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Abstract

The severe acute respiratory syndrome-coronavirus 2 (SARS-CoV-2) caused an
ongoing unprecedented global public health crises of coronavirus disease in 2019
(CoVID-19). The precipitously increased death rates, its impact on livelihood and
trembling economies warrant the urgent development of SARS-CoV-2 vaccine which
would be safe, efficacious and scalable. Owing to unavailability of the vaccine, we
propose a de novo synthesised avian orthoavulavirus 1 (AOaV-1)-based topical
respiratory vaccine candidate against CoVID-19. Avirulent strain of Newcastle disease
virus, proto-type virus of AOaV-1, was engineered to express full length spike (S)
glycoprotein which is highly neutralizing and major protective antigen of the SARS-
CoV-2. Broad-scale in vitro characterization of recombinant vaccine candidate
demonstrated efficient co-expression of the hemagglutinin-neuraminidase (HN) of
AOaV-1 and S protein of SARS-CoV-2, and comparable replication kinetics were
observed in cell culture model. The recombinant vaccine candidate virus actively
replicated and spread within cells independently of exogenous trypsin. Interestingly,
incorporation of S protein of SARS-CoV-2 into the recombinant AOaV-1 particles
attributed the sensitivity to anti-SARS-CoV-2 antiserum and more prominently to anti-
AOaV-1 antiserum. Finally, our results demonstrated that the recombinant vaccine
vector stably expressed S protein after multiple propagation in chicken embryonated
eggs, and this expression did not significantly impact the in vitro growth characteristics
of the recombinant. Taken together, the presented respiratory vaccine candidate is
highly attenuated in primates per se, safe and lacking pre-existing immunity in human,
and carries the potential for accelerated vaccine development against CoVID-19 for
clinical studies.


https://doi.org/10.1101/2020.05.31.126524
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.05.31.126524; this version posted June 1, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY 4.0 International license.

50

51 Introduction

52

53 An outbreak of pneumonia was erupted in Chinese seafood market in Wuhan during
54 late 2019 and within a month of its origin, on 30 January 2020, a Public Health
55 Emergency of International Concern was declared by the World Health Organization
56  (WHO) due to its high human-to-human transmission. Within next month, the outbreak
57 of coronavirus disease in 2019 (CoVID-19) soared among communities
58 unprecedentedly and spread across the globe and a pandemic was declared on 11
59  March 2020 by WHO. A large proportion (~80%) of CoVID-19 infected patients
60 showed only moderate symptoms which led to staggering rate increase in global
61 spread of the infection. The acute respiratory distress syndrome, manifested in ~20%
62 of CoVID-19 patients, caused substantial case fatality rates especially in elderly and
63 frail people with co-morbidities’.

64

65 The severe acute respiratory syndrome-coronavirus 2 (SARS-CoV-2), the causative
66 agent of ongoing CoVID-19 pandemic, belongs to the family Coronavirdae within the
67  Betacoronavirus (-CoV) genus. Similar to SARS-CoV and Middle Eastern respiratory
68  syndrome-related coronavirus (MERS-CoV), SARS-CoV-2 carries a single stranded
69 linear RNA genome with positive polarity’. The genome is consisted of 4 structural
70  proteins including envelope (E), spike (S), membrane (M), and nucleocapsid (N), 16
71 non-structural proteins (nsp 1-16) and multiple accessary proteins. Amongst these
72 viral proteins, the S protein constitute a major protective antigen that elicit highly
73 specific antibodies mediated immune responses?. Therefore, the S protein remained
74  the primary vaccine markers against coronaviruses.

75

76  Currently, there is no registered drugs or vaccines available to curb the pandemic;
77  however, multiple vaccines using a range of technologies are being developed, or pre-
78  clinically or clinically being investigated®. Amongst these, an inactivated vaccine has
79  elicited strong antibodies which can neutralize multiple SARS-CoV-2 strains and can
80  partially or fully protect macaques against SARS-CoV-2 challenge®. A chimpanzee
81 adeno (ChAd)-vectored vaccine, expressing the full-length S gene of SARS-CoV-2,
82 elicited humoral and cell-mediated responses in rhesus macaques®. However, it failed
83  to fully alleviated clinical signs in vaccinated macaques albeit reduced severity and
84  protection against pneumonia. The ChAdOx1 nCoV-19 also failed to reduce the viral
85 replication in the nose, highlighting the potential spread of SARS-CoV-2 through
86  sneezing even in vaccinated people®.

87

88  Owing to multifaceted advantages, the avian orthoavulavirus 1 (AOaV-1) proposes a
89  potential vaccine vector against SARS-CoV-2. Specifically, AOaV-1 (represented by
90 a type species, Newcastle disease virus, NDV) are exclusively cytoplasmic viruses
91 and therefore the viral gene segments are not integrated into the host genome which
92 raises their safety profile. Since these vectors lack natural recombination, the
93  expression of transgenes is genetically stable. Additionally, AOaV-1 can infect multiple
94  species of animals, the vaccines can be produced in chicken embryonated eggs and
95  multiple cell lines®. Given these and other features, apathogenic strains of AOaV-1
96 have been used as live attenuated vaccines against multiple viruses including
97 influenza, SARS, human immunodeficiency virus’® , human parainfluenza, rabies®,
98 Nipah disease’®, Rift Valley fever'', Ebola and highly pathogenic H5N1'%13,
99  Importantly, AOaV-1 has appeared to be safe and effective in mice '°'3, dogs®, pigs'’,
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100 cattle’ ', sheep', African green and rhesus monkeys'®'” and humans 82", Notably,
101  the natural host of AOaV-1 are birds and the vector is antigenically distinct from
102 common human pathogens. Therefore, no pre-existing immunity in human make it an
103  ideal vector to deliver transgene effective and safely.

104

105 In the present study, we de novo designed an AOaV-1 vector and generated a
106  recombinant vaccine candidate by expressing full-length codon optimized S protein of
107 the SARS-CoV-2 at a pre-optimized gene junction. This topical respiratory vaccine
108 candidate was fully characterized in vitro. Based on the infection and spreadability
109  within cells, its sensitivity to anti-AOaV-1 and anti-SARS-CoV-2 neutralizing
110  antibodies, its replication kinetics and stability in chicken embryonated eggs, the
111 rAOaV-1-SARS-CoV-2 is a scalable topical vectored vaccine candidate against
112 SARS-CoV-2 to be tested for safety and immunogenicity in animal studies.

113

114 Results

115

116 Design and Construction of AOaV-1-SARS-CoV-2 Vaccine Candidate. An
117 avirulent strain of AOaV-1 was used to construct vaccine candidate against SARS-
118 CoV-2. The full length antigenomic sequence of AOaV-1, originally isolated from
119 asymptomatic wild birds, was de novo synthesised. To facilitate minigenome
120  transcription, an autocatalytic and “rule-of-six” adhered hammerhead ribozyme
121  sequences was introduced in both 5" and 3’-ends of the antigenome (Fig. 1A).

122

123 An expression cassette containing the Kozak sequence, GE, GS, |G and the ORF for
124 the full-length S gene was codon-optimized for homo sapiens codon usage and
125 inserted into the unique Pmel site between P and M genes, which was originally
126  preserved during the cloning of complete antigenome (Fig. 1A). The construct was
127  named rAOaV-1-SARS-CoV-2 whereas the AOaV-1 without the insertion of the
128  foreign gene (AoaV-1-wt) was used as infection control throughout the study. The
129  orientation of the inserted S gene was confirmed by the nucleotide sequence analysis.
130

131 Rescue of Recombinant Vaccine and Evaluation of the Spike Gene Expression
132 of SARS-CoV-2. The rAOaV-1-SARS-CoV-2 and AOaV-1-wt were rescued in Vero
133  cells and propagated in 8-day-old embryonated chicken eggs. Screening of multiple
134  individually inoculated eggs, using real-time PCR and hemagglutination assays, has
135 identified successfully rescued rAOaV-1-SARS-CoV-2 viruses (Fig. 1
136  Supplementary) which were used to fully characterize in the presented study.

137

138  Expression of the S protein was confirmed by indirect confocal immunofluorescent
139  staining of rAOaV-1-SARS-CoV-2-infected Vero cells. Counter-staining of the HN
140 protein of AOaV-1 and S protein of SARS-CoV-2 confirmed co-expression of the
141  surface protein in rAOaV-1-SARS-CoV-2-infected Vero cells, whereas only HN protein
142  expression was observed in AOaV-1-wt-infected cells (Fig. 1B). Graphical profile of
143 the expression intensities confirmed co-expression of both surface proteins (Fig. 1C)
144  where a vast majority of rAOaV-1-SARS-CoV-2-infected cells expressed both HN and
145 S proteins simultaneously (Fig. 1D).

146

147  Both recombinant and wild type AOaV-1 isolates replicated at high titre in eggs (=28
148 HAU/mI, data not shown). The evaluation of the viral replication in the presence of
149 exogenous proteases in Vero cells indicated that rAOaV-1 expressing codon
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150 optimized S gene replicated at the level comparable to wild type AOaV-1 (Fig. 1E).
151  The expression analysis of the S protein by Western blot indicated a potent expression
152 of the full-length S protein in rAOaV-1-SARS-CoV-2-infected cells whereas expression
153  of the HN proteins was detected in both recombinant and wt AOaV-1-infected cells
154  (Fig. 1F and Fig. 3 supplementary). These results confirm that the expression of the
155 transgene (S) didn’t interfere with the growth characteristics of the AOaV-1 and could
156  be a replication competitive vaccine candidate.

157

158 Exogenous Trypsin Independent Growth Characteristics of Vaccine Construct.
159  To initiate virus replication, the F protein of the AOaV-1 has to be cleaved by cellular
160 proteases®”. In order to investigate the pre-requisite of exogenous trypsin-like
161  extracellular proteases for the infectivity of AOaV-1, eggs-propagated rAOaV-1-
162 SARS-CoV-2 and AOaV-1-wt were used to infect Vero cells with a multiplicity of
163 infection (MOI) of 1.0 without exogenous trypsin treatment. As expected, the
164  replication of rAOaV-1-SARS-CoV-2 was apparent 6 hours post-infection and the
165 individually infected cells spread the infection to neighbouring cells within next 12
166  hours. At 2 days post-infection, as high as 90% of the cells were infected with the
167 rAOaV-1-SARS-CoV-2 and majority of cells co-expressed HN protein of the AOaV-1
168 and S protein of the SARS-CoV-2 (Fig. 2A and Fig. 2 supplementary). Cumulative
169  fluorescence dynamics, based on either HN or S protein expressions, over the course
170  of the infection, confirmed a gradual spread of the infection (Fig. 2B). Co-expression
171  fluorescence profile highlighted the co-localization of both surface proteins (Fig. 2C).
172 Similar to recombinant AOaV-1, the AOaV-1-wt replicated to a similar extent over the
173  course of two days post-infection without the need of exogenous extracellular
174  proteases and saturated level of expression of the HN protein was observed at 48
175  hours post-infection (Fig. 2D and Fig. 2 supplementary). The cumulative
176  fluorescence dynamics (Fig. 2E) and fluorescence profile (Fig. 2F) confirmed the
177 active and progressive expression and HN-specific staining, respectively. Taken
178  together, these results confirm the active replication, and expression of AOaV-1 and
179  foreign genes in Vero cells independently of exogenous trypsin.

180

181 TherAOaV-1-SARS-CoV-2 is Sensitive to AOaV-1 and SARS-CoV-2 Antisera. The
182  F and HN surface glycoproteins are critical for receptor binding as well as membrane
183  fusion which are indispensable for virus entry and subsequent initiation of the virus
184  replication???%. In contrast, the coronaviruses have only a single enveloped
185  glycoprotein which perform dual functions of receptor binding and membrane fusion?*.
186 In order to understand the influence of the S protein of the SARS-CoV-2 on the
187  infectivity of recombinant virus, the sensitivities of AOaV-1 and SARS-CoV-2 antisera
188  were assessed and compared for neutralization. As expected, the AOaV-1-wt was
189 resistant to mock antiserum neutralization and was almost fully neutralized by the
190 serum against the AOaV-1 (Fig. 3A). Quantitatively, the anti-AOaV-1 antiserum
191  reduced the infection of AOaV-1-wt in Vero cells by ~92% compared to the mock-
192 neutralization (Fig. 3B). Neutralization analysis of the rAOaV-1-SARS-CoV-2 showed
193 a significant blockage of the virus replication by pre-incubation and subsequent
194 infection of rAOaV-1-SARS-CoV-2 with either anti-AOaV-1 antiserum or anti-SARS-
195 CoV-2 anti-serum (Fig. 3C). There was no neutralization observed upon virus’s
196 treatment with the naive mouse control serum. Compared to mock-neutralization, as
197  high as 90% inhibition of the rAOaV-1-SARS-CoV-2 was observed with anti-AOaV-1
198  antiserum and ~40% inhibition was noticed using anti-SARS-CoV-2 anti-serum (Fig.
199  3D). These observations confirm that the incorporation of S protein of SARS-CoV-2


https://doi.org/10.1101/2020.05.31.126524
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.05.31.126524; this version posted June 1, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY 4.0 International license.

200 into the recombinant AOaV-1 particles attributed the sensitivity of the AOaV-1 to anti-
201  SARS-CoV-2 antiserum and anti-AOaV-1 antiserum.

202

203  In Vitro Growth Characterization of the Vaccine Construct. In order to understand
204 the replication competence of rAOaV-1-SARS-CoV-2 and AOaV-1-wt, a multistep
205 growth kinetics was evaluated in Vero cells. The time-course quantitative
206 measurement of the genomic copies confirmed that the expression of the S gene didn’t
207 interfere with the viral replication and the rAOaV-1-SARS-CoV-2 replicated
208  competitively and comparability with the AOaV-1-wt (Fig. 4A). The cell lysate from
209 same experimental setting was used to assess the expression of the AOaV-1
210  structural proteins. The expression analysis using Western blotting demonstrated that
211 both AOaV-1-wt (Fig. 4B) and rAOaV-1-SARS-CoV-2 (Fig. 4C) progressively
212 replicated in Vero cells and expressed the HN protein as early as 6 hours post-
213 infection and as late as 2 days after initiation of the infection. These results
214  demonstrated that the expression of the foreign genes by the AOaV-1 was unable to
215  further attenuate the replication of the virus and could yield into sufficient viral quantity
216  in cell culture system.

217

218  Stability of Recombinant AOaV-1 SARS-CoV-2 Vaccine Candidate. In order to
219  assess the stability of the foreign gene in the recombinant AOaV-1, the recovered and
220  S-gene expression-confirmed viruses were passaged in 8-days-old embryonated
221  chicken eggs for five consecutive passages. Both rAOaV-1-SARS-CoV-2 and AOaV-
222 1-wt replicated substantially in eggs (228 HAU/ml, data not shown). The comparative
223 replication competence was assessed between first and fifth eggs passaged viruses
224 in Vero cells. The rAOaV-1-SARS-CoV-2 expressing the S protein of the SARS-CoV-
225 2 grew efficiently and at the level of the AOaV-1-wt in the first passage as well as after
226 5" passage in the embryonated eggs (Fig. 5A). Correspondingly, the expression of
227  the structural protein of the AOaV-1 further confirmed the stable propagation of the wt
228 and recombinant viruses at least for several passages (Fig. 5B and Fig. 3
229  supplementary). The sequence integrity of the inserted S gene as well as the P and
230 M junction was assessed without any mutations. Additionally, sequencing of the S
231 gene from the first and fifth passages confirmed no unwanted mutations in purified
232 viruses. These results demonstrate that the rAOaV-1-SARS-CoV-2 expresses S gene
233  stably and this expression did not significantly impact the in vitro growth characteristics
234 of the recombinants.

235

236 Discussion

237

238 The precipitously increasing deaths, negative impact on lives and livelihood, and
239  trembling economies warrant the urgent development of SARS-CoV-2 vaccine which
240 would be safe, efficacious and scalable. Amongst experimental vaccines being
241 presented for SARS-CoV-2, the vectored-based vaccines hold potential for effective
242  vaccine against CoVID-19°. However, each viral vector inherit multiple advantages
243  and disadvantages and careful consideration of gene delivery system may pave the
244  way for an effective vaccine.

245

246  We propose here a pre-tested vaccine vector based on the recombinant apathogenic
247  strain of AOaV-1 (i.e. NDV). We engineered AOaV-1 to express the full-length S
248  glycoprotein of SARS-CoV-2 which is a vital viral neutralization and major protective
249  antigen of the virus®*. Using exhaustive in vitro characterization of recombinant
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250 vaccine candidate, rAOaV-1-SARS-CoV-2 demonstrated efficient co-expression of
251  surface proteins of AOaV-1 and SARS-CoV-2 in mammalian cell line. This host-range
252  restricted replication in mammals is one of the most attractive properties of AOaV-125.
253  While the mechanism of host range-restriction needs investigations, it is known that
254  AOaV-1 induces a strong interferon response in mammalian cells which in turn limit
255 its replication®®?”. Additionally, sialic acid receptors for the viral attachment might show
256  fundamental differences between avian and mammalian hosts and thus define the
257  host restriction. It has been observed that bovine parainfluenza virus type 3, another
258  paramyxovirus in the same family, determine the host range restriction through
259  multiple viral proteins?®. Notwithstanding, AOaV-1 are clearly highly restricted to
260 primates and this selective replication is irrespective of any of the known pathotypes
261  such as mesogenic or lentogenic strains of AOaV-1%°.

262

263  In addition to above mentioned factors, the AOaV-1 carries a range of advantages
264  over multiple other vectors. The AOaV-1 are antigenically distinct from viruses that are
265 known to naturally infect human and AOaV-1 don’t show cross-reactivities with
266 antibodies raised against other paramyxoviruses. Therefore, AOaV-1 induces strong
267 immune responses in the human population. Pertinent to this feature and interferon
268  sensitivity, AOaV-1 are considered a valuable oncolytic agent and thus propose safety
269 in human upon parenterally administration®’.
270  www.cancer.gov/cancertopics/pdg/cam/NDV/healthprofessional. Potential
271  seroconversion and a transient conjunctivitis may occur in poultry health workers,
272 which subsides within four days without any additional or systemic symptoms®'.
273  Altogether, AOaV-1 presents a pre-tested and proven safety profile in human and may
274  highlight speeding rolling out of the recombinant vaccines in general human
275  population.

276

277  Similar to other paramyxoviruses, AOaV-1 enters host cells by direct fusion at the
278  plasma membrane through a pH-independent mechanism?®?33, The AOaV-1 can also
279  enter host cells by an endocytic pathway. The entry of the AOaV-1 in the cell is then
280 mediated by the surface fusion (F) glycoprotein, which is also a major determinant of
281  AOaV-1 virulence in birds®*. The viral infectivity requires cleavage of the F protein
282  through the intracellular ubiquitous proteases including furin, allowing disseminated
283  replication in multiples organs and tissues. A mechanism similar to AOaV-1, rAOaV-
284  1-SARS-CoV-2 entry the cells through proteolytic cleavage of the S protein®*. The
285  trypsin-independent infectivity of rAOaV-1-SARS-CoV-2, as was observed in our
286  study, facilitated the vector propagation in cells culture model as well as embryonated
287  chicken eggs.

288

289 It has previously been shown that insertion of the transgene may allow the vector
290  sensitive to neutralization by antibodies which are specific to the inserted protein and
291 may facilitate the seepage of neutralization by vector-specific neutralizing
292  antibodies?®*°. The rAOaV-1-SARS-CoV-2 expresses both the native structural HN
293  protein as well as S glycoprotein and therefore the entry into the cell may be attributed
294  to the AOaV-1-like or SARS-CoV-2-like. In conjunction to this hypothesis, the anti-
295  AOaV-1 antiserum as well as anti-SARS-CoV-2 could substantially block the entry of
296 the rAOaV-1-SARS-CoV-2. Additionally, the recombinant AOaV-1-SARS-CoV-2
297 offers an exciting system to underpin functional interactions between native and
298  foreign envelope glycoproteins in one viral particle.

299
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300 Recently, insertion of the foreign genes in the backbone of the AOaV-1 has been
301 practiced for multiple viruses including influenza, SARS, human immunodeficiency
302  virus’*%, human parainfluenza, rabies®, Nipah disease'’, Rift Valley fever'', Ebola and
303  highly pathogenic H5N1'2"3. In several studies, it has been demonstrated that
304 insertion of the transgene into the genomes of AOaV-1 resulted in reduced
305 pathogenicity in poultry birds. This safety was maintained even after the expression of
306 the HA gene from a highly pathogenic avian influenza virus''-'3. Sustained, stable and
307 progressive replication of both wt and recombinant viruses demonstrated effective
308  spread within cells independently.

309

310 Taken together, our results demonstrated that the recombinant vector expressing S
311 protein propagated stably in chicken embryonated eggs for several consecutive
312 passages, and this expression did not significantly impact the in vitro growth
313  characteristics of the recombinants. The presented respiratory vaccine candidate has
314  the potential for further development as vaccine vector to be available for expedited
315 vaccine development for pre-clinical and clinical studies.

316

317 Material and Methods

318

319 Cells and viruses. AOaV-1-wt vaccine vector was rescued as described previously®®,
320 passaged twice on African green monkey kidney (VERO) cells, and in embryonated
321  chicken eggs. Vero cell line was obtained from the American Type Culture Collection
322 (ATCC, Manassas, VA). These cells were grown in Dulbecco’s minimal essential
323  medium (DMEM) containing 10% fetal bovine serum (FBS). Fertile embryonated
324  chicken eggs were purchased from Henry Stewart & Co Ltd, UK.

325

326 Generation of recombinant AOaV-1 expressing S protein of SARS-CoV-2. The
327 genome of AOaV-1 encodes six structural genes in the order of nucleocapsid (N),
328  phosphoprotein (P), matrix (M), fusion (F), hemagglutinin-neuraminidase (HN) and
329  RNA dependent RNA polymerase (RdRP, also known as L). The transcription of the
330 linear gene starts from gene start (GS) and ends at the gene-end (GE). Between the
331 GS and GE, there is an intergenic sequence (IG). The foreign gene can be inserted at
332 any of the gene junction with variable level of transcription; however, recent studies
333 have assessed the optimal gene expression when inserted between P and M
334  gene*>37:38, This arrangement of the gene is identical among all AOaV-1.

335

336  In order to offer a competitive reverse genetic system as a novel vaccine vector, an
337 avirulent strain of AOaV-1 was used carrying lentogenic-alike (e.g. NDV) cleavage site
338 and pathogenicity (Patent pending on the technology). The full length antigenomic
339 sequence of AOaV-1, originally isolated from asymptomatic wild birds, was partially
340 de novo synthesised (NBS Biologicals, UK) using a novel sequence modification
341 approach. Rest of the genome length mainly constituting around the P gene was
342 cloned using overlapping PCRs. The entire cassette was then shuttled into the
343 TVT7R(0,0) (Addgene Plasmid #98631). In order to avoid incorporation of an extra
344  non-viral gene residues into the transcribed minigenome and efficient transcription of
345 the gene, an autocatalytic and “rule of six” adhered HHRz was introduced at the 5’-
346  end and hepatitis delta virus ribozyme (HdvRz) at the 3’ end of the antigenome.

347
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348 An expression cassette for the full-length S gene was first in silico generated,
349  containing the Kozak sequence, GE, GS, |G and the ORF for the full length S gene
350 was codon-optimized for homo sapiens codon usage and inserted into the unique
351  Pmel site between P and M genes, which was originally preserved during the cloning
352  of complete antigenome. The construct was named rAOaV-1-SARS-CoV-2 whereas
353 the AOaV-1 without the insertion of the foreign gene (AOaV-1-wt) was used as
354 infection control throughout the study. The orientation of the inserted S gene was
355  confirmed by the nucleotide sequence analysis at the time of cloning as well as during
356  the propagation of the vector in cells and chicken embryonated eggs.

357

358  TherAOaV-1-SARS-CoV-2 and AOaV-1-wt were used to rescue the infectious viruses
359 as described previously®® with substantial modifications. Briefly, Vero cells were
360 infected with Modified vaccinia Ankara (MVA) expressing the T7 polymerase at a
361  multiplicity of infection 1.0 for 6 hours. These cells were transfected with Lipofectamine
362 2000 using rAOaV-1-SARS-CoV-2 and AOaV-1-wt backbones as well as supporting
363 N, PandL genes expression plasmids (ratio of 1:0.8:0.4:0.1) for 72 hours. After 3 days
364 post-infection, cells and cell supernatants were mixed and freeze-thaw for three time
365 at -80 before inoculating into 8-days-old embryonated chicken eggs. After additional
366 three days, individual eggs were screened using hemagglutination assay and real-
367 time PCR as we described before®**'. Successfully rescued isolates were further
368 propagated to generate viral stock and for in vitro characterization.

369

370 Propagation of viruses in eggs and cells. The infectivity of the recombinant virus
371  and parental wild type strains were characterized using a standard hemagglutination
372 assay (HA). The 50% tissue infectious dose (TCIDso) assay on Vero cells in 96-well
373 plates, was performed and calculated following standard procedures®®4%:42,

374

375 Western blotting. To confirm expression of the viral protein, Vero cells were infected
376  with recombinant and wild type viruses at a multiplicity of infection (moi) of 0.1 as we
377 described earlier*®. Cell lysates were collected at 24 h post infection, subjected to
378 Western blot. Briefly, after 24h post-infection, cells were washed one time with
379  phosphate buffered saline (PBS) followed by adding 100 pL ice-cold NP40 lysis buffer
380 (completed with protease inhibitors cocktail) per well and incubated for 30 min on ice.
381  All cell lysates were denatured at 98°C for 8 min, proteins were separated by sodium
382 dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE), and subsequently
383  transferred to nitrocellulose membranes*®. The cell lysates were subjected for
384  centrifugation at 13,000 rpm for 30 min at 4°C and the supernatant were incubated in
385 sample loading buffer 2x (Biorad) containing 10% B-mercaptoethanol for 5 min at 98
386 °C, and separated on a 10% sodium dodecyl sulfate—polyacrylamide gel
387 electrophoresis (SDS-PAGE), and proteins were transferred onto polyvinylidene
388 difluoride (PVDF) membranes. The S and HN viral proteins were detected by
389 incubation with primary antibodies (1:500 dilution). After probing with primary
390 antibodies, the blots were incubated with peroxidase-conjugated species-specific
391 secondary antibodies (Abcam) and visualised by chemiluminescence (Chemidoc,
392 BioRad, Hercules, CA, USA), as we performed earlier®®.

393

394 Immunofluorescence. The expression of the S and HN proteins in recombinant virus-
395 infected cells were evaluated by immunofluorescence assays using confocal
396  microscopy. Vero cells grown on coverslips in 24-well plates, were infected with wild
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397 type or recombinant viruses or viruses pre-incubated with antisera for 24h. After fixing
398 the cells with 4% paraformaldehyde in PBS for 30 min, washed with PBS, and
399  permeabilized with 0.1% Triton X-100 for 10 min. After blocking of the cells with 5%
400  bovine serum albumin (BSA) in PBS, they were incubated with monoclonal antibody
401  (mAb)** to probe HN or S or both proteins. Binding of primary antibodies were
402  visualized using Alexa 488 a-rabbit and 568 a-mouse secondary antibodies
403  (Invitrogen). The S and HN proteins expression were analysed through fluorescence
404  for wild-type and recombinant viruses compared to mock infected cells. The 40,6-
405 diamidino-2-phenylindole (DAPI) was used to stain cell nuclei and the images were
406  captured using a Zeiss confocal laser-scanning microscope (Zeiss, Kohen, Germany).
407 Digital images were processed using Adobe illustrator software, and the same
408 parameters were applied to the whole image area.

409

410 Stability and growth characteristics of NDV constructs using real-time PCR. The
411  stability of recombinant vaccine candidate compared to parental wild type were grown
412  sequentially in embryonated chicken eggs for at least 5 passages. RNA was extracted
413  from the allantoic fluid of recombinant and wild type after the first and fifth passages
414  in eggs using the QlAamp® Viral RNA Mini Kit (Qiagen). The real-time gRT-PCR was
415 performed using SuperScript™ [lI Platinum™ One-Step qRT-PCR Kit to detect
416 NDV M gene*', which enabled the calculation of viral genome copies that was plotted
417  against hours post-infection for each of the viruses to produce standard curves. To
418 investigate the growth properties of the recombinant viruses, Vero cells were infected
419  in 6-well plates at a moi of 0.1 after washed twice with PBS and an adsorption time of
420 60 min. Cell supernatants were harvested 0, 6, 12, 24 and 48h after infection (p.i).
421  Viral titers (50% tissue culture infectious dose, TCIDsp) were calculated by IFA using
422  primary antibodies against viral proteins and Alexa FluorTM 488 a-rabbit and Alexa
423 FluorTM 586 a-mouse as secondary antibodies (Invitrogen), respectively.

424
425  Statistical analysis. Virus-infected and control groups were compared using

426  Student’s t-test. All statistical analyses and figures were conducted in the GraphPad
427  Prism (GraphPad Software, La Jolla, CA, USA).

428
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594  Figure 1. Construction, rescue and characterization of rAOaV-1-SARS-CoV-2
595 vaccine candidate. (A) The full-length ORF for S gene of SARS-CoV-2 was over-
596  hanged with required transcriptional signals (GE, GS, 1G) and inserted in between P
597 and M genes. The rough gene size is mentioned below each gene, the division of the
598 genome across the length and number of nucleotides in intergenic region is displayed
599  atthe top of the schema of the AOaV-1 genome. (B) Vero cells were infected with the
600  AOaV-1-wt or rAOaV-1-SARS-CoV-2 and sainted for the expression of the HN (red)
601 or S (green) proteins. The co-expression of both surface proteins is coloured yellow in
602 combined images. (C) Quantitative co-expression profile is marked with arrow and
603  shown in the line chart. (D) A total of 9 microscopic fields were scanned for the
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604 presence of HN or S or both proteins. A significantly higher proportion of HN+S
605  expressing cells was identified. (E) A comparable replication of AOaV-1-wt or rAOaV-
606 1-SARS-CoV-2 in Vero cells indicating the competitive replication of AOaV-1 even
607  after the expression of the foreign S gene. (F) Western blot analysis for the expression
608 of the HN protein indicating the active replication of the AOaV-1 and S protein
609 indicating the replication competence of the recombinant virus, rAOaV-1-SARS-CoV-
610 2. Alpha tubulin was used as loading control. The asterisk indicates the level of
611  significance, whereas ns indicate non-significance.
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614 Figure 2. Replication of rAOaV-1-SARS-CoV-2 and AOaV-1-wt in mammalian
615 cells. (A) Vero cells were infected with moi of 1.0 with rAOaV-1-SARS-CoV-2. These
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616 cells were fixed with paraformaldehyde at 0, 6, 12, 24- and 48-hours post-infection
617  and stained for the HN protein of rAOaV-1 and S protein in the rAOaV-1-SARS-CoV-
618 2. (B) Cumulative quantification of the green (S) and red (HN) fluorescence intensities
619  before confocal microscopic imaging. (C) The co-expression profile for the HN and S
620  proteins. (D) Vero cells were infected with moi of 1.0 with AOaV-1-wt. These cells were
621 fixed with paraformaldehyde at 0, 6, 12, 24- and 48-hours post-infection and stained
622  for the HN protein of AOaV-1. (E) Cumulative quantification of the green (S) and red
623  (HN) fluorescence intensities before confocal microscopic imaging. (F) The graphically
624  presentation of co-expression profile for the HN and S proteins.
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627  Figure 3. Sensitivity of recombinant and wt viruses against antisera. (A) AOaV-
628 1-wt virus was incubated with an antiserum against AOaV-1 for 2 hours or was
629 incubated with plan antiserum. The Vero cells were then infected with these viruses
630 and incubated for 24 hours before staining against the HN protein of AOaV-1. (B) The
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631 mock-neutralization was set to 100%, and the quantitative analysis of the virus
632  replication was plotted for the AOaV-1 neutralized with antiserum. (C) rAOaV-1-SARS-
633  CoV-2 virus was incubated with an anti-AOaV-1 antiserum or SARS-CoV-2 antiserum
634  for 2 hours before infection of Vero cells for another 24 hours. These cells were then
635 stained for the expression of the HN glycoprotein of rAOaV-1-SARS-CoV-2. (D)
636  Quantitative measurement of the staining intensities plotted against the mock-treated
637  neutralization control. The asterisk indicates the level of significance.
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641 Figure 4. Growth kinetics of the vaccine and wt constructs. (A) Vero cells were
642 infected with an moi 1.0 of rAOaV-1-SARS-CoV-2 or AOaV-1-wt for 2 hours (0 hour
643  post infection) and were then replaced with media to be incubated and extraction of
644 RNA at6, 12, 24, 48 hours post infection. The viral copy number were calculated from
645 AOaV-1 standard run in parallel. (B) Vero cells were infected with AOaV-1 and total
646 cell lysate was prepared at indicated time points post-infection. These lysates were
647 run for Western blotting using HN antibodies to demonstrate virus replication and
648 alpha tubulin as loading control. (C) Similar to section B, cells were infected with
649 rAOaV-1-SARS-CoV-2 and the expression for the HN and alpha tubulin was
650 measured at indicated time points.
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Figure 5. Stability replication of AOaV-1 SARS-CoV-2 vaccine candidate in
embryonated chicken eggs. (A) The rAOaV-1-SARS-CoV-2 as well as AOaV-1-wt
were propagated in eggs and were quantified in Vero cells. The titre quantification, as
shown in the bar chart, represent comparable replication. Both rAOaV-1-SARS-CoV-
2 and AOaV-1-wt were consecutively propagated in chicken embryonated eggs for 5
passages and the virus titre was quantified in Vero cells. (B) The first and fifth
passages for both rAOaV-1-SARS-CoV-2 and AOaV-1-wt were used to infect Vero
cells for 24 hours before cell lysis and expression analysis for the HN structural protein
of the rAOaV-1.

Supplementary Figure Legends

Supplementary Figure 1. A real-time PCR-based detection of rescued AOaV-1-wt
(A) and rAOaV-1-SARS-CoV-2 (B) in chicken embryonated eggs. (C) Quantitative
presentation of AOaV-1-wt or rAOaV-1-SARS-CoV-2 detection. (D)
Hemagglutination assay used to screen the chicken embryonated eggs for the
presence (+)/absence (-) of AOaV-1-wt or rAOaV-1-SARS-CoV-2.

Supplementary Figure 2. Replication of wt and recombinant viruses in Vero
cells. (A) Expanded confocal microscopic images representing Figure 2 A-C in the
main text. (B) Comprehensive and expanded confocal microscopic images
representing Figure 2 D-F in the main text.
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Supplementary Figure 3: Raw Western blot images used in Figure 1, 4 and 5. The
portion of the figures used in the main manuscript is marked with the black lined
square.
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