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Abstract 30 

 Rapid development of coronavirus disease 2019 (COVID-19) vaccines and expedited authorization 31 

for use and approval has been proven beneficial to mitigate severe acute respiratory syndrome coronavirus 32 

2 (SARS-CoV-2) spread and given hope in this desperate situation. It is believed that sufficient supplies 33 

and equitable allocations of vaccines are necessary to limit the global impact of the COVID-19 pandemic 34 



 2 

and the emergence of additional variants of concern. We have developed a COVID-19 vaccine based on 35 

Newcastle disease virus (NDV) that can be manufactured at high yields in embryonated eggs. Here we 36 

provide evidence that the NDV vector expressing an optimized spike antigen (NDV-HXP-S), upgraded 37 

from our previous construct, is a versatile vaccine that can be used live or inactivated to induce strong 38 

antibody responses and to also cross-neutralize variants of concern. The immunity conferred by NDV-HXP-39 

S effectively counteracts SARS-CoV-2 infection in mice and hamsters. It is noteworthy that vaccine lots 40 

produced by existing egg-based influenza virus vaccine manufacturers in Vietnam, Thailand and Brazil 41 

exhibited excellent immunogenicity and efficacy in hamsters, demonstrating that NDV-HXP-S vaccines 42 

can be quickly produced at large-scale to meet global demands. 43 

 44 

 45 

Introduction 46 

 The coronavirus disease 2019 (COVID-19) pandemic caused by severe acute respiratory syndrome 47 

coronavirus 2 (SARS-CoV-2) has brought disastrous outcomes to public health, education and economics 48 

worldwide. Emerged variants of concern that are currently circulating could threaten the prior preventive 49 

achievements if not managed properly. The rollout of COVID-19 vaccines such as mRNA vaccines (Pfizer 50 

and Moderna), inactivated virus vaccines (Sinovac, Sinopharm), adenovirus-vector vaccines (AstraZeneca, 51 

CanSino Biologics, Gamaleya Research Institute and J&J) have helped to contain the spread of the virus 52 

tremendously, stressing the importance of prophylactic measures. However, despite the high efficacy of 53 

mRNA vaccines, availability of such vaccines to developing countries is restricted due to cold or ultra-cold 54 

chain requirements and lack of manufacturing infrastructure and capacity. Indeed, with North America and 55 

Europe having the highest vaccination rates, vaccine resources are much less accessible to developing 56 

countries in Latin America, Asia and Africa (1) . Such inequitable availability of vaccine delays prompt 57 

control of COVID-19 and increases the risk of additional variants to emerge. This highlights the urgent 58 

need for affordable vaccines that can be produced locally.   59 

 We have previously developed a Newcastle disease virus (NDV)-based COVID-19 vaccine, in 60 

which a membrane-anchored spike protein is expressed on the surface of the NDV virion. This NDV-vector 61 

could be used either as a live vaccine or an inactivated vaccine (2, 3).  Here we describe a next-generation 62 

version of the NDV vector expressing a prefusion spike protein stabilized by HexaPro (HXP) mutations, 63 

which are reported to contribute to high protein yield, favorable conformation and enhanced stability (4). 64 

This construct is designated NDV-HXP-S. As an egg-based vaccine like the influenza virus vaccine, NDV-65 

HXP-S is suitable for large-scale production to cover a fair share of global demands. A survey conducted 66 

by The World Health Organization (WHO) estimated the production capacity for pandemic influenza 67 

vaccines (monovalent) could reach ~4.15 billion doses in 12 months by 31 established manufacturers 68 
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worldwide, among which 28 manufacturers have egg-based facility producing 79% of total doses (5). This 69 

report realistically reflects the feasibility of manufacturing large quantify of NDV-based COVID-19 70 

vaccine, since few modifications to the influenza virus vaccine manufacturing process are needed. 71 

Moreover, this estimation assumes the dose of NDV-based vaccine required will match that of monovalent 72 

pandemic influenza vaccines (15 µg/0.5mL), without adjusting for the potential antigen-sparing effect of 73 

adjuvants (5). A safe and inexpensive adjuvant could likely expand the number of the doses per egg.  74 

 In the belief that NDV-HXP-S could be the solution for self-sufficient supplies of COVID-19 75 

vaccine in many low- and middle-income countries (LMICs), in this study we thoroughly evaluated the 76 

immunogenicity and protective efficacy of live and inactivated NDV-HXP-S in preclinical mouse and 77 

Golden Syrian hamster models. We assessed the beta-propiolactone (BPL)-inactivated NDV-HXP-S 78 

whole-virion vaccine (GMP manufactured in Thailand, Vietnam and Brazil) via the intramuscular (IM) 79 

route using a two-dose regimen. In addition, we explored the possibility of using the NDV-HXP-S as a live 80 

vaccine either via the intranasal (IN) route or a combination of IN and IM routes. These preclinical studies 81 

showed that the NDV-HXP-S vaccine in its live or inactivated format was highly immunogenic, inducing 82 

potent binding and neutralizing antibodies (NAbs), which offered protections against SARS-CoV-2 83 

replication or SARS-CoV-2 induced disease in vivo. The high levels of NAbs induced by NDV-HXP-S 84 

allowed the variants of concern/interest (B.1.1.7, B.1.351 or P.1) to be neutralized, despite the fact that a 85 

reduction of neutralization titer was observed against the B.1.351 variant. A similar level of reduction has 86 

been shown in other vaccine cohorts as well (6-9). Importantly, Good Manufacturing Practice (GMP)-grade 87 

NDV-HXP-S vaccine lots produced by manufacturers from Vietnam (Institute of Vaccines and Medical 88 

Biologicals, IVAC), Thailand (Government Pharmaceutical Organization, GPO) and Brazil (Instituto 89 

Butantan) showed excellent immunogenicity and protective efficacy in the hamster model, demonstrating 90 

the consistency of the manufacturing process in different locations and the possibility of mass production. 91 

Vaccine trials with the inactivated vaccines have been started in Thailand (NCT04764422, HXP-GPOVac) 92 

and Vietnam (NCT04830800, COVIVAC) and the live vaccine is currently in clinical development in 93 

Mexico (NCT04871737, Patria).   94 

 95 

 96 

Results 97 

NDV expressing a membrane-bound pre-fusion stabilized spike protein 98 

 To ensure high immunogenicity of the spike antigen expressed by the NDV vector, we improved 99 

the spike construct by introducing the pre-fusion stabilizing HexaPro (HXP) mutations that were identified 100 

and characterized in an earlier study (4). Specifically, we added the HXP mutations into our previously 101 

described S-F chimera (HXP-S), in which the polybasic cleavage site was removed and the transmembrane 102 



 4 

domain and cytoplasmic tail of the spike were replaced with those from the fusion (F) protein of NDV. The 103 

nucleotide sequence of the construct was codon-optimized for mammalian host expression. The HXP-S 104 

sequence was inserted between the P and M genes of  the NDV genome and the virus was rescued (Fig. 105 

1A). We concentrated the virus in the allantoic fluid through a sucrose cushion and performed a sodium 106 

dodecyl-sulfate polyacrylamide gel electrophoresis (SDS-PAGE) to visualize NDV viral proteins as well 107 

as the presence of the spike protein by Coomassie Blue staining. Compared to the WT NDV, the NDV-108 

HXP-S showed an extra band between 160 kD and 260 kD below the L protein of the NDV that corresponds 109 

to the size of the uncleaved S0 (Fig. 1B).  110 

 111 

Vaccination with inactivated NDV-HXP-S via the intramuscular route induces protective immune 112 

responses in mice and hamsters 113 

 To evaluate the immunogenicity and protective efficacy of the inactivated NDV-HXP-S, we first 114 

performed a dose-ranging study in mice that were “sensitized” by intranasal (IN) administration of a non-115 

replicating human adenovirus 5 expressing human angiotensin converting enzyme 2 (Ad5-hACE2). Mice 116 

are not naturally susceptible to SARS-CoV-2 infection, but gene delivery of hACE2 to the lungs of mice 117 

using a viral vector such as Ad5-hACE2, can sensitize mice to subsequent infection with SARS-CoV-2  118 

(10).  119 

BPL-inactivated NDV-HXP-S with or without an adjuvant CpG 1018 (11) was tested in the study. 120 

Specifically, we immunized BALB/c mice with low doses of NDV-HXP-S at a total protein content of 1 121 

µg, 0.3 µg, 0.1 µg, 0.03 µg and 0.01 µg per mouse without the adjuvant. In the adjuvanted groups, mice 122 

were vaccinated with either 0.1 µg or 0.03 µg of the vaccine in combination with 10 µg or 30 µg of CpG 123 

1018 per mouse.  Mice that were immunized with 1 µg of the inactivated WT NDV (vector-only) were used 124 

as negative controls. The inactivated vaccine was administered via the intramuscular route following a 125 

prime-boost regimen at a 3-week interval (Fig. 2A). Mice were bled to measure spike-specific serum IgG. 126 

The prime immunization showed a dose-dependent antibody response, in which the adjuvanted groups 127 

appeared to develop higher antibody responses than those which received the same amount of vaccine 128 

without the adjuvant. The antibody titers were greatly enhanced after the boost in all the animals that were 129 

vaccinated with NDV-HXP-S, resulting in no significant differences among the groups (with a marginal 130 

dose-dependent trend). Of note, mice that were vaccinated with as low as 0.03 µg and 0.01 µg of vaccine 131 

per animal also developed good IgG titers, suggesting the vaccine is highly immunogenic (Fig. 2B). Further 132 

evaluation of IgG2a over IgG1 ratio in post-boost sera from 3 selected groups, group 1 (1 µg) representing 133 

animals that received the non-adjuvanted vaccine, group 7 (0.1 µg + 30 µg CpG 1018) representing animals 134 

that received the adjuvanted vaccine and group 10 (WT NDV) as the negative controls,  suggested a TH1-135 

biased immune response (12). The CpG 1018 appeared to reinforce a TH1-biased immune response, given 136 
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that a more pronounced difference between the IgG2a and IgG1 levels was observed in the adjuvanted 137 

group as compared to that in the non-adjuvanted group (Fig. S1A). To examine the neutralizing activity of 138 

the immune sera from mice, pooled sera from group 1, 7 and 10 were tested. Neutralization titers against 139 

the prototype (WT) USA-WA1/2020 virus as well as two SARS-CoV-2 variants, B.1.1.7 and B.1.351 were 140 

measured (Fig. 2C). We observed potent neutralizing activity of mouse sera to the WT strain from group 1 141 

(ID50 = 669) and group 7 (ID50 = 627). As expected, mouse sera from both groups neutralized the B.1.1.7 142 

variant equally well (group 1 ID50 = 652; group 7 ID50 = 914). An approximately five-fold reduction of 143 

neutralization titers was observed toward the B.1.351 variant (group 1 ID50 = 132; group 7 ID50 = 132). Our 144 

result is in agreement with decreased neutralization titers of mRNA vaccines that have been reported (6-9), 145 

as the E484K mutation in the B.1.351 variant is mainly responsible for the resistance to NAbs (13, 14). To 146 

assess protection conferred by vaccination, mice were treated with Ad5-hACE2 (10). Five days after the 147 

Ad5-hACE2 treatment, mice were challenged with 105 plaque forming unit (PFU) of USA-WA1/2020 148 

SARS-CoV-2. Infectious viral titers in the lungs of challenged animals at day 2 and day 5 post-challenge 149 

were measured as the readout of protection. We observed a significant drop of the viral titer in the lung 150 

homogenates of all vaccinated animals compared to those from the negative control group, also in a dose-151 

dependent manner. At day 5 post-infection, infectious viruses were cleared in all NDV-HXP-S vaccinated 152 

animals (Fig. 2D). These results support the conclusion that the inactivated NDV-HXP-S induced strongly 153 

protective antibody responses directed to the spike protein of SARS-CoV-2, with CpG 1018 as a possible 154 

dose-sparing adjuvant.  155 

 In the hamster model, we evaluated two-doses of inactivated NDV-HXP-S without adjuvants, with 156 

CpG 1018 or AddaVax as the adjuvant.  Each hamster was vaccinated intramuscularly with a total of 5 µg 157 

of  NDV-HXP-S. The negative control group was vaccinated with 5 µg of inactivated WT NDV. The 158 

healthy control group was kept unvaccinated. After two doses with a 3-week interval, hamsters were 159 

challenged with 104 PFU of the USA-WA1/2020 strain, except that the healthy control group was mock-160 

challenged (Fig 3A). Change of body weight, viral titers in the lung homogenates and nasal washes at day 161 

2 and day 5 post-challenge were measured to evaluate protection. In addition, spike-specific IgG titers in 162 

the post-prime and post-boost sera, as well as neutralizing activity in the post-boost sera were measured by 163 

enzyme-linked immunosorbent assay (ELISA) and micro-neutralization assay, respectively. NDV-HXP-S 164 

was found to be highly immunogenic in hamsters as well, with both CpG 1018 and AddaVax increasing 165 

serum IgG (Fig 3B). Without any adjuvant, NDV-HXP-S vaccinated hamsters developed potent NAbs in 166 

the post-boost sera (ID50 = 2429) to the prototype (WT) SARS-CoV-2. AddaVax enhanced NAb titers (ID50 167 

= 3913), but the CpG 1018 did not (ID50 = 970). Interestingly, the antibodies in the CpG 1018 group 168 

appeared to be more cross-neutralizing to B.1.351 with only a 2-fold decrease (ID50 = 480). A ~6-fold 169 

reduction of neutralizing titer to the B.1.351 (ID50 = 425) was observed in the unadjuvanted group, while a 170 
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~4-fold reduction of neutralizing activity to the B.1.351 (ID50 =1144) was observed in the AddaVax group 171 

(Fig 3C). After challenge, animals in both adjuvanted groups showed quicker recovery of the body weight 172 

than animals in the unadjuvanted group (Fig 3D). Viruses were cleared in the lungs of all NDV-HXP-S 173 

vaccinated hamsters at day 2 except for one out of four animals in the unadjuvanted and CpG 1018 group 174 

which showed low titers that were very close to the limit of detection. Viral load became undetectable at 175 

day 5 post-challenge in all NDV-HXP-S vaccinated hamsters. In addition, all NDV-HXP-S vaccinated 176 

groups showed a reduction of viral titers in the nasal washes compared to control animals (Fig 3E). In 177 

conclusion, the inactivated NDV-HXP-S induced high levels of binding and neutralizing antibody 178 

responses in hamsters, significantly reduced viral titers in the lungs and lowered virus shedding from the 179 

nasal cavity. Both CpG 1018 and AddaVax exhibited beneficial adjuvant effects.  180 

 181 

Formulations of inactivated NDV-HXP-S GMP-produced by GPO, IVAC and Instituto Butantan 182 

are effective in a preclinical hamster study 183 

 In the belief that the existing influenza virus vaccine manufacturers should be equipped to produce 184 

NDV-HXP-S, we put this possibility to the test. In collaboration with three influenza virus vaccine 185 

manufacturers (IVAC, GPO, Instituto Butantan) from Vietnam, Thailand and Brazil, pilot GMP lots of 186 

whole BPL- inactivated NDV-HXP-S vaccines were produced. We obtained these vaccine preparations and 187 

subsequently evaluated them in hamsters. Vaccines containing 1 µg of S antigen were administered 188 

intramuscularly to each hamster with or without 100 µg CpG 1018 as the adjuvant following a prime-boost 189 

regimen with a 3-week interval. A PBS-vaccinated negative control and a healthy control group were 190 

included. Two weeks after the boost, animals were challenged with 104 PFU of the USA-WA1/2020 strain 191 

(Fig. 4A). Animals having received vaccines from different producers developed comparable binding IgG 192 

titers, while CpG 1018 showed marginal adjuvant effects (Fig. 4B). The neutralizing activity of serum 193 

antibodies after the boost was measured in a pseudo-particle neutralization assay at Nexelis (part of CEPI’s 194 

global network of laboratories to centralize assessment COVID-19 vaccine candidates) (15). Neutralization 195 

titers of hamster sera were substantially higher than those of human convalescent sera used as controls in 196 

the same assay (Fig. 4C). After challenge, we observed that animals which were immunized with all three 197 

vaccines without the adjuvant developed a similar trend of body weight change. Animals that were 198 

immunized with GPO and Butantan vaccines in the presence of the CpG 1018 showed improved protection 199 

manifested by less weight loss. The adjuvant did not seem to alleviate body weight loss of animals that 200 

received the IVAC vaccine (Fig. 4D). This observation is consistent with the post-boost antibody level 201 

(D33) (Fig. 4B). Nevertheless, all the animals that were vaccinated with NDV-HXP-S developed immunity 202 

to inhibit SARS-CoV-2 replication in the lungs showing no detectable infectious viral titers (Fig. 4E). In 203 

the nasal washes of vaccinated animals, virus shedding was significantly reduced in contrast to that in the 204 
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negative control animals (Fig. 4F). Virus was still able to replicate in the nasal turbinates of all infected 205 

animals, but all NDV-HXP-S vaccinated animals showed a reduced viral load (Fig. 4G). To evaluate 206 

SARS-CoV-2 induced lung disease, the left lung lobes were collected at day 5 post-challenge and processed 207 

for histopathology analysis. As expected, much less pathological change reflecting injury or inflammation 208 

was  observed in the lungs of  NDV-HXP-S vaccinated animals as compared to those in the lungs of 209 

negative control animals (Fig. S2). In conclusion, inactivated NDV-HXP-S vaccine prepared by three egg-210 

based influenza virus vaccine manufacturers showed equally good efficacy at inducing binding/neutralizing 211 

antibodies, inhibiting virus replication and shedding as well as minimizing SARS-CoV-2 induced lung 212 

pathology in hamsters. An FDA approved adjuvant, CpG 1018 mildly increased protection from body 213 

weight loss of hamsters after challenge.  214 

 215 

Live NDV-HXP-S protects hamsters and mice from SARS-CoV-2 challenge 216 

 While there is no attenuated SARS-CoV-2 available as a live vaccine, live viral vector COVID-19 217 

vaccines were rapidly developed in several platforms. In addition to adenovirus vectors, paramyxovirus 218 

vectors have been used such as measles virus (16) and Newcastle disease virus (2, 3, 17). Live vaccines 219 

typically would have an advantage over inactivated vaccine at inducing strong local innate immune 220 

responses, T-cell responses and sterilizing mucosal antibody responses – especially when administered 221 

mucosally. To reiterate that the design of the NDV-HXP-S renders versatility of the construct to be used as 222 

both inactivated and live vaccine, we evaluated NDV-HXP-S as a live vector vaccine in two preclinical 223 

animal models testing two different vaccination regimens. First, we examined two immunizations of live 224 

NDV-HXP-S via the intranasal route in the hamster model. NDV-HXP-S at a dose of 106 fifty percentage 225 

of egg embryo infectious dose (EID50) administered to hamsters intranasally twice at day 0 and day 22. A 226 

vector only control group was immunized with the same dose of WT NDV. A negative control group was 227 

mock-vaccinated with PBS. A healthy control group was kept unvaccinated (Fig. 5A). Serum IgG titer 228 

showed that one immunization was sufficient to induce potent binding antibody responses, while the booster 229 

vaccination did not further increase titers. We speculated that the booster vaccination might generate more 230 

mucosal immunity such as spike-specific IgA, which was not measured in this study (Fig. 5B). The 231 

neutralizing activity of post-boost sera was measured against the (WT) USA-WA1/2020, and the B.1.351 232 

and B.1.1.7 variants. A similar trend was observed as in previous studies, where immune sera neutralized 233 

the (WT) USA-WA1/2020 and the B.1.1.7 variant equally well and crossed-neutralized the B.1.351 variant 234 

with a reduced potency (Fig. 5C). Upon challenge with 105 PFU of the USA-WA1/2020 strain, we observed 235 

that the NDV-HXP-S vaccinated animals show no weight changes like the healthy control group, whereas 236 

the negative control group lost a substantial amount of weight by day 5. Animals vaccinated with the WT 237 

NDV exhibited weight loss that was less pronounced than that of the negative control group. This could 238 
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possibly be due to the innate antiviral response induced by the live WT NDV (Fig. 5D). At day 2 post 239 

infection, viruses were cleared in the lungs of animals that received the NDV-HXP-S, whereas both WT 240 

NDV and PBS groups showed similar high viral titers in the lung homogenates. In the nasal washes of WT 241 

NDV and PBS control animals, viral titers are comparably high, while only one animal out of three in the 242 

NDV-HXP-S group showed measurable viral titer (Fig. 5E). In summary, this study confirmed the 243 

effectiveness of the NDV-HXP-S as a live viral vector vaccine when administered intranasally. The vaccine 244 

not only prevented SARS-CoV-2 replication in the lungs but also significantly reduced virus shedding from 245 

the nasal cavity, which would greatly diminish the risk of virus transmission as well.  246 

 In addition to the hamster study testing only the intranasal route of the live vaccine, we performed 247 

a mouse study evaluating a different immunization regimen of the live NDV-HXP-S, combining the 248 

intranasal and intramuscular routes aiming to bring both mucosal and systemic immunity into action. Of 249 

note, the live nature of the NDV-HXP-S would have an adjuvant effect compared to an inactivated NDV-250 

HXP-S. Here we examined this vaccination strategy with three different doses, in which the animals 251 

received the same titer of live NDV-HXP-S for the intranasal prime and the intramuscular boost. Three 252 

groups of animals were immunized with 104 EID50, 105 EID50 and 106 EID50 of NDV-HXP-S, respectively. 253 

A vector-only control group was immunized with 106 EID50 of the WT NDV. The negative control group 254 

was mock-vaccinated with PBS. The two immunizations were 3 weeks apart. Mice were again sensitized 255 

with Ad5-hACE2 as described earlier and challenged with 105 PFU of the USA-WA1/2020 strain (Fig. 6A). 256 

By ELISA we observed a dose-dependent antibody titer, in which the high-dose group developed the 257 

strongest antibody responses after each immunization (Fig. 6B). IgG subclasses ELISAs showed a 258 

favorable induction of IgG2a over IgG1 in all NDV-HXP-S vaccine groups (Fig. S1B). As expected, mice 259 

vaccinated with the high-dose developed the highest level of neutralizing/cross-neutralizing antibodies to 260 

the WT and variant SARS-CoV-2 (Fig. 6C). In terms of protection, a reverse correlation of the vaccine 261 

dose and viral load in the lung homogenates was observed (Fig. 6D); the high-dose regimen conferred the 262 

best protection among the three groups. A duplicate experiment including the high dose-group (106 EID50 263 

of NDV-HXP-S) and vector-only control group (106 EID50 of WT NDV) were set up to measure spike-264 

specific IgA in the nasal washes, which were collected 21 days after intranasal prime. A spike-specific IgA 265 

ELISA showed that animals which received the NDV-HXP-S developed IgA on their respiratory mucosal 266 

surfaces (Fig. S3).  267 

 268 

NDV-HXP-S is effective against SARS-CoV-2 variants of concern in the mouse model  269 

 With the emergence of variants of concern that are partially resistant to NAbs raised against the 270 

WT SARS-CoV-2 attributed to the amino acid substations or deletions in the N-terminal domain (NTD) 271 

and the receptor-binding domain (RBD), we performed vaccination in mice with inactivated NDV-HXP-S 272 
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and challenged them with USA-WA1/2020, hCoV-19/USA/MD-HP01542/2021 JHU (B.1.351) and hCoV-273 

19/Japan/TY7-503/2021 (P.1) after Ad5-hACE2 treatment. This was to ensure efficient replication of all 274 

three viruses, although both B.1.351 and P.1 variants have been reported to extend their host tropism to 275 

murine ACE2 (18). The vaccination group received intramuscular injection of 1 µg of inactivated NDV-276 

HXP-S, while the negative control group received 1 µg of the inactivated WT NDV. Two doses were 277 

administered, 3 weeks apart. One third of the mice from each group was challenged with USA-WA1/2020, 278 

hCoV-19/USA/MD-HP01542/2021 JHU (B.1.351) and hCoV-19/Japan/TY7-503/2021 (P.1), respectively. 279 

Lungs of animals from each group were harvested at day 2.  Viral loads were measured as described earlier. 280 

The NDV-HXP-S reproducibly inhibited WT virus replication to a great magnitude, while it also reduced 281 

B.1.351 replication by a factor of ~1000 and P.1 replication by a factor of ~280 at day 2 post-challenge 282 

(Fig 7). This study demonstrated that with expected reduction to neutralize the variants of concern, NDV-283 

HXP-S is still effective at robustly inhibiting virus replication in vivo, which would be essential to mitigate 284 

disease.  285 

  286 

 287 

Discussion 288 

 The COVID-19 pandemic has promoted the unprecedented development of various vaccine 289 

platforms from the conventional inactivated whole-virion vaccines, to novel mRNA vaccines, recombinant 290 

protein subunit vaccines and viral vector vaccines (19). The high efficacy of some novel vaccines is not 291 

necessarily followed by universal accessibility, due to logistical barriers (e.g. cost, manufacturing 292 

infrastructure, supply of raw materials, production capacity, transportation/storage and distribution). 293 

Newcastle disease virus was identified as an avian pathogen in the 1920’s, and was later developed as 294 

oncolytic agent and veterinary vaccine using non-virulent strains (20-25). Similar to many other 295 

paramyxoviruses, NDV tolerates large insertions and has been evaluated as vaccine vector for a number of 296 

animal pathogens in preclinical studies (22, 25-33). To increase the surface expression of the inserted gene, 297 

the transmembrane domain and cytoplasmic tail of the target membrane protein can be replaced by that of 298 

HN or F protein of NDV (32). Using this strategy, we have previously constructed a viral vector (NDV 299 

expressing the S-F chimera) and shown that it can be used as an inactivated vaccine against SARS-CoV-2 300 

(2). This construct was later optimized to further stabilize the S-F by introducing HexaPro mutations 301 

identified via structural biology (34). This second generation NDV-HXP-S was quickly developed and is 302 

currently being evaluated in Phase I clinical trials in Mexico (NCT04871737, live vaccine), Vietnam 303 

(NCT04830800, inactivated vaccine) and Thailand (NCT04764422, inactivated vaccine).  304 

 While the clinical trials are ongoing, we demonstrate here the versatility of the NDV-HXP-S in 305 

preclinical studies using mice and hamsters stressing its effectiveness as a live vaccine or an inactivated 306 
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vaccine. The live nature of the vaccine allowed for mucosal administration as well as intramuscular 307 

administration. There is also an important manufacturing consideration differentiating the live NDV 308 

vaccine from the inactivated vaccine technology. Live vaccine for humans must be propagated in specific 309 

pathogen free (SPF) embryonated eggs, while inactivated vaccine for humans can be safely manufactured 310 

in non-SPF eggs, as the inactivating process eliminates the risk of avian adventitious agents arising from 311 

the use of widely available breeder chicken eggs that are one tenth the cost and not limited in supply. A 312 

dose-ranging study in mice indicated the inactivated NDV-HXP-S was highly immunogenic even at a dose 313 

as low as 0.01 µg of the total protein (the amount of the spike protein would be much less). The adjuvant 314 

CpG 1018 leads to an antigen-sparing effect which is slightly better in mice than that in hamsters. It was 315 

postulated that the NDV could be self-adjuvanting due to viral components (RNA and proteins) being 316 

present, resulting in less beneficial effect of the adjuvant. However, we did observe that CpG 1018 drove a 317 

more prominent IgG2a production over IgG1 than the unadjuvanted vaccine in mice, suggesting it could 318 

promote a favorable TH1 response, which will be measured in the Phase I trials that include CpG 1018 319 

adjuvanted groups. The final verdict for the usefulness of CpG 1018 in combination with NDV-HXP-S will 320 

come from the human data. Moreover, it appeared that an oil-in-water nano-emulsion adjuvant (AddaVax) 321 

also enhanced antibody titers. It will be of great interest to evaluate other adjuvants in our future preclinical 322 

studies.  323 

 It was observed that mice and hamsters vaccinated with NDV-HXP-S developed strong antibody 324 

responses that not only neutralized the prototype SARS-CoV-2 but also cross-neutralized variants of 325 

interest/concern. The reduction of neutralizing activity against B.1.351 and B.1.1.7 is consistent with what 326 

was observed for other vaccines using the prototype spike as the immunogen (6-9). Interestingly, cross-327 

neutralization was improved by using CpG 1018 as adjuvant. Challenge studies in Ad5-hACE2 sensitized 328 

mice using B.1.351 and P.1 variants demonstrated good protection by the prototype antigen expressed by 329 

the NDV. Last but not least, this NDV platform could be quickly adapted to express the spike protein of 330 

SARS-CoV-2 variants. So far, we have successfully generated NDV-HXP-S (B.1.351), NDV-HXP-S 331 

(B.1.1.7) and NDV-HXP-S (P.1) and are evaluating them in animal models. Heterologous vaccination 332 

regimens or multi-valent formulations might be beneficial to the induction of cross-protective antibodies.  333 

 334 

 335 

Materials and methods 336 

Cells 337 

 BSRT7 cells were a kind gift from Dr. Benhur Lee at Icahn School of Medicine at Mount Sinai 338 

(ISMMS) (35, 36) and Vero E6 cells were purchased from ATCC (CRL-1586). Chicken embryo fibroblasts 339 

(CEF) were isolated as described in a previous study (37). All cell lines were maintained in Dulbecco’s 340 
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Modified Eagle’s Medium (DMEM; Gibco) containing 10% (vol/vol) fetal bovine serum (FBS), 100 341 

unit/mL of penicillin, 100 µg/mL of streptomycin (P/S; Gibco) and 10 mM 4-(2-hydroxyethyl)-1-342 

piperazineethanesulfonic acid (HEPES) at 37 °C with 5% CO2. 343 

 344 

Plasmids 345 

 HexaPro (HXP) mutations including F817P, A892P, A899P, A942P, K986P and V987P that have 346 

been identified to stabilize the prefusion conformation of spike (4) were introduced into the S-F chimera 347 

by PCR (HXP-S) (2). The sequence of the HXP-S was inserted into pNDV_LS/L289A rescue plasmid 348 

(between P and M genes) by in-Fusion cloning (Clontech). The recombination product was transformed 349 

into MAX EfficiencyTM Stbl2TM Competent Cells (Thermo Fisher Scientific) to generate the pNDV-HXP-350 

S rescue plasmid. The plasmid was purified using PureLinkTM HiPure Plasmid Maxiprep Kit (Thermo 351 

Fisher Scientific). 352 

 353 

Rescue of the NDV-HXP-S 354 

 As described in our previous studies (2), BSRT7 cells stably expressing the T7 polymerase were 355 

seeded onto 6-well plates at 3 x 105 cell per well in duplicate. The next day, cells were transfected with 2 356 

µg of pNDV-HXP-S, 1 µg of pTM1-NP, 0.5 µg of pTM1-P, 0.5 µg of pTM1-L and 1 µg of pCI-T7opt were 357 

re-suspended in 250 µL of Opti-MEM (Gibco). The plasmid cocktail was then gently mixed with 15 µL of 358 

TransIT LT1 transfection reagent (Mirus). The growth media were replaced with opti-MEM during 359 

transfection. To increase rescue efficiency, BSRT7-CEF co-culture was established the next day as 360 

described previously (38). Specifically, transfected BSRT7 cells and CEF wells were washed with warm 361 

PBS and trypsinized. Trypsinized cells were neutralized with excessive amount of growth media. Mix 362 

BSRT7 cells with CEF cells (~1: 2.5) in a 10-cm dish. The co-culture was incubated at 37°C overnight. 363 

The next day, the media were removed and cells were gently washed with warm PBS, opti-MEM 364 

supplemented with 1% P/S and 0.1 µg/mL of tosyl phenylalanyl chloromethyl ketone (TPCK)- treated 365 

trypsin was added. The co-cultures were incubated for 2 or 3 days before inoculation into 8 or 9 day-old 366 

embryonated chicken eggs. To inoculate eggs, cells and supernatants were harvested and homogenized by 367 

several syringe strokes. One or two hundred microliters of the mixture was injected into each egg. Eggs 368 

were incubated at 37 °C for 3 days and cooled at 4°C overnight. Allantoic fluid was harvested from cooled 369 

eggs and the rescue of the viruses was determined by hemagglutination (HA) assays.  370 

 371 

 372 

Preparation of inactivated concentrated virus 373 
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 The viruses in the allantoic fluid were first inactivated using 0.05% beta-propiolactone (BPL) as 374 

described previously (2). To concentrate the viruses, allantoic fluids were clarified by centrifugation at 375 

4,000 rpm at 4°C for 30 min using a Sorvall Legend RT Plus Refrigerated Benchtop Centrifuge (Thermo 376 

Fisher Scientific). Clarified allantoic fluids were laid on top of a 20% sucrose cushion in NTE buffer (100 377 

mM NaCl, 10 mM Tris-HCl, 1 mM EDTA, pH 7.4). Ultracentrifugation in a Beckman L7-65 ultracentrifuge 378 

at 25,000 rpm for two hours at 4°C using a Beckman SW28 rotor (Beckman Coulter) was performed to 379 

pellet the viruses through the sucrose cushion while soluble egg proteins were removed. The virus pellets 380 

were re-suspended in PBS (pH 7.4). The total protein content was determined using the bicinchoninic acid 381 

(BCA) assay (Thermo Fisher Scientific). 382 

 383 

 384 

SDS-PAGE 385 

 The concentrated NDV-HXP-S or WT NDV was mixed with Novex™ Tris-Glycine SDS Sample 386 

Buffer (2X) (Thermo Fisher Scientific), NuPAGETM Sample Reducing Agent (10 x) (Thermo Fisher 387 

Scientific) and PBS at appropriate amounts to reach a total protein content of 20 µg in 50 µl volume. The 388 

mixture was heated at 90 °C for 5 min.  The samples were mixed by pipetting and loaded at 30 µg to a 4-389 

20% 10-well Mini-PROTEAN TGXTM precast gel (Bio-Rad). Ten microliters of the NovexTM Sharp Pre-390 

stained Protein standard (Thermo Fisher Scientific) was used as the ladder. The electrophoresis was run in 391 

Tris/Glycine SDS/Buffer (Bio-Rad). The gel was then washed with distilled water at room temperature 392 

several times until the dye front in the gel was no longer visible. The gel was stained with 20 mL of 393 

SimplyBlueTM SafeStain (Thermo Fisher Scientific) for a minimal of 1 hour to overnight. The 394 

SimplyBlueTM SafeStain was decanted and the gel was washed with distilled water several times until the 395 

background was clear. Gels were imaged using the Bio-Rad Universal Hood Ii Molecular imager (Bio-Rad) 396 

and processed by Image Lab Software (Bio-Rad). 397 

 398 

Virus titration by EID50 assays 399 

 Fifty percent of egg embryo infectious dose (EID50) assay was performed in 9 to 11-day old chicken 400 

embryonated eggs. Virus in allantoic fluid was 10-fold serially diluted in PBS, resulting in 10-5 to 10-10 401 

dilutions of the virus. One hundred microliters of each dilution was injected into each egg for a total of 5-402 

10 egg per dilution. The eggs were incubated at 37 °C for 3 days and then cooled at 4°C overnight. Allantoic 403 

fluids were collected and analyzed by HA assay. The EID50 titer of the NDV, determined by the number of 404 

HA-positive and HA-negative eggs in each dilution was calculated using the Reed and Muench method.  405 

 406 

Animal experiments 407 
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 All the animal experiments were performed in accordance with protocols approved by the Icahn 408 

School of Medicine at Mount Sinai Institutional Animal Care and Use Committee (IACUC).  All 409 

experiments with live SARS-CoV-2 were performed in the Centers for Disease Control and Prevention 410 

(CDC)/US Department of Agriculture (USDA)-approved biosafety level 3 (BSL-3) biocontainment facility 411 

of the Global Health and Emerging Pathogens Institute at the Icahn School of Medicine at Mount Sinai, in 412 

accordance with institutional biosafety requirements. 413 

 414 

Mouse immunization and challenge studies 415 

  Female BALB/c mice were used in all studies. For intramuscular vaccination using the inactivated 416 

NDV-HXP-S, vaccine or negative control WT NDV was prepared in 100 µl total volume with or without 417 

CpG 1018 as the adjuvant. Two immunizations were performed for all the mice with a 21-day interval. To 418 

administer live NDV-HXP-S, mice were anesthetized with ketamine/xylazine cocktail and vaccinated with 419 

NDV-HXP-S, WT NDV or PBS in 30 µl total volume via the intranasal route (IN) and boosted with the 420 

same preparation via the IM route with a 21-day interval. For SARS-CoV-2 infection, mice were 421 

intranasally infected with 2.5 x 108 PFU of Ad5-hACE2 5 days prior to being challenged with 105 PFU of 422 

the USA-WA1/2020 strain, 3.4 x 104 PFU of the hCoV-19/USA/MD-HP01542/2021 JHU strain (B.1.351, 423 

kindly provided by Dr. Andrew Pekosz from Johns Hopkins Bloomberg School of Public Health) or 6.3 x 424 

104 PFU of the hCoV-19/Japan/TY7-503/2021 strain (P.1). Viral titers in the lung homogenates of mice 2 425 

days or 5 days post-infection were used as the readout for protection. Briefly, the lung lobes were harvested 426 

from a subset of animals per group and homogenized in 1 mL of sterile PBS. Viral titers in the lung 427 

homogenates were measured by plaque assay on Vero E6 cells. To collect nasal washes, mice were 428 

euthanized and nasal washes were collected in 1 mL PBS containing 0.1% BSA, 10 units/mL penicillin and 429 

10 µg/mL streptomycin. The nasal washes were spun at 3,000 rpm for 20 min at 4°C and stored at -80°C. 430 

Blood was collected by submandibular vein bleeding. Sera were isolated by low-speed centrifugation and 431 

stored at -80°C until use. 432 

 433 

Hamster immunization and challenge studies 434 

 Female Golden Syrian hamsters were used in all the studies. For intramuscular vaccination study, 435 

NDV-HXP-S vaccine or negative control WT NDV/PBS was prepared in 100 µL of total volume either 436 

without adjuvants, or with 100 µg of CpG 1018 or 50 µL of AddaVax as the adjuvant. For the intranasal 437 

vaccination study, hamsters were anesthetized with ketamine/xylazine cocktail before the intranasal 438 

administration of live NDV-HXP-S, WT NDV or PBS in a 50 µL volume.  An unvaccinated healthy control 439 

group was included in each study. The animals were vaccinated following a prime-boost regimen in a ~3-440 

week interval. Two to three-weeks after the boost, animals were challenged with 104 or 105 PFU of the 441 
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USA-WA1/2020 strain, except that the healthy control group was mock-challenged with the same amount 442 

of PBS. Animals were bled via lateral saphenous vein and sera were isolated by low-speed centrifugation. 443 

Weight changes of the animals were monitored for 5 days. A subset of animals from each group was 444 

euthanized at day 2 and day 5 post-challenge to harvest lungs lobes (upper right lung lobe, lower right lung 445 

lobe), nasal turbinates or nasal washes.  Each right lung lobe was homogenized in 1 mL of PBS. The nasal 446 

turbinates were homogenized in 0.5 mL of PBS. Nasal washes were collected in 0.4 mL PBS. Viral titers 447 

in the nasal washes, nasal turbinate and lung homogenates were measured by plaque assay on Vero E6 cells. 448 

The left lung lobes were collected at day 5 and fixed/perfused with neutral buffered formalin for 449 

histopathology. Of note, the challenge study using GMP vaccine from the three collaborating manufacturers 450 

was conducted using similar methods for assessments of outcomes, but with vaccine formulations from 451 

each manufacturer containing 1 µg of S protein per dose, with or without CpG 1018. 452 

 453 

ELISAs 454 

 ELISAs were performed as described previously (2, 3) to measure spike-specific IgG in the serum 455 

of mice and hamsters vaccinated with NDV-HXP-S. To measure spike-specific IgG1 or IgG2a subclass in 456 

the mouse sera, an HRP-conjugated goat anti-mouse IgG1 (ab97240, Abcam) or an HRP-conjugated goat 457 

anti-mouse IgG2a (ab97245, Abcam) were used at 1:3000 dilution. A starting dilution of 1: 30 was used 458 

for serum samples. To measure spike-specific IgA in the nasal wash, the clarified undiluted nasal washes 459 

were used and serially diluted by 2-fold. An HRP-conjugated goat anti-mouse IgA secondary antibody 460 

(PA1-74397 Invitrogen) was used at 1: 2000 dilution. 461 

 462 

Microneutralization assays using the authentic SARS-CoV-2 viruses 463 

 The microneutralization assays using the authentic SARS-CoV-2 viruses were described 464 

previously (39). To compare the neutralization titers of immune sera from animals vaccinated with NDV-465 

HXP-S, the neutralization assays against the wild type SARS-CoV-2 (isolate USA-WA1/2020), hCoV-466 

19/South Africa/KRISP-K005325/2020 (B.1.351, BEI Resources NR-54009) and hCoV-467 

19/England/204820464/2020 (B.1.1.7, BEI Resources NR-54000) were performed at the same time to 468 

avoid assay-to-assay variations.  469 

 470 

Pseudo-particle neutralization assays 471 

 The pseudo-particle neutralization assay (PNA) was performed by Nexelis using a replication 472 

incompetent vesicular stomatitis virus (VSV) displaying the spike protein of Wuhan-Hu-1 strain (15). 473 

 474 

SARS-CoV-2 plaque assay 475 
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 The plaque assay was performed in BSL3 facility. Vero E6 cells were seeded onto 12-well plates 476 

in growth media at 1:5 and were cultured for two days. Tissue homogenates or nasal washes were 10-fold 477 

serially diluted in infection medium (DMEM containing 2% FBS, P/S and 10 mM HEPES). Two hundred 478 

microliters of each dilution were inoculated onto each well starting with 1:10 dilution of the sample. The 479 

plates were incubated at 37 °C for 1 hour with occasional rocking every 10 minutes. The inoculum in each 480 

well was then removed and 1 mL of agar overlay containing 0.7% of agar in 2 x MEM was placed onto 481 

each well. Once the agar was solidified, the plates were incubated at 37 °C with 5% CO2. Two days later, 482 

the plates were fixed with 5% formaldehyde in PBS overnight before being taken out of BSL3 for 483 

subsequent staining in BSL2 cabinet. The plaques were immuno-stained with an anti-SARS-CoV-2 NP 484 

primary mouse monoclonal antibody 1C7C7 kindly provided by Dr. Thomas Moran at ISMMS. An HRP-485 

conjugated goat anti-mouse secondary antibody was used at 1:2000 and the plaques were visualized using 486 

TrueBlueTM Peroxidase Substrate (SeraCare Life Sciences Inc.). 487 

  488 

 489 

Histopathology  490 

 Formalin-fixed, paraffin-embedded (FFPE) left lung tissues obtained from hamsters were cut into 491 

5 μm sections and stained with hematoxylin and eosin (H&E) by the Biorepository and Pathology Core. 492 

All sections were evaluated by a veterinary pathologist who was blinded to the vaccination groups in the 493 

Comparative Pathology Laboratory (CPL) at ISMMS. The scoring system used was described in the table 494 

below.  495 

Score Area affected Epithelial 

degeneration/necrosis 

Inflammation  

0 none none None 

1 5-10%  Minimal; scattered cell 

necrosis/vacuolation affecting 5 

to 10% of tissue section 

Minimal; scattered 

inflammatory cells 

affecting 5-10% of 

tissue section 

2 10-25% Mild; scattered cell 

necrosis/vacuolation  

multifocal, few 

inflammatory cells 

3 25-50% Moderate; multifocal vacuolation 

or sloughed/necrotic cells 

Thin layer of cells (<5 

cell layer thick) 
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          496 

     497 

 498 

 499 

 500 

 501 

 502 

 503 

Statistical analysis 504 

 The statistical analysis was performed using GraphPad Prism 7.0. For multiple comparison, the 505 

statistical difference was determined using ordinary one-way ANOVA or two-way ANOVA with Dunnett’s 506 

correction. To compare two groups, a one-tailed t test was used.  507 

 508 

Data availability 509 

 The data that support the findings of this study are available from the corresponding author upon 510 

reasonable request 511 

 512 
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 668 

Figure legends 669 

Figure .1 Design of the NDV-HXP-S construct. (A) Structure and design of the NDV-HXP-S genome. 670 

The ectodomain of the spike was connected to the transmembrane domain and cytoplasmic tail (TM/CT) 671 

of the F protein. The original polybasic cleavage site was removed by mutating RRAR to A. The HexaPro 672 

(F817P, A892P, A899P, A942P, K986P and V987P) stabilizing mutations were introduced. The sequence 673 

was codon-optimized for mammalian host expression (B) Protein staining of NDV-HXP-S. WT NDV as 674 

well as NDV-HXP-S were partially-purified from allantoic fluid through a sucrose cushion and 675 

resuspended in PBS.  Five µg (1) and ten µg (2) of the WT NDV, as well as ten µg of NDV-HXP-S were 676 

resolved on 4-20% SDS-PAGE. The viral proteins were visualized by Coomassie Blue staining (L, S, 677 

HN, N, P and M).  678 

 679 

Figure 2. Low doses of inactivated NDV-HXP-S induce protective antibody response in mice. (A) 680 

Design of the study. Nine to ten-week old female BALB/c mice were used. Group 1 to 5 were vaccinated 681 

with unadjuvanted NDV-HXP-S at 1 µg, 0.3 µg, 0.1 µg, 0.03 µg and 0.01 µg per mouse, respectively. 682 

Group 6 and 7 were vaccinated with 0.1 µg of NDV-HXP-S with 10 or 30 µg of CpG 1018 per mouse, 683 

respectively. Group 8 and 9 were vaccinated with 0.03 µg of NDV-HXP-S with 10 or 30 µg of CpG 1018 684 

per mouse, respectively. Group 10 was vaccinated with 1 µg of WT NDV as the negative control. The 685 

vaccine was administered via the intramuscular (I.M.) route at D0 and D21. Blood was collected at D21 686 

and D43. Mice were sensitized with Ad5-hACE2 at D45 and challenged with 105 PFU of the USA-687 

WA1/2020 strain. (B) Spike-specific serum IgG. Antibodies in post-prime (D21) and post-boost (D43) 688 

sera were measured by ELISAs. Geometric mean titer (GMT) represented by area under the curve (AUC) 689 

was graphed. (C) Neutralizing activity of serum antibodies. Post-boost sera from group 1, group 7 and 690 

group 10 were pooled within each group and tested in neutralization assays against the USA-WA1/2020 691 

strain (WT), the B.1.351 variant and B 1.1.7 variant in technical duplicate. Serum dilutions inhibiting 692 

50% of the infection (ID50) were plotted. (LoD: limit of detection; LoD=1:20; An ID50=1:10 was assigned 693 

to negative samples) (D) Viral load in the lungs. Lungs of a subset of animals (n=4) from each group 694 

were collected at day 2 and day 5 post-challenge. The whole lungs were homogenized in 1 mL of PBS. 695 
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Viral titers were measured by plaque assay on Vero E6 cells and plotted as GMT of PFU/mL. (LoD=50 696 

PFU/mL; A titer of 25 PFU/mL was assigned to negative samples). Statistical difference was analyzed by 697 

ordinary one-way ANOVA corrected for Dunnett’s multiple comparisons test (****, <0.0001)  698 

 699 

Figure 3. Inactivated NDV-HXP-S induces protective antibody response in hamsters. (A) Design of 700 

the study. Eighteen to twenty- week old female Golden Syrian hamsters were used. Group 1 to 3 were 701 

vaccinated with 5 µg of NDV-HXP-S without adjuvants, with CpG 1018 and AddaVax, respectively. 702 

Group 4 was vaccinated with 5 µg of WT NDV as the negative control. Group 5 was not vaccinated. The 703 

vaccine was administered via the intramuscular (I.M.) route at D0 and D21. Blood was collected at D21 704 

and D39. Group 1-4 were challenged with 104 PFU of USA-WA1/2020 strain at D42. Group 5 was mock-705 

challenged with PBS. (B) Spike-specific serum IgG. Antibodies in post-prime (D21) and post-boost 706 

(D39) sera were measured by ELISAs. GMT endpoint titer was graphed. (C) Neutralizing activity of 707 

serum antibodies. Post-boost sera from group 1-4 were pooled within each group and tested in 708 

neutralization assays against USA-WA/2020 strain (WT), B.1.351 variant and B 1.1.7 variant in technical 709 

duplicate. Serum dilutions inhibiting 50% of the infection (ID50) were plotted. (LoD=1:50; An ID50=1:25 710 

was assigned to negative samples) (D) Body weight change of hamsters. Body weights were recorded for 711 

5 days after challenge. (E) Viral load in the lungs and nasal washes. Lower right and upper right lung 712 

lobes of a subset of animals (n=4 for group 1-4; n=3 for group 5) from each group were collected at day 2 713 

and day 5 post-challenge. Each lung lobe was homogenized in 1 mL PBS. Nasal washes were collected in 714 

0.4 mL of PBS. Viral titers were measured by plaque assay on Vero E6 cells and plotted as GMT of 715 

PFU/mL (LoD=50 PFU/mL; A titer of 25 PFU/mL was assigned to negative samples). Statistical 716 

difference was analyzed by two-way ANOVA corrected for Dunnett’s multiple comparisons test (**, 717 

p<0.005;***, p<0.0005; ****, <0.0001)  718 

 719 

 720 

Figure 4. GMP lots of inactivated NDV-HXP-S produced by influenza virus vaccine manufacturers 721 

induce protective antibody response in hamsters. (A) Design of the study. Nine to eleven-week old 722 

female Golden Syrian hamsters were used. Group 1 to 6 were vaccinated with 1 µg of spike antigen of 723 

inactivated NDV-HXP-S from GPO, IVAC and Butantan in the absence or presence of CpG 1018. Group 724 

7 was vaccinated with PBS as the negative control. Group 8 was not vaccinated (HC, healthy controls). 725 

The vaccine was administered via the intramuscular (I.M.) route at D0 and D21. Blood was collected at 726 

D0, D21 and D33. Group 1-7 were challenged with 104 PFU of the USA-WA1/2020 strain at D35. Group 727 

8 was mock-challenged with PBS. (B) Spike-specific serum IgG. Antibodies in pre-vaccination (D0), 728 

post-prime (D21) and post-boost (D33) sera were measured by ELISAs. GMT endpoint titers were 729 
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graphed. (C) Neutralizing activity of serum antibodies. Pseudo-particle neutralization assay was 730 

performed by Nexelis to measure neutralization titers of post-boost sera (D33). Human convalescent sera 731 

were included in the same assay as the controls (LoD=1:25; An ID50=1:12.5 was assigned to negative 732 

samples). (D) Body weight changes of hamsters. Body weights were monitored for 5 days after challenge. 733 

(E) Viral load in the lungs. Lower right and upper right Lung lobes of a subset of animals (n=4) from 734 

each group were collected at day 2 and day 5 post-challenge. Each lung lobe was homogenized in 1 mL 735 

PBS. (F) Viral load in nasal washes and nasal turbinates. At day 2 and day 5 post-challenge, nasal washes 736 

were collected in 0.4 mL of PBS. Nasal turbinates were homogenized in 0.5 mL PBS. Viral titers were 737 

measured by plaque assay on Vero E6 cells and plotted as GMT of PFU/mL (LoD=50 PFU/mL; A titer of 738 

25 PFU/mL was assigned to negative samples). Statistical difference was analyzed by ordinary one-way 739 

ANOVA corrected for Dunnett’s multiple comparisons test (****, p<0.0001)  740 

 741 

 742 

Figure 5. Live NDV-HXP-S via the intranasal route induces protective antibody responses in 743 

hamsters. (A) Design of the study. Eighteen to twenty- week old female Golden Syrian hamsters were 744 

used. Group 1 was vaccinated with 106 EID50 of live NDV-HXP-S. Group 2 was vaccinated with 106 745 

EID50 of live WT NDV as the vector-only control. Group 3 was vaccinated with PBS as the negative 746 

control. Group 4 were the healthy controls. The vaccine was administered via the intranasal (I.N.) route at 747 

D0 and D22. Blood was collected at D22 and D41. Group 1-3 were challenged with 105 PFU of the USA-748 

WA1/2020 strain at D44. Group 4 was mock-challenged with PBS. (B) Spike-specific serum IgG. 749 

Antibodies in post-prime (D22) and post-boost (D41) sera were measured by ELISAs. GMT endpoint 750 

titers were graphed. (C) Neutralizing activity of serum antibodies. Post-boost sera from group 1-3 were 751 

pooled within each group and tested in neutralization assay against USA-WA/2020 strain (WT), B.1.351 752 

variant and B 1.1.7 variant in technical duplicate. Serum dilutions inhibiting 50% of the infection (ID50) 753 

were plotted (LoD=1:50; An ID50=1:25 was assigned to negative samples). (D) Body weight change of 754 

hamsters. Body weight was recorded for 5 days after challenge. (E) Viral load in the lungs and nasal 755 

washes. Lower right and upper right lung lobes of a subset of animals (n=3) from each group were 756 

collected at day 2 and day 5 post-challenge. Each lung lobe was homogenized in 1 mL PBS. Nasal washes 757 

were collected in 0.4 mL of PBS. Viral titers were measured by plaque assay on Vero E6 cells and plotted 758 

as GMT of PFU/mL (LoD=50 PFU/mL; A titer of 25 PFU/mL was assigned to negative samples). 759 

Statistical difference was analyzed by two-way ANOVA corrected for Dunnett’s multiple comparisons 760 

test (**, p<0.005;***, p<0.0005)  761 

 762 

 763 
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Figure 6. Intranasal prime followed by intramuscular boost of live NDV-HXP-S induces protective 764 

antibody responses in mice. (A) Design of the study. Seven to nine- week-old female BALB/c mice 765 

were used. Group 1-3 were vaccinated with 104 , 105  and 106  EID50 of live NDV-HXP-S, respectively. 766 

Group 4 was vaccinated with 106  EID50 of WT NDV. Group 5 was mock-vaccinated with PBS. The 767 

vaccine was administered via the intranasal (I.N.) route at D0 and intramuscular (I.M.) route at D21. 768 

Blood was collected at D21 and D43. Mice were sensitized with Ad5-hACE2 at D40 and challenged with 769 

105 PFU of the USA-WA1/2020 strain at D45. (B) Spike-specific serum IgG. Antibodies in post-prime 770 

(D21) and post-boost (D43) sera were measured by ELISAs. GMT AUC was graphed. (C) Neutralizing 771 

activity of serum antibodies. Post-boost sera from group 1-4 were pooled within each group and tested in 772 

neutralization assay against USA-WA/2020 strain (WT), B.1.351 variant and B 1.1.7 variant in technical 773 

duplicate. Serum dilutions inhibiting 50% of the infection (ID50) were plotted (LoD=1:50; An ID50=1:25 774 

was assigned to negative samples). (D) Viral load in the lungs. Lungs of a subset of animals (n=5) from 775 

each group were collected at day 2 and day 5 post-challenge. The whole lungs were homogenized in 1 mL 776 

PBS. Viral titers were measured by plaque assay on Vero E6 cells and plotted as GMT of PFU/mL 777 

(LoD=50 PFU/mL; A titer of 25 PFU/mL was assigned to negative samples). Statistical difference was 778 

analyzed by ordinary one-way ANOVA corrected for Dunnett’s multiple comparisons test (****, 779 

<0.0001)  780 

 781 

Figure 7. Inactivated NDV-HXP-S induces protective antibody response against challenge of SARS-782 

CoV-2 variants of concern. Eight to ten- week-old female BALB/c mice were either vaccinated with 1 783 

µg of inactivated NDV-HXP-S or WT NDV (negative control). Two immunizations were performed via 784 

the intramuscular route at D0 and D21. At D44, mice were treated with Ad5-hACE2. At D49, one third of 785 

mice from each group was challenged with USA-WA1/2020, B.1.351 or P.1 strain.  At day 2, lungs were 786 

harvested and homogenized in 1 mL PBS. Viral titers were measured by plaque assay on Vero E6 cells 787 

and plotted as GMT of PFU/mL (LoD=50 PFU/mL; A titer of 25 PFU/mL was assigned to negative 788 

samples). Statistical difference was analyzed by one-tailed t test. The p values are indicated. 789 

 790 

Figure S1. Vaccination with inactivated and live NDV-HXP-S favors a IgG2a production over 791 

IgG1. ELISAs were performed using either anti-mouse IgG2a or IgG1 secondary antibody to determine 792 

subclasses of IgG induced by (A) inactivated NDV-HXP-S related to the mouse study described in Figure 793 

2 or (B) live NDV-HXP-S related to the mouse study described in Figure 6. GMT AUC was plotted. 794 

 795 

Figure S2. Inactivated NDV-HXP-S reduces SARS-CoV-2 induced lung pathology in hamsters. 796 

Related to the hamster study in Figure 4, Left lung lobes of hamsters collected at day 5 post-challenge 797 
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were fixed in neutral buffered formalin and cut into 5μm sections and stained with hematoxylin and eosin 798 

(H&E). All sections were evaluated by a veterinary pathologist who was blinded to the vaccination 799 

groups to score (A) Amount of lung affected; (B) Perivascular inflammation; (C) Alveolar inflammation 800 

and necrosis/fibrin; (D) Type II pneumocytes hyperplasia/cytopathy and (E) Epithelial 801 

degeneration/necrosis, bronchial/bronchiolar inflammation, intraluminal debris. 802 

 803 

Figure S3. Live NDV-HXP-S induces spike-specific mucosal IgA.  Nasal washes were collected from 804 

mice that were vaccinated with 106 EID50 of NDV-HXP-S or WT NDV (negative control) intranasally 3 805 

weeks later. Spike-specific IgA in the nasal washes was measured by ELISAs. 806 
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Figure 1

Design of the NDV-HXP-S construct.



Figure 2

Low doses of inactivated NDV-HXP-S induce protective antibody response in mice.



Figure 3

Inactivated NDV-HXP-S induces protective antibody response in hamsters.

Figure 4

GMP lots of inactivated NDV-HXP-S produced by in�uenza virus vaccine manufacturers induce protective
antibody response in hamsters.



Figure 5

Live NDV-HXP-S via the intranasal route induces protective antibody responses in hamsters.



Figure 6

Intranasal prime followed by intramuscular boost of live NDV-HXP-S induces protective antibody
responses in mice.

Figure 7

Inactivated NDV-HXP-S induces protective antibody response against challenge of SARS-CoV-2 variants
of concern.
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