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ABSTRACT

We assessed if immune responses are enhanced in CD-1 mice by heterologous vaccination
with two different nucleic acid-based COVID-19 vaccines: a next-generation human adenovirus
serotype 5 (hAdS)-vectored dual-antigen spike (S) and nucleocapsid (N) vaccine (AdS+N) and a
self-amplifying and -adjuvanted S RNA vaccine (SASA S) delivered by a nanostructured lipid
carrier. The AdS+N vaccine encodes S modified with a fusion motif to increase cell-surface
expression. The N antigen is modified with an Enhanced T-cell Stimulation Domain (N-ETSD) to
direct N to the endosomal/lysosomal compartment to increase the potential for MHC class I and II
stimulation. The S sequence in the SASA S vaccine comprises the D614G mutation, two prolines
to stabilize S in the prefusion conformation, and 3 glutamines in the furin cleavage region to
increase cross-reactivity across variants. CD-1 mice received vaccination by prime > boost
homologous and heterologous combinations. Humoral responses to S were the highest with any
regimen including the SASA S vaccine, and IgG against wild type S1 and Delta (B.1.617.2) variant
S1 was generated at similar levels. An AdS+N boost of an SASA S prime enhanced both CD4+
and CD8+ T-cell responses to both S wild type and S Delta peptides relative to all other vaccine
regimens. Sera from mice receiving SASA S homologous or heterologous vaccination were found
to be highly neutralizing of all pseudovirus tested: Wuhan, Delta, and Beta strain pseudoviruses.
The findings here support the clinical testing of heterologous vaccination by an SASA S > AdS+N

regimen to provide increased protection against COVID-19 and SARS-CoV-2 variants.
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INTRODUCTION

Impressive efforts of the scientific and pharmaceutical community have resulted in the design,
testing and successful deployment of several COVID-19 vaccines that have shown high levels of
efficacy.! Nonetheless, SARS-CoV-2 viral variants have continued to emerge and spread
throughout the globe, particularly in areas where vaccination rates are low or vaccines are
unavailable.

To address the need for a vaccine regimen that would be highly efficacious against
predominating and emerging variants that may be made available in currently underserved areas
and nations, and leverages the resilience of cell-mediated immunity against variants, we previously
developed a next-generation human adenovirus serotype 5 (hAdS5)-vectored dual-antigen spike (S)
plus nucleocapsid (N) vaccine (AdS+N). &7 This vaccine encoding Wuhan strain or ‘wild type’
(wt) SARS-CoV-2 S modified with a fusion sequence (S-Fusion) to enhance cell-surface
expression %7 as well as N modified with an Enhanced T-cell Stimulation Domain (N-ETSD) 8 to
increase the potential for MHC class I and II stimulation **! has been shown to elicit humoral and
T-cell responses in mice, ’ non-human primates (NHP), ¢ and participants in Phase 1b trials. ® The
Ad5S+N vaccine given as a subcutaneous (SC) prime with two oral boosts protected NHP from
SARS-CoV-2 infection ® and a single prime vaccination of clinical trial participants generated T-
cell responses that were sustained against a series of variant S peptide sequences, including those
for the B.1.351, B.1.1.7, P.1, and B.1.426 variants. ®

Despite the promising findings with the AdS+N vaccine candidate, we wish to continue to
investigate vaccine regimens with the potential to maximize immune responses — both humoral
and cellular. One such approach is by heterologous vaccination utilizing two nucleic acid-based

vaccines: ImmunityBio’s hAdS vectored DNA vaccine and the Infectious Disease Research
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Institute’s (IDRI’s) RNA-based vaccine. '> Heterologous vaccination using vaccine constructs
expressing the same or different antigens vectored by different platforms, specifically
combinations of RNA- and adenovirus-based vaccines has previously been reported to
significantly increase immune responses. 314

To assess the potential for enhanced immune responses by heterologous vaccination, we tested
prime > boost combinations of the AdS+N vaccine with a self-amplifying and self-adjuvanted
S(wt) RNA-based vaccine (SASA S) delivered in a nanostructured lipid carrier (NLC). '>!¢ The
NLC stabilizes the self-amplifying RNA 7-1? and delivers it to cells wherein it is amplified and the
S protein expressed. The S sequence in the SASA S vaccine comprises a codon-optimized
sequence with the D614G mutation 2° that increases SARS-CoV-2 susceptibility to neutralization,
2l a diproline modification to stabilize S in the pre-fusion conformation that increases antigenicity,
22 and a tri-glutamine (3Q) repeat in the furin cleavage region to broaden immune responses against
variants. 2* Preclinical studies of the SASA S vaccine have demonstrated the vaccine elicited
vigorous antigen-specific and virus-neutralizing IgG and polyfunctional CD4+ and CD8+ T-cell
responses after both a prime and boost in C57Bl/6 mice.

In this work, the two aforementioned vaccines were tested by homologous prime > boost
delivery of each as compared to heterologous delivery regimens with an alternating order: AdS+N
> SASA S and SASA S > AdS+N. The findings reported here support our hypothesis that
heterologous vaccination with the SASA S and AdS+N vaccines would enhance immune
responses, particularly T-cell responses.

Both CD4+ and CD8+ T-cell responses were enhanced by heterologous vaccination, with

CD4+ interferon-y (IFN-y) production in response to both S(wt) peptides being higher with the

SASA S prime > AdS+N boost combination as compared to all other groups. Notably, CD4+ and
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93 CD8+ T cells were equally responsive to S(wt) and S(Delta) peptides and responses of T cells
94  from SASA S > AdS+N to S(Delta) were also the highest of the groups.
95 Findings were similar for unselected T cells in ELISpot analyses, which again revealed the
96 SASA S > AdS+N combination resulted in significantly higher IFN-y secretion by T cells in
97  response to both S(wt) peptides than all other groups.
98 We further demonstrate that all combinations that included the SASA S vaccine elicited the
99  greatest anti-full length (FL) S wild type (wt), anti-S1(wt) and — importantly- anti-Delta variant
100 (B.1.617.2) S1 IgG responses. Regimens comprising the SASA S vaccine also generated sera that
101  showed high and similar capability to neutralize Wuhan, Delta, and Beta strain pseudovirus.
102 As expected, anti-N IgG antibodies and T-cell responses to N peptides were seen only for
103  vaccine combinations that delivered the N antigen and were very similar among groups receiving
104  the AdS+N vaccine in any order.
105 METHODS
106  The hAd5 [El-, E2b-, E3-] platform and constructs
107 For studies here, the next generation hAd5 [E1-, E2b-, E3-] vector was used to create viral
108  vaccine candidate constructs. ® This hAd5 [E1-, E2b-, E3-] vector is primarily distinguished from
109  other first-generation [E1-, E3-] recombinant Ad5 platforms 2*?° by having additional deletions in
110  the early gene 2b (E2b) region that remove the expression of the viral DNA polymerase (pol) and
111  in pre terminal protein (pTP) genes, and its propagation in the E.C7 human cell line. 26-%
112 The AdS+N vaccine expresses a wild type spike (S) sequence [accession number
113 YP009724390] modified with a proprietary ‘fusion’ linker peptide sequence as well as a wild type

114  nucleocapsid (N) sequence [accession number YP009724397] with an Enhanced T-cell
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115  Stimulation Domain (ETSD) signal sequence to direct translated N to the endosomal/lysosomal
116  pathway ® as described in Gabitzsch er al., 2021. 6

117 The SASA S vaccine comprises an saRNA replicon composed of an 11.7 kb construct
118  expressing the SARS-CoV-2 Spike protein, along with the non-structural proteins 1-4 derived from
119 the Venezuelan equine encephalitis virus (VEEV) vaccine strain TC-83. The Spike RNA sequence
120  is codon-optimized and expresses a protein with the native sequence of the original Wuhan strain
121  plus the dominant D614G mutation, with the prefusion conformation-stabilizing diproline (pp)
122 mutation (consistent with other vaccine antigens) and replacement of the furin cleavage site RRAR

123 sequence with a QQAQ sequence, as shown in Figure 1.

VEEV (TC83) SARS-CoV2
non-structural proteins  spike protein

5UTR : 3UTR
124 SpMeler:Ias nsP1 nsP2 nsP3 [nsP4 S PolyA

125

126  Fig. 1 The saRNA(D614G)-2P-3Q-NLC (SASA S) vaccine. The SASA S vaccine comprises an
127  saRNA replicon backbone consisting of the non-structural protein (nsPs) 1-4 derived from the
128  Venezuelan equine encephalitis virus (VEEV) vaccine strain TC-83 and an independent open
129  reading frame under the control of a subgenomic promoter sequence that contains Wuhan sequence
130 S with a diproline (pp) mutation and a QQAQ furin cleavage site sequence.

131

132 The RNA is generated by T7 promoter-mediated in vitro transcription using a linearized DNA

133 template. In vitro transcription is performed using an in house-optimized protocol '2%3! using T7
134  polymerase, RNase inhibitor, and pyrophosphatase enzymes. DNA plasmid is digested with
135 DNase I and the RNA is capped by vaccinia capping enzyme, guanosine triphosphate, and S-
136  adenosyl-methionine. RNA is then purified from the transcription and capping reaction
137  components by chromatography using a CaptoCore 700 resin (GE Healthcare) followed by
138  diafiltration and concentration using tangential flow filtration into 10 mM Tris buffer. The RNA

139  material is terminally filtered with a 0.22 pm polyethersulfone filter and stored at -80°C until use.
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140 The RNA-stabilizing nanostructured lipid carrier (NLC) is comprised of particles with a
141 hybrid liquid and solid oil core, which provides colloidal stability 3> Non-ionic hydrophobic and
142  hydrophilic surfactants help maintain a stable nanoparticle droplet, while a cationic lipid provides
143  the positive charge for electrostatic binding of RNA. That binding on the surface of the
144  nanoparticles protects RNA from degradation by RNases and allowing delivery to cells that will
145  express the S antigen.

146 NLC is manufactured by mixing the lipids in an oil phase, dissolving the Tween 80 in citrate
147  buffer aqueous phase, and homogenizing the two phases by micro-fluidization. The resulting
148  emulsion is sterile-filtered and vialed, and reconstituted in an appropriate buffer before use.

149  Murine immunization and blood/tissue collection

150 The design of vaccination study performed using CD-1 mice is shown in Figure 2.
A Study Design
t Blood collection
CD-1 Vaccination
3> Euthanasia:
(\@C\/ tl l ﬂ isolation of serum;
Day 0 Day 21 Day 35 collection of splenocytes

Route (Dose) Route (Dose) Code
4 Untreated untreated
7 hAd5 S-Fusion+N-ETSD 1x10"° VP (SC) hAd5 S-Fusion+N-ETSD 1x10"° VP (SC) AdS+N > AdS+N
6 saRNA(D614G-2P-3Q)-NLC 10 pg (IM) saRNA(D614G-2P-3Q)-NLC 10 pg (IM) SASAS > SASA S
7 hAd5 S-Fusion+N-ETSD 1x10"° VP (SC) saRNA(D614G-2P-3Q)-NLC 10 pg (IM) AdS+N > SASA S
7 saRNA(D614G-2P-3Q)-NLC 10 pg (IM) hAd5 S-Fusion+N-ETSD 1x10"° VP (SC) SASA S > AdS+N

151
152 Fig. 2 Study design and vaccine description. (A) CD-1 mice received prime vaccination on Day 0

153  after blood collection and the boost on Day 21; mice were euthanized and tissues/blood collected
154 on Day 35. (B) The various combinations of prime > boost are shown, including: AdS+N
155  homologous; saRNA(D614G-2P-3Q)-NLC (SASA S) homologous; Ad5S+N prime, SASA S
156  boost; and SASA S prime, AdS+N boost. Untreated mice were used as controls. All were n =7
157  with the exception of untreated n = 4 and SASA S homologous n = 6. The color code for each
158  group is shown.

159
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160 All in vivo experiments described were carried out in strict accordance with good animal
161  practice according to NIH recommendations. All procedures for animal use were approved by the
162 TACUC Committee at Omeros, Inc. (Seattle, WA, USA) and under an approved protocol.

163 CD-1 female mice (Charles River Laboratories) 6-8 weeks of age were used for
164  immunological studies performed at the vivarium facilities of Omeros Inc. (Seattle, WA). The
165  adenovirus-vectored vaccines were administered by subcutaneous (SC) injections at the indicated
166  doses in 50 pL. ARM buffer (20 mM Tris pH 8.0, 25 mM NaCl, with 2.5% glycerol). The SASA
167 S vaccine was administered intramuscularly (IM) in 10% sucrose 5 mM sodium citrate solution at
168 adose of 10 pg.

169 On the final day of each study, blood was collected via the submandibular vein from
170  isoflurane-anesthetized mice for isolation of sera using a microtainer tube and then mice were
171  euthanized for collection of spleens. Spleens were removed from each mouse and placed in 5 mL
172 of sterile media (RPMI/HEPES/Pen/Strep/10% FBS). Splenocytes were isolated *3 within 2 hours
173 of collection and used fresh or frozen for later analysis.

174  Intracellular cytokine stimulation (ICS)

175 ICS assays were performed using 10° live splenocytes per well in 96-well U-bottom plates.
176  Splenocytes in RPMI media supplemented with 10% FBS were stimulated by the addition of pools
177  of overlapping peptides spanning the SARS-CoV-2 S protein (both wild type, wt, or Delta
178  sequence) or N antigens at 2 pg/mL/peptide for 6 h at 37°C in 5% CO», with protein transport
179  inhibitor, GolgiStop (BD) added two hours after initiation of incubation. The S peptide pool (wild
180 type, JPT Cat #PM-WCPV-S-1; Delta, JPT cat# PM-SARS2-SMUTO06-1) is a total of 315 spike
181  peptides split into two pools, S1 and S2, comprised of 158 and 157 peptides each. The N peptide

182  pool (JPT; Cat # PM-WCPV-NCAP-1) was also used to stimulate cells. A SIV-Nef peptide pool
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183  (BEI Resources) was used as an off-target negative control. Stimulated splenocytes were then
184  stained with a fixable cell viability stain (eBioscience™ Fixable Viability Dye eFluor™ 506 Cat#
185  65-0866-14) followed by the lymphocyte surface markers CD8P and CD4, fixed with CytoFix
186 (BD), permeabilized, and stained for intracellular accumulation of IFN-y, TNF-a and IL-2.
187  Fluorescent-conjugated anti-mouse antibodies used for labeling included CD8f antibody (clone
188  H35-17.2, ThermoFisher), CD4 (clone RM4-5, BD), IFN-y (clone XMG1.2, BD), TNF-a (clone
189 MP6-XT22, BD) and IL-2 (clone JES6-5H4; BD), and staining was performed in the presence of
190  unlabeled anti-CD16/CD32 antibody (clone 2.4G2; BD). Flow cytometry was performed using a
191  Beckman-Coulter Cytoflex S flow cytometer and analyzed using Flowjo Software.

192  ELISpot assay

193 ELISpot assays were used to detect cytokines secreted by splenocytes from inoculated mice.
194  Fresh splenocytes were used on the same day as harvest, and cryopreserved splenocytes containing
195 lymphocytes were used the day of thawing. The cells (2-4 x 10° cells per well of a 96-well plate)
196  were added to the ELISpot plate containing an immobilized primary antibody to either IFN-y or
197 IL-4 (BD Cat# 551881 and BD Cat# 551878, respectively), and were exposed to various stimuli
198  (e.g. control peptides SIV and ConA, S-WT and N peptides pools — see catalog numbers above) at
199  a concentration of 1-2 pg/mL peptide pools for 36-40 hours. After aspiration and washing to
200 remove cells and media, extracellular cytokine was detected by a biotin-conjugated secondary
201  antibody to cytokine conjugated to biotin (BD), followed by a streptavidin/horseradish peroxidase
202  conjugate was used detect the biotin-conjugated secondary antibody. The number of spots per well,
203 or per 2-4 x 10° cells, was counted using an ELISpot plate reader. Quantification of Th1/Th2 bias
204  was calculated by dividing the IFN-y spot forming cells (SFC) per million splenocytes with the

205  IL-4 SFC per million splenocytes for each animal.
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206  ELISA for detection of antibodies

207 For IgG antibody detection in inoculated mouse sera and lung homogenates, ELISAs for
208  spike-binding (including S1 Delta) and nucleocapsid-binding antibodies and IgG subclasses
209 (IgGl, IgG2a, IgG2b, and 1gGG3) were used. A microtiter plate was coated overnight with 100 ng
210  of either purified recombinant SARS-CoV-2 S-FTD (FL S with fibritin trimerization domain,
211 constructed and purified in-house by ImmunityBio), purified recombinant Spike S1 domain
212 (SI(wt)) (Sino; Cat # 40591-VO8BI1), purified recombinant Delta variant Spike S1 domain
213 (S1(Delta)) (Sino; Cat #40591-VO8H23), or purified recombinant SARS-CoV-2 nucleocapsid (N)
214 protein (Sino; Cat # 40588-V08B) in 100 pL of coating buffer (0.05 M Carbonate Buffer, pH 9.6).
215  The wells were washed three times with 250 pL PBS containing 1% Tween 20 (PBST) to remove
216  unbound protein and the plate was blocked for 60 minutes at room temperature with 250 pL PBST.
217  After blocking, the wells were washed with PBST, 100 uL of either diluted serum or diluted lung
218 homogenate samples was added to each well, and samples incubated for 60 minutes at room
219  temperature. After incubation, the wells were washed with PBST and 100 pL of a 1/5000 dilution
220  of anti-mouse IgG HRP (GE Health Care; Cat # NA9310V), anti-mouse IgGi HRP (Sigma; Cat #
221  SAB3701171), anti-mouse IgGz. HRP (Sigma; Cat # SAB3701178), anti-mouse IgGz, HRP
222 (Sigma; catalog# SAB3701185), anti-mouse IgGs; HRP conjugated antibody (Sigma; Cat #
223 SAB3701192), or anti-mouse IgA HRP conjugated antibody (Sigma; Cat # A4789) was added to
224 wells. For positive controls, 100 pL of a 1/5000 dilution of rabbit anti-N IgG Ab or 100 uL of a
225  1/25 dilution of mouse anti-S serum (from mice immunized with purified S antigen in adjuvant)
226  were added to appropriate wells. After incubation at room temperature for 1 hour, the wells were
227  washed with PBS-T and incubated with 200 pL o-phenylenediamine-dihydrochloride (OPD

228  substrate (Thermo Scientific Cat # A34006) until appropriate color development. The color

10
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229  reaction was stopped with addition of 50 pL 10% phosphoric acid solution (Fisher Cat # A260-
230 500) in water and the absorbance at 490 nm was determined using a microplate reader (SoftMax
231  Pro, Molecular Devices).

232 Calculation of relative ng amounts of antibodies and the Th1/Th2 IgG subclass bias

233 A standard curve of IgG for OD vs. ng mouse IgG was generated using purified mouse IgG
234 (Sigma Cat #15381; absorbance values were converted into mass equivalents for both anti-S and
235 anti-N antibodies. Using these values, we calculated the geometric mean value for S- and N-
236  specific IgG per milliliter of serum induced by vaccination. These values were also used to quantify
237  the Th1/Th2 bias for the humoral responses by dividing the sum total of Thl biased antigen-
238  specific IgG subclasses (IgG2a, IgG2b and IgG3) with the total Th2 skewed IgG3, for each mouse.
239  For mice that lack anti-S and/or anti-N specific IgG responses, Th1/Th2 ratio was not calculated.
240  Conversely, some responses, particularly for anti-N responses in IgG2a and IgG2b (both Thl
241  biased subclasses), were above the limit of quantification with OD values higher than those
242 observed in the standard curve. These data points were reduced to values within the standard curve,
243  and thus will reflect a lower Th1/Th2 bias than would otherwise be reported.

244  Endpoint titers

245 Serial dilutions were prepared from each serum sample, with dilution factors ranging from
246 400 to 6,553,600 in 4-fold steps. These dilution series were characterized by whole IgG ELISA
247  assays against both recombinant SI(wt) and recombinant S1(Delta), as described above. Half
248 maximal response values (Abso) were calculated by non-linear least squares fit analysis on the
249  values for each dilution series against each recombinant S1 in GraphPad Prism. Serum samples
250 from mice without anti-S responses were removed Abso, ug IgG/mL sera, and endpoint titer

251  analyses and reported as N/D on the graphs. Endpoint titers were defined as the last dilution with

11
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252  an absorbance value at least 3 standard deviations higher than the standard deviation of all readings
253  from serum of untreated animals (n = 32 total negative samples). Quantitative titration values (ug
254  IgG/mL sera) were calculated against a standard curve as described above.

255  Pseudovirus neutralization assay

256 SARS-CoV-2 pseudovirus neutralization assays were conducted on immunized mouse serum
257  samples using procedures adapted from Crawford et al., 2020. 3* In brief, lentiviral pseudoviruses
258  expressing SARS-CoV-2 spike protein variants were prepared by co-transfecting HEK293 cells
259 (ATCC CRL-3216) with a plasmid containing a lentiviral backbone expressing luciferase and
260  ZsGreen (BEI Resources NR-52516), plasmids containing lentiviral helper genes (BEI Resources
261 NR-52517, NR-52518, NR-52519), and a deltal9 cytoplasmic tail-truncated SARS-CoV-2 spike
262  protein expression plasmid (Wuhan strain, B.1.1.7, and B.1.351 spike variant plasmids were a gift
263  from Jesse Bloom of Fred Hutchinson Cancer Research Center; B.1.617.2 “delta” variant plasmid
264  agift from Thomas Peacock of Imperial College London). Pseudovirus stocks were harvested from
265  the cell culture media after 72 hours of incubation at 37°C, 5% CO, filtered through a 0.2 pm
266 filter, and frozen until use.

267 Mouse serum samples were diluted 1:10 in media (Gibco DMEM + GlutaMAX + 10% FBS)
268  and then serially diluted 1:2 for 11 total dilutions, and incubated with polybrene (Sigma) and
269  pseudovirus for 1 hour at room temperature. Serum-virus mix was then added in duplicate to
270  seeded hACE2 expressing HEK293 cells (BEI Resources) and incubated at 37°C, 5% CO- for 72
271  hours. To determine 50% inhibitory concentration (IC50) values, plates were scanned on a high
272 content fluorescent imager (Molecular Devices ImageXpress Pico) for ZsGreen expression. Total

273  integrated intensity per well was used to calculate % pseudovirus inhibition noted in each well.

12
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274  Neutralization curves were fit with a four-parameter sigmoidal curve which was used to calculate
275  1C50 values.

276  Statistical analyses and graph generation

277 All statistical analyses were performed and graphs generated used in figures were generated
278  using GraphPad Prism software. Statistical tests for each graph are described in the figure legends.
279  Statistical analyses of Endpoint Titer for anti-S1 IgG (Figure 4) was performed by assignment of
280 avalue of 200 — one half the Level of Detection (LOD) of 400 — to the 4 animals with serum values
281  below the LOD.

282  RESULTS

283  The SASA S vaccine enhanced generation of anti-S(wt) IgG

284 Mice receiving the SASA S vaccine in any homologous or heterologous vaccination regimen
285  had the highest levels of anti-full length S(wt) (FL S) IgG2a and 2b as determined by OD at 490
286 nm in ELISA (Fig. 3A). As expected, only mice receiving the N antigen generated anti-N IgG
287  (also determined by OD at 490 nm in ELISA), which was similar for all groups receiving an N-
288  containing antigen (Fig. 3B) by AdS+ N homologous, prime, or boost vaccination. Determination
289  of the IgG1/IgG2a + IgG2b + IgG3 ratio using ng amounts calculated from the OD reading (see
290 Methods) revealed responses were highly T helper cell 1 (Thl)-biased, with all calculated values

291  being greater than one (Fig. 3C).

13
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293 Fig. 3 Anti-full length (FL) spike wild type (Swt) and -nucleocapsid (N) IgG antibody levels in sera
294  show T helper cell 1 (Thl) bias. (A) Levels of anti-FL. Swt and (B) anti-N IgG1, IgG2a, IgG2b and
295  IgG3 subtypes represented by OD at 490 nm from ELISA of sera are shown. Statistical analyses
296  performed using one-way ANOVA and Tukey’s post-hoc comparison of all groups to all other
297  groups with the exception of comparison to the SASA S > group t SASA S hat did not receive an
298 N antigen for anti-N IgG; where *p < 0.05, **p <0.01, ***p <0.001, and ****p<0.0001. (C) The
299 IgG1/IgG2a+IgG2b+IgG3 ratio calculated using the ng equivalents for each is shown with a
300 dashed line at 1. Values > 1 reflect Th1 bias. The number (n) of animals in which the ratio was not
301 determined due to very low antibody levels is shown below the x-axis for each group. The
302 homologous SASA S group did not receive an N antigen. Data graphed as the mean and SEM.
303  The legend in C applies to all figure panels.

304

305 Humoral responses against wildtype and Delta S1 were similar in all SASA S groups

306 To assess serum antibody production specific for delta B.1.617.2 variant as compared to

307  wild type S, an ELISAs were performed using either the wt or B.1.617.2 sequence S1 domain of
308 S, which contains the RBD.

309 Vaccine regimens including the SASA S vaccine elicited the highest anti-S1(wt) and
310  SI(Delta) responses as represented by the Abso, pg IgG/mL, and endpoint titers (Fig. 4A, B, and

311  C, respectively). Four of seven AdS+N homologous vaccinated mice had serum IgG levels against

14


https://doi.org/10.1101/2021.11.29.470440

312

313

314

315

316

317

318

319
320

321
322
323
324
325
326
327

328

bioRxiv preprint doi: https://doi.org/10.1101/2021.11.29.470440; this version posted November 30, 2021. The copyright holder for this preprint

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

these antigens that were below the level of detection. Overall, the mean antibody titers for SASA
S homologous and SASA S > AdS+N groups were highest. For Abso and pg IgG/mL (Fig. A and
B) statistical comparison of the AdS+N group to other groups was not performed because of the
presence of values below the LOD in the AdS+N group. For endpoint titer (Fig. 4C), the only
significant difference was observed between AdS+N homologous versus SASA S homologous
vaccination for anti-S1(delta) IgG, with the caveat that for this statistical analysis, serum values of

200 for those animals with IgG below the LOD of 400 were used.
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Fig. 4 Wildtype and B.1.617.2 ‘Delta’ S1-specific IgG endpoint titers. Levels of anti-S1(wt) and -
Delta S1 IgG are shown by (A) Abso reciprocal dilution, (B) pg/mL sera, and (C) endpoint titer
reciprocal dilution. Values were below the level of detection in 4 of 7 AdS+N homologous group
mice. Statistical analyses performed using one-way ANOVA and Tukey’s post-hoc comparison of
all groups for anti-S1 (WT) or -S1 (Delta) for (C) only where * p = 0.0333; sera without detectable
levels of anti-S1 IgG were assigned a value of 200, one-half the Limit of Detection (LOD) of 400.
Data graphed as the mean and SEM. The legend in C applies to all figure panels.
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329  An AdS+N boost after SASA S prime vaccination enhances CD4+ and CD8+ T cell responses
330 Significantly higher percentages of CD4+ T-cells from SASA S > AdS+N group mice secreted
331  IFN-y alone, IFN-y and tumor necrosis factor-o. (TNF-a), or IFN-y, TNF-a, and interleukin-2 (IL-
332 2) as detected by intracellular cytokine staining (ICS) in response to S(wt) peptides as compared
333  to both the AdS+N or SASA S homologous groups (Fig. 5A, C, and D). Additionally, the mean
334  percentages were signficantly higher than that of the AdS+ N > SASA S group.

335 The enhancement of cytokine production by AdS+N boost of an SASA S prime was even
336  more pronounced for CD8+ T cells (Fig. 5B, D, and F). Cytokine production was significantly
337  higher in the SASA S > AdS+N group compared to both the homologous vaccination groups as
338  well as the AdAS+N > SASA S group.

339 As expected, only T cells from mice receiving vaccination regimens that included delivery of
340 the N antigen by the AdS+N vaccine produced cytokines in response to N peptide stimulation.
341  Mean responses of both CD4+ and CD8+ T cells to N peptides were similar for groups receiving

342  AdS+N as a boost, either as part of homologous or heterologous vaccination (Figure SA-F).
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344  Fig. 5 CD4+ and CD8+ T cell Intracellular cytokine staining (ICS) in response to S(wt) and N
345  peptides. (A, B) ICS for interferon-y (IFN-y), (C, D) IFN-y and tumor necrosis factor-o. (TNF-a.),
346 and (E, F) IFN-y, TNF-a and interleukin-2 (IL-2) are shown for CD4+ and CD8+ T cells,
347  respectively. Statistical analyses performed using one-way ANOVA and Tukey’s post-hoc
348  comparison of all groups to all other groups with the exception of comparison to the SASA S >
349  SASA S group that did not receive an N antigen (comparisons to UnTx > UnTx are shown); where
350 *p <0.05, **p <0.01, and ***p < 0.001. Data graphed as the mean and SEM. The legend in A
351 applies to all figure panels.

352

353  CD4+ and CD8+ T-cell production of IFN-y was similar in response to either S(wt) or

354  S(Delta) peptides
355 CD4+ and CD8+ T cells show similar levels of IFN-y production in ICS in response to either

356  S(wt) or S(Delta) sequence peptides (Fig. 6A and B, respectively). Patterns of CD4+ and CD8+
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357  T-cell stimulation by S protein peptides between the vaccination regimens were also similar
358  between the S(wt) and S(Delta) peptides. Compared to the untreated control, the significance of
359 the increase in IFN-y production was again the highest for the SASA S > AdS+N group for both

360 CD4+ and CD8+ T cells, and in response to either S(wt) or S(Delta) peptides.
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362  Fig. 6 CD4+ and CD8+ T-cell responses to S(wt) and S(Delta) peptides are similar. Both CD4+
363 (A)and CD8+(B) T cells show similar levels of interferon-y (IFN-y) production in ICS in response
364  to either S(wt) or S(Delta) sequence peptides. For both T-cell types, the greatest responses were
365 seen with SASA S > AdS+N vaccination. Statistical analyses performed using one-way ANOVA
366 and Tukey’s post-hoc comparison of all groups to all other groups; where *p < 0.05 and **p <
367 0.01. Data graphed as the mean and SEM. The legend in A applies to all figure panels.

368

369 Numbers of IFN-y-secreting splenocytes were the highest from mice receiving SASA S >
370  AdS+N heterologous vaccination

371 As shown in Figure 7A, ELISpot detection of cytokine secretion in response to the S peptide
372 pool revealed that animals receiving heterologous SASA S > AdS+ N vaccination developed
373  significantly higher levels of S peptide-reactive IFN-y-secreting T cells than all other groups
374  except the SASA S homologous group (which had a lower mean). Numbers of IFN-y-secreting T
375  cellsinresponse to the N peptide pool were similar for AdS+N homologous and SASA S > AdS+N
376  groups. T cells from SASA S > SASA S group animals did not secrete IFN-y in response to the N
377  peptide pool, as expected, because the SASA S vaccine does not deliver the N antigen. While the

378  difference was not significant due to individual variation, the mean number of N-reactive
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379  stimulated cells secreting IFN-y due to AdS+N > SASA S vaccination was lower than the other
380  groups receiving a vaccine with N.

381 Induction of interleukin-4 (IL-4) secreting T cells was low for all animals in all groups (Fig.
382  7B), therefore the IFN-y/IL-4 ratio was above 1 for all animals for which the ratio could be
383  calculated (Fig. 7C), reflecting the Thl-bias of all T-cell responses.
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385  Fig. 7 Heterologous vaccination increases T-cell cytokine secretion in ELISpot. (A) Numbers of
386 interferon-y (IFN-y) and (B) interleukin-4 (IL-4) secreting T cells in response to S WT and N
387  peptides pools. (C) The IFN-y/IL-4 ratio; value of 1 indicated by dashed line. The ratio was not
388  determined (ND) for animals with very low IL-4 secretion. Statistical analyses performed using
389  one-way ANOVA and Tukey’s post-hoc comparison of all groups to all other groups where *p <
390 0.05 and **p < 0.01. Data graphed as the mean and SEM. The legend in C applies to all figure
391  panels.

392
393  Sera from mice receiving the SASA S vaccine neutralize Wuhan, Delta, and Beta
394  pseudoviruses

395 Sera from the homologous SASA S group and both heterologously vaccinated groups

396 neutralized Wuhan (D614G), Delta (B.1.617.2), and Beta (B.1.351) pseudoviruses, as shown in
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397  Figure 8. Sera from AdS+N homologous mice showed lower neutralization capability for all
398  strains. Neutralization of Wuhan strain pseudovirus by sera from SASA S homologous and SASA
399 S > AdS+N heterologous group mice was significantly greater than that from AdS+N > SASA S

400 mice, but there were no statistical differences among these 3 groups for the Delta or Beta strains.

O Untreated

@ AdS+N > AdS+N
@ SASAS >SASA S
@ AdS+N > SASA S
® SASA S > AdS+N

10000+ * Kk

c ]

=1 o0 o ° %

E<1000- 3 ? dog

55 ® °

S5® °

QO [ ]

2 % 1004 PY ® ol |®

‘§ 8 (5]

Se

S8 104

o=

1 T T L) T T T T T T T T T T T
L )1 )L ]

401 Wuhan (D614G)  Delta (B.1.617.2) Beta (B.1.351)

402  Fig. 8 Sera from SASA S > AdS+N heterologously vaccinated mice neutralizes Wuhan, Delta, and
403  Beta strain SARS-CoV-2 pseudovirus. Neutralization of Wuhan strain pseudovirus by sera from
404  SASA S homologous and SASA S > AdS+N mice was significantly greater than that for AAS+N
405 > SASA S mice (as well as untreated and AdS+N homologous). There were no significant
406  differences between the SASA S homologous and the two heterologous groups for the Delta or
407 Beta strain pseudoviruses. Statistical comparison of IC50 values for untreated and AdS+N
408 homologous group mice with all/many values < the LOD was not performed. Statistical analyses
409 performed using one-way ANOVA and Tukey’s post-hoc comparison of SASA S homologous,
410 AdS+N > SASA S, and SASA S > AdS+N groups to each other for each strain where *p < 0.05
411  and **p < 0.01; and for the same group for each different strain. Data graphed as the mean and
412 SEM.

413

414  DISCUSSION

415 The immune responses observed in the present study support our hypothesis that heterologous
416  vaccination provides an opportunity for increased humoral and cell-mediated responses. These
417  results and hypothesis are consistent with recently-published data supporting enhanced antibody
418  responses in patients who received heterologous vaccination with the currently-FDA authorized
419  COVID-19 vaccines. *° Delivery of the SASA S vaccine elicited higher anti-S IgG than the AdS+N

420  vaccine, but the AdS+N vaccine provided the N antigen that broadened humoral responses and
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421  thus the potential to enhance protection against future SARS-CoV-2 variants of concern that could
422  emerge. We note that mean anti-N IgG responses, while not statistically different among groups
423  that received the N antigen (not SASA S homologous) were, as predicted, highest with
424  homologous AdS+N vaccination.

425 Perhaps the most striking finding in the present study are the enhanced responses of S-specific
426  CD4+ and CD8+ T-cells in SASA S > AdS+N group mice, an effect that was most pronounced
427  for CD8+ T cells. The similarity of responses of CD4+ and CD8+ T cells to either S(wt) or S(Delta)
428  suggest this vaccine regimen has a high probability of conferring T-cell mediated protection
429  against the highly transmissible Delta variant in addition to humoral protection.

430 Immune responses elicited by SASA S > AdS+N vaccination were consistently the highest of
431  the groups tested (although not always significantly so) and we hypothesize that because the SASA
432 S vaccines elicits the greatest humoral response to S when given in any order — possibly reaching
433 the upper detection limit for our ELISA - it enhances CD4+ T-cell activation as these are closely
434  related to humoral/B cell responses. Therefore, CD4+ T-cell activation might be expected to be
435  higher after a boost if there are stronger pre-existing, prime-induced B cell responses, that is, when
436  SASA S is the prime. Adenovirus vectors such as that used for the AdS+N vaccine are good at
437  eliciting CD8+ T-cell responses, which we posit explains why CD8+ T-cell responses are only
438  slightly lower for homologous AdS+N vaccination (despite antibody and CD4+ T-cell responses
439  being lower), as compared to heterologous vaccination. CD8+ T-cell responses likely also benefit
440 from more robust pre-existing CD4+ T-cell and B cell responses, a condition that exists most
441  prominently when the SASA S vaccine is given as the prime. Effectively, enhanced CD4+-specific

442  T-helper responses seen with SASA S prime dosing might have provided conditions for the
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443  enhanced CD8+ specific response upon AdS+N boost. The confirmation of this hypothesis awaits
444  further investigation.

445 Importantly, all of the vaccination regimens that included the SASA S vaccine neutralized
446  pseudovirus effectively, reflecting the strength of humoral responses to the SASA S vaccine. This
447  does not however indicate that the predominantly T-cell inducing AdS+N vaccine would not be
448  effective in an in vivo model of SARS-CoV-2 challenge; in fact, we have previously reported that
449  homologous AdS+N prime-boost vaccination of non-human primates confers protection against
450  viral challenge ®. In the in vivo viral challenge testing paradigm, cell-mediated immunity (not
451  accessed in the pseudovirus assay) conferred by AdS+N vaccination likely plays a key role in
452  protection, as has been reported for natural infection of patients. 363

453 The findings here, including cross-reactive humoral and T-cell responses to S Delta and - for
454  regimens including SASA S — neutralization of Wuhan, Delta, and Beta pseudovirus, support
455  ongoing studies of heterologous vaccination with the SASA S and AdS+N vaccines. Further
456  testing in pre-clinical models of SARS-CoV-2 challenge and clinical trials should be conducted to
457  assess the capability of this vaccine regimen to provide increased protection against COVID-19
458 and SARS-CoV-2 variants by combining the ability of SASA S to elicit vigorous humoral
459  responses with AdS+N’s second, highly antigenic N antigen and T-cell response enhancement.
460

461

462

463

464

465
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