294

FoxP3 staining kit eBioscience Cat#00-55523-00

Deposited data

Raw FACS data This paper https://github.com/NCI-VB/felber_
LION_macaque/blob/main/input_
data/list_of RAW_datasets.xIsx

Cell population frequencies and raw MSD data This paper https://github.com/NCI-VB/felber_
LION_macaque/blob/main/input_
data/list_of_RAW_datasets.xIsx

Experimental models: Organisms/strains

M. mulatta-Indian Rhesus macaques Bioqual N/A
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Recombinant DNA

WA1 Spike (2P-stabilized 1273-AA) Rosati et al.*” plasmid code C57
BA.1 (B.1.1.529) (2P-stabilized 1273-AA) This paper plasmid code C121
BA.4/5 (2P-stabilized 1273-AA) This paper plasmid code C123
WA1 (D614G, 1254-AA) Spike Devasundaram et al.'"" plasmid code C77
BA.1(D614G, 1254-AA) Spike Devasundaram et al.’"" plasmid code C120
BA4/5 (D614G, R683G 1254-AA) Spike Devasundaram et al.'"" plasmid code C123
BQ1.1 (D614G, 1254-AA) Spike Devasundaram et al.""" plasmid code C124
XBB1.5 (D614G, 1254-AA) Spike Devasundaram et al.""" plasmid code C127

Software and algorithms
Original code This paper https://github.com/NCI-VB/
felber_LION_macaque

GraphPad prism v. 10.4.1 for MacOS X GraphPad Software, Inc.

FlowJo Tree Star, Inc.

QuPath Bankhead et al.'"?

geepack R package (v1.3.10) Halekoh et al.”"® https://cran.r-project.org/web/
packages/geepack/index.html

pheatmap R package (v1.0.12) Kolde et al.’™* https://cran.r-project.org/web/
packages/pheatmap/index.html

corrplot R Package (v0.92) Wei and Simko'"® https://cran.r-project.org/web/
packages/corrplot/index.htmi

ImerTest r package (v3.1.3) Kuznetsova et al.’'® https://cran.r-project.org/web/
packages/ImerTest/index.html

Other

Pheno-Cycler Fusion Technology Akoya Biosciences N/A

Symphony and Fortessa Flow Cytometers BD Biosciences N/A

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Non human primates

Studies in Indian rhesus macaques were conducted in compliance with all relevant local, state, and federal regulations and were
approved by the BIOQUAL Institutional Animal Care and Use Committee (IACUC) (Approval #21-032P). All macaques were male
and between 5 and 11 years old as detailed in Table S1.

METHOD DETAILS

Vaccination
The animals (Table S1) were vaccinated via the intramuscular (IM) route as outlined in Figure 1B (Study 1, wk 0, 4, 38, 88) or Figure 1D
(Study 2, wk 0, 4). CBC/Chem was monitored in study 1 upon vaccination 4 and compared to ranges reported for wild-caught
macaques.’"”

The vaccine regimens comprised Spike DNA/LION (Study 1, group 1 and Study 2) and naked Spike DNA (DNA/IM; Study 1, group
2). Previously reported data®” from macaques vaccinated by electroporation (EP) of WA.1 Spike DNA alone or DNA+Protein co-im-
munizations were included. The vaccine comprised DNAs expressing the following 2P-stabilized 1273-AA Spike proteins including
wildtype WA1 Spike®?; Omicron BA.1 (B.1.1.529) (plasmid code C121); Omicron BA.4/5 (plasmid code C123) in study 1 and Omicron
BA.1(B.1.1.529) in study 2. The Spike genes were inserted between the human CMV promoter and the BGH polyadenylation signal of
the expression vector pCMV.kan.*? The vaccine dose was 2 mg and included 0.1 mg rmiL-12 DNA (plasmid code AG157) in vacci-
nations V1-V3.

LION nanocarrier composition is detailed elsewhere®”?® and the oil phase contains squalene, DOTAP, SPAN 60, Tween 80. The
vaccine (2 mL) was administered in 2 x 0.5 mL, injected 2 cm apart, to the inner left and right thigh, respectively, for vaccinations 1-3.
For vaccination 4, the vaccine was administered in 4 x 0.5 mL in inner left and right thighs and in left and right arms.

Animals (group 1; n = 5) received 4 DNA/LION vaccinations and were compared to animals (group 2; n = 3) receiving 2 vaccinations
with naked DNA as prime, subsequently received 2 DNA/LION booster vaccinations. Naked DNA was injected in 2 x 0.5 mL, injected
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2 cm apart, to the inner left and right thigh, respectively. Blood was collected after each vaccination as indicated and lymph nodes
were collected after vaccination 4 [D1 (inguinal; n = 8), D3 (axillary; n = 4), D4 (axillary; n = 4)), D8 (axillary, n = 8), D22 (inguinal; n = 8)].
Samples from D3 and D4 were combined (D3/4). Tissues collected at D3/4 and D8 represent draining LN. In study 2, animals (n = 5)
received 2 DNA/LION vaccinations using 2 mg of stabilized Omicron BA.1 (B.1.1.529) DNA.

Cytokine/chemokine analysis

Samples were collected at the day of vaccination (D1), 4 h later and at D2, D4, and D8 after each vaccination. For vaccination 4 (V4),
the 4 hr-sample was not collected, and animals were analyzed in addition at D15 and D22. Serum cytokine/chemokine levels (pg/mL),
monitoring 63 analytes (Table S2), were measured with the: U-PLEX NHP Biomarker Assay kit (K15082K-2, Meso Scale Diagnostics
LLC, MD, USA); IL-21 was measured by V-PLEX Human IL-21 Kit (K151WUD-1, Meso Scale Diagnostics LLC, MD, USA); CXCL13
was measured by commercial ELISA (Invitrogen cat# EHCXCL13) at 1:2 dilution; macaque IL-27 was measured by ELISA using un-
diluted samples (MyBioSource, cat# MBS015294). Biomarker levels falling below the detection limit/standard range were removed if
absent in more than 50% of the samples or adjusted to 50% of the lowest standard point or detection limits. The cytokine analysis
following vaccination 1 and 2 included measurements from 5 additional macaques which received the BA.1 Spike DNA/LION vaccine
using the same dose and schedule (study 2).

SARS-CoV-2 antibody measurements

Binding antibody responses were measured by an in-house ELISA to wildtype Wuhan (WA1) or BA.1 Spike-RBD as detailed else-
where.?>1%%111 The ELISA measurements of the Spike antibody titers of the historical samples (two weeks after vaccination) were
performed together with the eight animals enrolled in this study. Ab levels were measured using eight 4-fold serial plasma dilutions
starting at 1:50 and endpoint titers were determined using lastX feature using GraphPad prism area-under-the curve program. Pseu-
dotype neutralization was performed using a HIVy_AEnv-Nanoluc assay carrying the 1254-AA WA1 (D614G), BA.1, BA.4/5, BQ1.1
and XBB1.5 Spike proteins.''® The highest serum concentration analyzed was a 1:40 dilution and 8 4-fold serial dilutions were tested.
Two days later, the luciferase levels were measured in the cell extracts as ID50 (50% Inhibitory Dose) calculated using GraphPad
Prism version 10.4.1 for MacOS X (GraphPad Software, Inc, La Jolla, CA).

Isolation of PBMC and preparation of single-cell suspensions from LNs

PBMCs were isolated using Ficoll-Hypaque (GE Healthcare) based on the manufacturer’s instructions. Lymph nodes were trans-
ported on wet ice in complete RPMI medium within 2h from surgery. To isolate mononuclear cells, lymph nodes tissues were crushed
on a 100 um strainer (BD) using the plunger of a 3 mL sterile syringe. Cells were washed in PBS, counted, and cryopreserved.

Antigen-specific T cell responses in blood

Antigen-specific T cells were measured by flow cytometry? in Ficoll-Paque Plus (GE-17-1440-03, GE Healthcare, Sweden)-purified
PBMC. Cells were cultured in 96-well plates for 12 h in the presence of SARS-CoV-2 Spike peptide pools (Pep-Mix SARS-CoV-2 JPT
or Biosynthesis), at a final concentration of 1 ng/mL for each individual peptide. Incubation in medium without peptide stimulation or
in the presence of a cell stimulation cocktail containing PMA and ionomycin (Cat#: 00-4970, eBioscience, San Diego, CA), were used
as negative and positive controls, respectively. The protein transport inhibitor monensin (GolgiStop, Cat#51-2092KZ, BD Biosci-
ences, San Jose, CA) was added to the wells to prevent cytokine secretion at 60 min after adding the peptides. A 9- color (Figure 2C)
and a 14-color (Figures 2D-2G) antibody panel was used to measure Spike-specific responses as detailed in Tables S3 and S4. Sam-
ples were acquired on a Fortessa flow cytometer (BD Biosciences, San Jose, CA), and the data were analyzed using FlowJo software
(Tree Star, Inc., Ashland, OR). The T cell analysis of the historical samples used the same protocol, the same peptide pool and anti-
body panel and the same operator, ensuring consistency and reliability in the comparisons. Samples were considered positive if the
frequency of cytokine-positive T cells was 2-fold higher than the unstimulated medium-only control and exceeded 0.05 after sub-
tracting the value of the medium control. Cell subset analysis was performed as outlined in Table S5.

Immune cell phenotyping and flow cytometry

Manual gating analysis: Frozen PBMC and LNMC were thawed, washed, and resuspend in culture medium. At least 1 million cells
from each sample were washed with PBS and then resuspended in LIVE/DEAD Fixable Dead Cell Stain mixture (Thermo Fischer cat#
L34962). Following a 30-min incubation at 4°C, the cells were washed with PBS supplemented with 0.2% heat-inactivated human
serum (Sigma) and 2mM EDTA (Thermo Fischer cat# 15575020) and incubated with different panels (Figures S9 and S10) of fluoro-
phore-labelled monoclonal antibodies for 20 min at room temperature as listed in Tables S6 and S7. After cell surface staining, the
cells were washed once and fixed/permeabilized using the FoxP3 staining kit (eBioscience cat# 00-5523-00). After 30 min incubation
at 4°C, the cells were washed with FoxP3 washing buffer and intracellularly stained with cocktails of fluorophore-labelled monoclonal
antibodies targeting intracellular antigens (Table S8) for 20 min. The cells were washed and resuspended in PBS for flow cytometry
analysis. The samples were acquired in a Symphony flow cytometer (BD Biosciences, San Jose, CA), and the data were analyzed
using the FlowJo software platform (Tree Star, Inc., Ashland, OR). No significant differences were found in lymph node and blood
samples collected at day 3 and 4 (4 animals each) and data were combined for the analysis, labeled D3/4. All other timepoints
comprised of 8 animals. Mean Fluorescent Intensity (MFI) of Eomes, T-bet, GzmB and Ki67 expression by Spike-stimulated CD8
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T cells in blood was assessed by concatenating CD8 T cells (3000 cells/timepoint/Animal (n = 8)). The concatenated CD8 cells were
first gated as Ty or Teym based on CD95 and CD28 markers and then gated on CD107a, IFN-y and TNF-a.. Samples at V4, V4w2 and
V4w3 (n = 8/timepoint), were identified and shown simultaneously in a common histogram plot allowing cross-comparison
(Figure 2G).

Unsupervised analysis: Live cell subsets were manually gated following exclusion of dead cells and doublets. Equivalent number of
cells per each animal were concatenated together and used for unsupervised T-distributed stochastic neighbor embedding (t-SNE)
analysis based on forward scatter, side scatter and selected phenotypic markers. The common t-SNE map was applied subse-
quently on respective samples to allow cross-comparison between timepoints and/or compartments. t-SNE visualisation of general
lineage population in LN and blood was performed using 160,000 total live cells at D1 (10,000/timepoint/compartment from all 8 an-
imals) based on the markers CD20, CD3 and HLA-DR (Figure 4B). For analysis of proliferating LNMC subsets, a total of 32,000 Ki67*
lymphocytes (myeloid cells being excluded based on side and forward scatter), were used to generate t-SNE map (1,000 cells/time-
point from all 8 animals) based on the markers CD20, CD3, CD4, CD8, CCR6, Bcl-2, Bcl-6, CXCR3, CXCR5 and PD-1 (Figure 6A).

AIM assay

Live-frozen LNMC were thawed, washed, and rested at a concentration of 10x108 cells/mlin AIM-V medium (CTS AIM-V Medium, Gibco,
ref. 0870112-DK) for 3 hrs at 37°C. Subsequently, 1x10° cells/well were seeded in a 96-well U-bottom plate and incubated for 24hrs in
presence of a mixture containing SARS-CoV-2 Spike peptide pool (297 peptides; 15-mer, 11AA overlap, each at 1 ng/mL; COVID-19 S,
Biosynthesis) and SARS-CoV-2 Trimeric Spike protein (VRC-SARS-CoV-2 S-2P(15-1208)-3C-His8-Strep2x2; at 1 pg/mL), or medium
plus DMSO (0.2%). The plate was centrifuged, and supernatants were harvested for MSD analysis and the cells were stained with a panel
of surface antibodies as detailed in Table S8.

High-plex in situ spatial phenotyping analysis

Formalin-fixed paraffin-embedded LN, collected at D3/4, 8 and 22 (n = 7) post 4" vaccination, and 3 LN collected from naive unvac-
cinated macaques from a previous study were stained using the Pheno-Cycler Fusion technology, allowing the detection of several
proteins on same tissue section. We designed and validated a panel of 21-markers to analyze the effects of DNA/LION vaccination in
LN.""® Immunostaining for use with the Phenocycler-Fusion was performed following the Akoya reference manual. Oligonucleotide-
barcoded antibodies were conjugated and validated on gel and on control tissues and cell lines. Some antibody working dilutions had
to be adjusted like: CD3 (Cat 4550125), CD68 (Cat 4550113) stock antibodies were diluted 1:500 and CD20 (Cat 415001S), DC-SIGN
(ab21SSS3 Abcam), HLA-DR (cat 455011S), Ki67 (cat 4250019) stock antibodies were diluted 1:1000 in universal antibody dilution
buffer (Sigma, U3635), all other antibodies were used at 1:200. The antibody cocktail was prepared by combining antibody blocking
solution (Staining buffer with N blocker, J blocker, S blocker, G blocker — Akoya Biosciences, 7000017) with each barcoded antibody
diluted at its optimal dilution in blocking solution. Slides were incubated in the antibody cocktail over night at 4°C and subsequently
washed 2 x 2 min in Staining buffer, fixed in 1.6% paraformaldehyde (32% PFA- Electron Microscopy Sciences, 15714-S in Storage
buffer- Akoya Biosciences, 7000017) for 10 min at RT, rinsed 3x in 1x Phosphate Buffered Saline (PBS), post-fixed in ice-cold Meth-
anol for 5 min, and rinsed 3x in 1xPBS. The slides were incubated in a final fixation solution (Akoya Biosciences, 7000017) for 20 min at
RT, rinsed 3x in 1xPBS, and transferred to PhenoCycler buffer (Akoya Biosciences, 7000019) for 10 min. Flow cells (Akoya Biosci-
ences, 240205) were adhered to slides for 30 s, and returned to PhenoCycler buffer for 10 min. Slides were loaded onto the
PhenoCycler instrument for image acquisition setup following the instrument acquisition software and manufacturers protocol.
96-well fluorescent reporter plates (Akoya Biosciences, 7000006) for cyclic barcoded antibody reveal were prepared according to
the Akoya manual. Three fluorescent reporters (Akoya Biosciences, RX001-RX500) corresponding to each DNA-barcoded antibody
were added to each well containing a reporter master mix (PhenoCycler buffer, assay reagent (Akoya Biosciences, 7000002), and
nuclear stain (Akoya Biosciences, 7000003). Panels contained two blank cycles of only reporter master mix without fluorescent re-
porters were used for background subtraction. Cyclic antibody reveal by 8 reporter cycles (21 antibody targets). All image visualiza-
tion, processing, and analysis was performed using nuclei segmentation and marker expression for cell detection and quantified in
QuPath'"? using specific threshold for each marker. Each tissue area was selected by hand using region of interest including all B-cell
follicle and covering the majority of the T cell zone.

QUANTIFICATION AND STATISTICAL ANALYSIS

Curated biomarkers and manual-gated cell population frequencies were compared to their baseline (D1) or other timepoint values to
assess changes with time by fitting generalized estimating equations (GEE) with animal as a random effect, implemented by the
geeglm function in the geepack package (v1.3.10)."'°® Heatmaps were generated using the heatmap R package (v1.0.12).""*
Spearman associations were calculated among biomarkers or between cell populations and biomarkers or between cell populations
and antibody titers, and correlation plots were generated with the corrplot R package (v0.92)."'® IHC data with multiple instances per
sample were compared using linear mixed effect models, as implemented by the ImerTest r package (v3.1.1)."'® p-values are defined
as < 0.05, *; <0.01, *; <0.001, **; <0.0001,***. Full code can be found at https://github.com/NCI-VB/felber_LION_macaque.
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