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Abstract 
 

 The Omicron SARS-CoV-2 variant has been designated a variant of concern 
because its spike protein is heavily mutated.  In particular, Omicron spike is mutated at 5 
positions (K417, N440, E484, Q493 and N501) that have been associated with escape 
from neutralizing antibodies induced by either infection with or immunization against the 
early Washington strain of SARS-CoV-2.  The mouse-adapted strain of SARS-CoV-2, 
SARS2-N501YMA30, contains a spike that is also heavily mutated, with mutations at 4 of 
the 5 positions in Omicron spike associated with neutralizing antibody escape (K417, 
E484, Q493 and N501).  In this manuscript we show that intranasal immunization with a 
pre-fusion stabilized Washington strain spike, expressed from a highly attenuated, 
replication-competent vaccinia virus construct, NYVAC-KC, fully protected mice against 
disease and death from SARS2-N501YMA30. Similarly, immunization by scarification on 
the skin fully protected against death, but not from mild disease. This data demonstrates 
that Washington strain spike, when expressed from a highly attenuated, replication-
competent poxvirus, administered without parenteral injection can fully protect against the 
heavily mutated mouse-adapted SARS2-N501YMA30. 
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Introduction 
 
 The recently identified Omicron variant of SARS-CoV-2 has been designated a 
variant of concern because of its highly mutated spike protein (1). Of particular concern, 
Omicron spike is mutated at 5 positions (K417, N440, E484, Q493 and N501) that have 
been associated with escape from neutralizing antibodies induced by either infection with 
or immunization against the early Washington strain of SARS-CoV-2 (see Table 1)(2-4). 
Thus, Omicron may be able to at least partially escape from immunization with the current 
vaccines, which are all based on early, unmutated spike proteins. 
 
 While the vaccines currently licensed or authorized for emergency use in the 
United States provide excellent protection against early variants of SARS-CoV-2, 
including Delta, they have limitations that may hinder their widespread worldwide use.  
They require maintenance of a significant cold-chain, and are administered parenterally, 
both of which may make widespread use difficult.  We have generated a highly 
attenuated, replication-competent vaccinia virus vector, NYVAC-KC (5), which does not 
require an extensive cold-chain and can be administered either by scarification on the 
skin or intranasally (this manuscript). NYVAC-KC is fully replication competent in human 
primary keratinocytes and primary human dermal fibroblasts (5).  Despite being 
replication competent, NYVAC-KC is highly attenuated in the very sensitive newborn 
intra-cranial mouse model, as well as in immune-deficient mice (5).  NYVAC-KC induced 
mild induration on the skin of rabbits, with no signs of systemic spread (5). NYVAC-KC 
was highly immunogenic, inducing improved T cell and antibody responses to HIV inserts, 
compared to its replication deficient parental vector, NYVAC (5-10). Thus, NYVAC-KC 
may have properties that will make it useful in the worldwide fight against SARS-CoV-2. 
 
 In this manuscript we describe protection against challenge with a mouse-adapted 
variant of SARS-CoV-2, SARS2-N501YMA30 (11).  Early strains of SARS-CoV-2 are not 
pathogenic in mice.  SARS2-N501YMA30 was generated by serially passaging through 
mice of Washington strain SARS-CoV-2 that had an N501Y spike mutation.  After 30 
passages the virus became pathogenic for mice, which was associated with increased 
affinity for mouse ACE2 protein (11). During passage through mice 4 mutations 
accumulated in spike (along with 3 mutations in orf1a and 1 non-coding mutation in TRS), 
K417, E484, Q493, Q498 along with maintenance of the previous mutation at N501 
(Figure 1). All 5 spike sites mutated in SARS2-N501YMA30 are also mutated in Omicron, 
and 4 of the 5 mutated sites are at residues which when mutated allow escape from 
neutralizing antibodies induced by spike from early strains of SARS-CoV-2 (2-4). Thus, 
SARS2-N501YMA30 expresses a highly mutated spike, which may also allow for escape 
from neutralizing antibodies induced by the current vaccines. However, we show that 
intranasal immunization with a pre-fusion stabilized Washington strain spike, expressed 
from the highly attenuated, replication-competent vaccinia virus vector NYVAC-KC, fully 
protected mice against both death and disease after infection with SARS2-N501YMA30.  
Immunization by scarification fully protected against death, but not from mild disease. 
Thus, Washington strain spike, when expressed from a highly attenuated, replication-
competent heat-stable poxvirus vector, administered without parenteral injection, can fully 
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protect against challenge with the heavily mutated, mouse-adapted SARS2-N501YMA30 

variant of SARS-CoV-2. 
 

Results 
 
Generation of NYVAC-KC-pfsSpike.  A vaccinia virus-optimized Washington strain 
spike was stabilized in the pre-fusion state by mutation of the furin cleavage site, and 
insertion of 6 proline residues, preventing the conformational change to the post-fusion 
conformation (pfsSpike) (12) (Figure 1). PfsSpike, flanked by TK locus homologous 
flanking arms, was inserted into the TK locus of NYVAC-KC by homologous 
recombination (Figure 2). The TK locus of NYVAC-KC was modified by insertion of a 
pGNR-cmrS cassette (13) prior to homologous recombination with TK flanked pfsSpike.  
pGNR-cmrS encodes a neor gene and a GFP gene, to allow for selection and identification 
of virus that has taken up pGNR-cmrS, as well as a cmrS gene that acts as a negative 
selectable marker (14).  Cells were infected with NYVAC-KC-neoR-GFP-cmrS and 
transfected with TK-flanked pfsSpike.  Recombinant virus that had replaced the pGNR-
cmrS cassette with pfsSpike was selected for as cmrR, non-fluorescent plaques.  Insertion 
of pfsSpike was confirmed by PCR and Western blot of individual plaques.  This 
technology allows for rapid insertion (approximately 1 month from obtaining DNA to 
having a P2 stock) of new genes into NYVAC-KC. 
 
Immunization with NYVAC-KC. Mice were immunized with 106 pfu of NYVAC-KC-
pfsSpike, either by scarification or intranasally (Figure 3).  Mice were boosted at one 
month post immunization, rested for 3 months, and boosted a second time. Blood was 
obtained one month after the primary immunization, one and three months after the first 
boost and two weeks after the second boost.  Serum was assayed for the ability to block 
binding of Washington strain Spike protein RBD to human ACE2 (15). Immunization by 
scarification with NYVAC-KC-pfsSpike gave a modest serum response inhibiting RDB 
binding to huACE2 (Figure 4A).  The response was boosted to high levels, which waned 
after three months. The second boost increased the serum response, inhibiting binding 
of RBD to huACE to moderate levels.  A single intranasal immunization with NYVAC-KC-
pfsSpike induced a potent serum response that inhibited RDB binding to huACE2 (Figure 
4B).  This response remained high after the first boost and did not appreciably wane three 
months after the first boost, and remained high after the second boost.  Thus, intranasal 
immunization was able to induce a potent durable serum RBD binding response. 
 
Challenge with SARS2-N501YMA30. Animals immunized with NYVAC-KC-pfsSpike were 
challenged two weeks after the second boost with approximately 2x103 pfu of SARS2-
N501YMA30 (11).  Animals were monitored and scored from 0-3 according to severity for 
each criterion: weight loss, ruffled fur, hunching, and loss of activity. All animals were 
scored in a blinded fashion. An aggregate clinical score of 8 was an endpoint for humane 
euthanasia. Fifteen of seventeen animals not immunized with NYVAC-KC-pfsSpike 
reached a clinical score of 8 by 4 days post-infection and were humanely euthanized 
(Figure 5, red line). None of the animals immunized with NYVAC-KC-pfs-Spike needed 
to be euthanized (Figure 5, blue line). Figure 6 shows the clinical score for each animal 
in aggregate groups from 0-9 days post challenge.  Mock challenged animals had scores 
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of 0-1 throughout the course of the experiment (Figure 6A).  Animals not immunized with 
NYVAC-KC-pfsSpike, and challenged with SARS2-N501YMA30, all showed signs of illness 
by days 2-3 post-challenge, and for 15 of the 17 animals, symptoms were serious enough 
to warrant humane euthanasia (Figure 6B). Animals immunized with NYVAC-KC-
pfsSpike were all spared progression to serious disease (Figure 6C), although two of the 
animals had mild disease, with maximal clinical scores of 2 and 4.  The two animals that 
showed mild disease were in the cohort that was immunized by scarification (Figure 6D).  
Intranasally immunized animals were asymptomatic after SARS2-N501YMA30challenge, 
with clinical scores of 0-1 (Figure 6E), indistinguishable from mock challenged animals 
(Figure 6A). 
 

Discussion 

 In this manuscript we demonstrate that Washington strain spike, expressed from 
a highly attenuated, replication-competent vaccinia virus vector, NYVAC-KC, fully 
protected mice from serious disease after challenge with a heavily mutated, mouse 
adapted strain of SARS-CoV-2, SARS2-N501YMA30. NYVAC-KC was originally developed 
as an improved poxvirus-based vector for immunization against HIV (5).  NYVAC-KC is 
highly attenuated yet induces a potent T cell and antibody response against HIV gag, pol, 
nef and env inserts (5-10). Since poxvirus vectors are heat stable and generally don’t 
require an extensive cold-chain (16), NYVAC-KC based vectors likely will be easy to 
distribute worldwide. In this manuscript we demonstrate that NYVAC-KC expressing a 
pre-fusion stabilized spike can induce protective immune responses when administered 
either by scarification or intranasally.  Thus, these vectors may be easy to administer after 
widespread distribution.  Furthermore, multiple antigens can be expressed from NYVAC-
KC. There are 6 deletion sites in NYVAC-KC (Figure 2), each of which can be used to 
express foreign antigens.  It is also possible to express multiple antigens from each 
insertion site.  We have successfully generated a stable construct expressing HIV gag, 
pol, nef and env from the TK locus (5). Thus, it may be possible to express spikes from 
multiple SARS-CoV-2 variants in a single vector, and to express antigens encoding stable 
T cell epitopes, in addition to the highly variant Spike proteins. 
 Early strains of SARS-CoV-2 do not cause disease in wild type mice.  On the 
contrary, mouse adapted SARS2-N501YMA30 is highly virulent in wild type mice (11). 
Intranasal administration of a dose of 2x103 pfu uniformly induced serious disease in 
infected animals, with the majority of animals being euthanized by 4 days post-infection. 
During the course of adaptation in mice, SARS2-N501YMA30 fixed 5 mutations in the Spike 
RBD (11).  These mutations were associated with increased binding to mouse ACE2. 
Interestingly, while SARS2-N501YMA30 was selected for in immunologically naïve mice, 4 
of the 5 RBD mutations are at loci associated with resistance to neutralizing antibodies 
induced by early strain Spike (2-4). Thus, these mutations may have multiple effects, 
enhancing binding to murine ACE2, while possibly providing at least partial resistance to 
neutralizing antibodies. All 5 of the loci in RBD with fixed mutations in SARS2-N501YMA30 

are also mutated in the heavily mutated Omicron variant of SARS-CoV-2 (Table 1). 
 Immunization with NYVAC-KC-pfsSpike fully protected mice from lethal challenge 
with the heavily mutated SARS2-N501YMA30, despite the immunogen in NYVAC-KC-
pfsSpike having a wild type, unmutated RBD. Thus, either NYVAC-KC-pfsSpike induces 
neutralizing antibodies to regions not mutated in SARS2-N501YMA30 spike, or induces a 
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high enough neutralizing antibody titer to cross-neutralize the divergent SARS2-
N501YMA30. While we are in the process of measuring neutralizing antibody levels induced 
by NYVAC-KC-pfsSpike, we have shown that NYVAC-KC-pfsSpike can potently induce 
antibodies that inhibit binding of Washington strain RBD to human ACE2 (Figures 4A and 
B). It is not clear if these antibodies can inhibit binding of SARS2-N501YMA30 RBD to 
mouse ACE2, or if NYVAC-KC-pfsSpike induces antibodies to other regions of Spike. 
 While either intranasal or scarification immunization with NYVAC-KC-pfsSpike 
protected mice from serious disease induced by SARS2-N501YMA30, intranasal 
immunization appeared to give superior protection, with animals being fully asymptomatic 
after challenge.  Intranasal immunization in animals also induced more potent serum 
antibody responses that inhibited binding of Washington strain SARS-CoV-2 Spike RBD 
to human ACE2, than immunization by scarification. It is unclear if these higher titers of 
serum RBD binding antibodies led to enhanced protection after intranasal immunization, 
or if intranasal immunization led to an enhanced mucosal immune response that fully 
protected against disease. 
 In conclusion, in this manuscript we demonstrate that pre-fusion stabilized 
Washington strain spike, when expressed from a highly attenuated, replication-competent 
poxvirus vector, administered without parenteral injection can fully protect against the 
heavily mutated mouse-adapted SARS-CoV-2, SARS2-N501YMA30. 
 

Materials and Methods 
 

Viruses. Mouse adapted SARS-CoV-2 SARS2-N501YMA30 was propagated in A549-
huACE2 cells (11). For insertion of foreign genes into the NYVAC-KC genome, we 
constructed a cassette (pGNR-cmrS) that encodes an E. coli gyrase/PKR fusion protein 
that confers coumermycin (cmr) sensitivity (14), a neoR gene and expresses GFP (13). 
The cassette has arms that are homologous to the sequence flanking the TK deletion in 
NYVAC-KC, to allow for in vivo recombination with the viral genome. The pGNR-cmrS 
cassette was added to NYVAC-KC through an in vivo recombination (17) done in BSC-
40 cells; cells were transfected with linear cassette DNA using Lipofectamine 2000 
(Invitrogen) according to product instructions. Infection with NYVAC-KC was at an MOI 
of 0.05. After 48 hours, the infected cells were scraped into the medium (1.2 mls Opti-Pro 
(Gibco) with glutamine and 1% FBS). Following two cycles of freeze/thaw, the cell 
supernatant was used to infect 100 mm dishes of BSC-40 cells, at 1:10, 1:100, and 1:1000 
dilutions of the IVR stock. DMEM 2% FBS plus G418 at 1 mg/ml was added after the 
infection incubation. Green, G418R plaques were picked at 48 hours post infection, 
following the addition of an agarose overlay. Plaques were screened in 6-well plates for 
sensitivity to cmr, and the two showing the highest sensitivity were chosen for continuing 
to the next round of plaque purification in BSC-40 cells. The plaque from this round that 
demonstrated the highest sensitivity to cmr was amplified in a 60 mm dish. This virus 
(NYVAC-KC-neoR-GFP-cmrS) was used in an IVR to replace the pGNR-cmrS cassette 
with the coding sequence for a vaccinia virus optimized, pre-fusion-stabilized SARS-CoV-
2 Washington strain spike protein (12), under control of a vaccinia virus synthetic 
early/late promoter (18), yielding a cmrR, non-fluorescent virus. For this selection, 100 
ng/ml cmr was added at 24 hpi of the IVR, and subsequent infections were carried out in 
the presence of cmr until the final plaque was chosen.  Correct insertion was confirmed 
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by PCR and Western blotting.  Plaques were amplified twice to obtain P2 stocks (5) that 
were used for immunization of mice. 
 

Cell lines. African green monkey kidney Vero cells (E6) or (CCL81) (obtained from 
ATCC) were cultured in Dulbecco’s modified Eagle’s medium (DMEM; Gibco catalog no. 
11965), supplemented with 10% fetal bovine serum (FBS), 100 U/ml of penicillin, 100 
μg/ml streptomycin, 50 μg/ml gentamicin, 1mM sodium pyruvate, and 10mM HEPES. 
Human A549 cells (Verified by ATCC) were cultured in RPMI 1640 (Gibco catalog no. 
11875) supplemented with 10% FBS, 100 U/ml of penicillin, and 100 μg/ml streptomycin. 
The generation of A549-ACE2 cells was described previously (19). 
 
Plaque assay. Briefly virus supernatant was serially diluted 10-fold and inoculum was 

absorbed on Vero cells for 1 hour at 37C. Inoculum was overlaid with DMEM plus 0.7% 

agarose and incubated for 3 days at 37C. Cells were fixed with 4% paraformaldehyde 
and stained with 1% crystal violet for counting plaques. All infections and virus 
manipulations were conducted in a biosafety level 3 (BSL-3) laboratory using appropriate 
and IBC-approved personal protective equipment and protocols. 
 
Immunization. BALB/c mice at age 7 weeks were immunized with 106 pfu of NYVAC-
KC-pfsSpike. Immunization was performed either intranasally (in 10 µL), or by tail 
scarification (20 µL) and under anesthesia with a cocktail containing 37.5 mg/kg ketamine, 
7.5 mg/kg xylazine, and 2.5 mg/kg acepromazine. Following vaccination, mice were 
allowed to recover on heating pads and were monitored until ambulatory, at which point 
they were placed in their cages. Mice were boosted 1 month and 4 months after initial 
vaccination. Throughout the duration of the study before challenge, mice were weighed 
weekly and blood draws were taken on a bi-weekly basis. 
 
Inhibition of RBD/huACE2 interaction. Neutralizing antibodies were assessed using a 
lateral flow assay that semi-quantitatively measures levels of antibodies that prevent 
binding of Washington strain RBD to ACE2, as previously described (15).  Briefly, 3 µl of 
serum was diluted to 6 µl in PBS and loaded onto lateral flow strips that had soluble gold-
labeled Washington strain RBD, and bound huACE2.  Serum and gold-labeled RBD were 
chased through the strip with chase buffer (15).  After 20 minutes, blue color at the site of 
the bound ACE2 was quantified by densitometry. Percent inhibition was calculated as 
previously described (20), using the following formula: 1-(Test sample line density/Limit 
of Detection, LoD)*100 where LoD for non-neutralizing sera for the rapid test was 
570,229. 
 
SARS2-N501YMA30 Challenge 
Mice either immunized or not immunized with NYVAC-KC-pfsSpike were moved to the 
ABSL3 for SARS-CoV-2 challenge.  SARS2-N501YMA30 was administered intranasally at 
a dose of 2x103 pfu per animal in a volume of 50 µl. Mice were anesthetized by 
intraperitoneal route with a cocktail of 50 mg/kg ketamine and 7.5 mg/kg xylazine for the 
inoculation. Following the inoculation, mice were allowed to recover in their cages, which 
were placed on heating pads, and mice were monitored until ambulatory. Mice were 
weighed daily unless weight fell below 85% of their original weight, at which time they 
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were monitored twice daily. Symptoms were scored in a blinded manner for ruffled fur, 
hunching and activity, and scored from 0-3 (0 normal, 3 severe) for 10 days and mice 
were euthanized when their aggregate clinical score reached 8 (including a score of 0-3 
for weight loss) as detailed in the approved IACUC protocol. Mice that recovered or were 
asymptomatic were monitored for 10 days. 
 
Funding: This research was supported by grants from the National Institutes of Health 
USA (P01 AI060699 and RO1 AI129269) to SP, by grants from The ASU Catalyst Fund 
and ASU Presidents Club to BLJ, and a grant from Mercatus Center Fast Grant to BGH 
and MR. 
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[see (2-4)]  

*Mutations associated with antibody escape. 
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Figure Legends 
 
Figure 1.  Pre-fusion stabilizing mutations in Washington strain Spike.  The 
indicated mutations (in bold) were made to stabilize Washington strain Spike in the pre-
fusion conformation, as previously described (12). 
 
Figure 2. NYVAC-KC-pfsSpike. NYVAC-KC is a highly attenuated, replication-
competent derivative of the Copenhagen strain of vaccinia virus, that has been deleted 
of 16 open reading frames.  A pre-fusion stabilized spike, under control of a synthetic 
early/late promoter was inserted into the TK locus of NYVAC-KC to generate NYVAC-
KC-pfsSpike. 
 
Figure 3.  Immunization/challenge schedule.  Animals were immunized on day 0 and 
boosted 1 month and 4 months after the first immunization.  Animals were challenged 2 
weeks after the second boost and monitored for signs of morbidity for up to 10 days. 
Animals were bled (indicated by “B”) one day prior to each immunization, one day prior 
to challenge and for all surviving animals, at the termination of the experiment. 
 
Figure 4. RBD binding antibodies. Serum from animals bled at the indicated times were 
assayed for the ability to inhibit binding of gold-labeled Washington strain RBD to 
huACE2.  Controls indicated inhibition of binding by a strongly neutralizing positive 
control, and a weakly neutralizing positive control. 
 
Figure 5. Survival after challenge with mouse-adapted SARS-CoV-2, SARS2-
N501YMA30. Animals either not immunized with NYVAC-KC-pfsSpike or immunized with 
NYVAC-KC-pfsSpike were challenged with 2x103 pfu of mouse adapted SARS2-
N501YMA30. Animals were monitored for morbidity daily in a blinded manner for up to 10 
days (see Figure 6). Animals with a clinical score of 8 or higher were humanely 
euthanized. 
 
Figure 6. Clinical scores of challenged animals.  Animals were monitored for morbidity 
(weight loss, ruffled fur, hunching, diminished activity, with a range or 0-3 for each 
parameter, with 0 being no symptoms, 1, mild symptoms, 2, moderate symptoms, and 3, 
severe symptoms) for up to 10 days after challenge. Animals with an aggregate score of 
8 or greater were humanely euthanized. A. Animals not immunized with NYVAC-KC-
pfsSpike and not challenged. B. Animals not immunized with NYVAC-KC-pfsSpike and 
challenged with mouse adapted SARS2-N501YMA30. C. Animals immunized with NYVAC-
KC-pfsSpike and challenged with mouse adapted SARS2-N501YMA30. D. Animals 
immunized by scarification with NYVAC-KC-pfsSpike and challenged with mouse 
adapted SARS2-N501YMA30. E. Animals immunized intranasally with NYVAC-KC-
pfsSpike and challenged with mouse adapted SARS2-N501YMA30. 
 

References 
 
1. WHO. 2021. Classification of Omicron (B.1.1.529): SARS-CoV-2 Variant of 

Concern.  

.CC-BY-NC-ND 4.0 International licenseavailable under a
(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 

The copyright holder for this preprintthis version posted December 8, 2021. ; https://doi.org/10.1101/2021.12.06.471483doi: bioRxiv preprint 

https://doi.org/10.1101/2021.12.06.471483
http://creativecommons.org/licenses/by-nc-nd/4.0/


2. Lu L, Chu AW, Zhang RR, Chan WM, Ip JD, Tsoi HW, Chen LL, Cai JP, Lung DC, 
Tam AR, Yau YS, Kwan MY, To WK, Tsang OT, Lee LL, Yi H, Ip TC, Poon RW, 
Siu GK, Mok BW, Cheng VC, Chan KH, Yuen KY, Hung IF, To KK. 2021. The 
impact of spike N501Y mutation on neutralizing activity and RBD binding of SARS-
CoV-2 convalescent serum. EBioMedicine 71:103544. 

3. Starr TN, Greaney AJ, Addetia A, Hannon WW, Choudhary MC, Dingens AS, Li 
JZ, Bloom JD. 2021. Prospective mapping of viral mutations that escape 
antibodies used to treat COVID-19. Science 371:850-854. 

4. Weisblum Y, Schmidt F, Zhang F, DaSilva J, Poston D, Lorenzi JC, Muecksch F, 
Rutkowska M, Hoffmann HH, Michailidis E, Gaebler C, Agudelo M, Cho A, Wang 
Z, Gazumyan A, Cipolla M, Luchsinger L, Hillyer CD, Caskey M, Robbiani DF, Rice 
CM, Nussenzweig MC, Hatziioannou T, Bieniasz PD. 2020. Escape from 
neutralizing antibodies by SARS-CoV-2 spike protein variants. Elife 9. 

5. Kibler KV, Gomez CE, Perdiguero B, Wong S, Huynh T, Holechek S, Arndt W, 
Jimenez V, Gonzalez-Sanz R, Denzler K, Haddad EK, Wagner R, Sekaly RP, 
Tartaglia J, Pantaleo G, Jacobs BL, Esteban M. 2011. Improved NYVAC-based 
vaccine vectors. PLoS One 6:e25674. 

6. Garcia-Arriaza J, Perdiguero B, Heeney JL, Seaman MS, Montefiori DC, Yates NL, 
Tomaras GD, Ferrari G, Foulds KE, Roederer M, Self SG, Borate B, Gottardo R, 
Phogat S, Tartaglia J, Barnett SW, Burke B, Cristillo AD, Weiss DE, Lee C, Kibler 
KV, Jacobs BL, Wagner R, Ding S, Pantaleo G, Esteban M. 2017. HIV/AIDS 
Vaccine Candidates Based on Replication-Competent Recombinant Poxvirus 
NYVAC-C-KC Expressing Trimeric gp140 and Gag-Derived Virus-Like Particles or 
Lacking the Viral Molecule B19 That Inhibits Type I Interferon Activate Relevant 
HIV-1-Specific B and T Cell Immune Functions in Nonhuman Primates. J Virol 91. 

7. Kibler KV, Asbach B, Perdiguero B, Garcia-Arriaza J, Yates NL, Parks R, Stanfield-
Oakley S, Ferrari G, Montefiori DC, Tomaras GD, Roederer M, Foulds KE, Forthal 
DN, Seaman MS, Self S, Gottardo R, Phogat S, Tartaglia J, Barnett S, Cristillo AD, 
Weiss D, Galmin L, Ding S, Heeney JL, Esteban M, Wagner R, Pantaleo G, Jacobs 
BL. 2019. Replication-Competent NYVAC-KC Yields Improved Immunogenicity to 
HIV-1 Antigens in Rhesus Macaques Compared to Nonreplicating NYVAC. J Virol 
93. 

8. Perdiguero B, Gomez CE, Cepeda V, Sanchez-Sampedro L, Garcia-Arriaza J, 
Mejias-Perez E, Jimenez V, Sanchez C, Sorzano CO, Oliveros JC, Delaloye J, 
Roger T, Calandra T, Asbach B, Wagner R, Kibler KV, Jacobs BL, Pantaleo G, 
Esteban M. 2015. Virological and immunological characterization of novel NYVAC-
based HIV/AIDS vaccine candidates expressing clade C trimeric soluble 
gp140(ZM96) and Gag(ZM96)-Pol-Nef(CN54) as virus-like particles. J Virol 
89:970-88. 

9. Quakkelaar ED, Redeker A, Haddad EK, Harari A, McCaughey SM, Duhen T, 
Filali-Mouhim A, Goulet JP, Loof NM, Ossendorp F, Perdiguero B, Heinen P, 
Gomez CE, Kibler KV, Koelle DM, Sekaly RP, Sallusto F, Lanzavecchia A, 
Pantaleo G, Esteban M, Tartaglia J, Jacobs BL, Melief CJ. 2011. Improved innate 
and adaptive immunostimulation by genetically modified HIV-1 protein expressing 
NYVAC vectors. PLoS One 6:e16819. 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(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 

The copyright holder for this preprintthis version posted December 8, 2021. ; https://doi.org/10.1101/2021.12.06.471483doi: bioRxiv preprint 

https://doi.org/10.1101/2021.12.06.471483
http://creativecommons.org/licenses/by-nc-nd/4.0/


10. Zurawski G, Shen X, Zurawski S, Tomaras GD, Montefiori DC, Roederer M, Ferrari 
G, Lacabaratz C, Klucar P, Wang Z, Foulds KE, Kao SF, Yu X, Sato A, Yates NL, 
LaBranche C, Stanfield-Oakley S, Kibler K, Jacobs B, Salazar A, Self S, Fulp W, 
Gottardo R, Galmin L, Weiss D, Cristillo A, Pantaleo G, Levy Y. 2017. Superiority 
in Rhesus Macaques of Targeting HIV-1 Env gp140 to CD40 versus LOX-1 in 
Combination with Replication-Competent NYVAC-KC for Induction of Env-Specific 
Antibody and T Cell Responses. J Virol 91. 

11. Roy Wong LY, Zheng J, Wilhelmsen K, Li K, Ortiz ME, Schnicker NJ, Pezzulo AA, 
Szachowicz PJ, Klumpp K, Aswad F, Rebo J, Narumiya S, Murakami M, Meyerholz 
DK, Fortney K, McCray PB, Perlman S. 2021. Eicosanoid signaling as a 
therapeutic target in middle-aged mice with severe COVID-19. bioRxiv 
doi:10.1101/2021.04.20.440676. 

12. Hsieh CL, Goldsmith JA, Schaub JM, DiVenere AM, Kuo HC, Javanmardi K, Le 
KC, Wrapp D, Lee AG, Liu Y, Chou CW, Byrne PO, Hjorth CK, Johnson NV, Ludes-
Meyers J, Nguyen AW, Park J, Wang N, Amengor D, Lavinder JJ, Ippolito GC, 
Maynard JA, Finkelstein IJ, McLellan JS. 2020. Structure-based design of 
prefusion-stabilized SARS-CoV-2 spikes. Science 369:1501-1505. 

13. Hansen SG, Cope TA, Hruby DE. 2002. BiZyme: a novel fusion protein-mediating 
selection of vaccinia virus recombinants by fluorescence and antibiotic resistance. 
Biotechniques 32:1178, 1180, 1182-7. 

14. White SD, Conwell K, Langland JO, Jacobs BL. 2011. Use of a negative selectable 
marker for rapid selection of recombinant vaccinia virus. Biotechniques 50:303-9. 

15. Lake DF, Roeder AJ, Kaleta E, Jasbi P, Pfeffer K, Koelbela C, Periasamy S, 
Kuzmina N, Bukreyev A, Grys TE, Wu L, Mills JR, McAulay K, Gonzalez-Moa M, 
Seit-Nebi A, Svarovsky S. 2021. Development of a rapid point-of-care test that 
measures neutralizing antibodies to SARS-CoV-2. J Clin Virol 145:105024. 

16. Sartbaeva AaD, A. 2021. The Challenge of Vaccine Cold Chain Logistics: How a 
Chemical ‘Casing’ Could Save Lives. Global Biodefense.  

17. Shors T, Jacobs BL. 1997. Complementation of deletion of the vaccinia virus E3L 
gene by the Escherichia coli RNase III gene. Virology 227:77-87. 

18. Chakrabarti S, Sisler JR, Moss B. 1997. Compact, synthetic, vaccinia virus 
early/late promoter for protein expression. Biotechniques 23:1094-7. 

19. Li Y, Renner DM, Comar CE, Whelan JN, Reyes HM, Cardenas-Diaz FL, Truitt R, 
Tan LH, Dong B, Alysandratos KD, Huang J, Palmer JN, Adappa ND, Kohanski 
MA, Kotton DN, Silverman RH, Yang W, Morrisey EE, Cohen NA, Weiss SR. 2021. 
SARS-CoV-2 induces double-stranded RNA-mediated innate immune responses 
in respiratory epithelial-derived cells and cardiomyocytes. Proc Natl Acad Sci U S 
A 118. 

20. Lake DR, A. Gonzalez-Moa, M. Koehler, M. Kaleta, E. Jasbi, P. Vanderhoof, J. 
Mckechnie, D. Forman, J. Edwards, B. Seit-Nebi, A. Svarovsky, S. 2021. Third 
COVID-19 Vaccine Dose Boosts Neutralising Antibodies in Poor Responders. 
MedRxiv doi:https://doi.org/10.1101/2021.11.30.21266716.  

  

.CC-BY-NC-ND 4.0 International licenseavailable under a
(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 

The copyright holder for this preprintthis version posted December 8, 2021. ; https://doi.org/10.1101/2021.12.06.471483doi: bioRxiv preprint 

https://doi.org/10.1101/2021.12.06.471483
http://creativecommons.org/licenses/by-nc-nd/4.0/


Figures 
 
Figure 1 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(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 

The copyright holder for this preprintthis version posted December 8, 2021. ; https://doi.org/10.1101/2021.12.06.471483doi: bioRxiv preprint 

https://doi.org/10.1101/2021.12.06.471483
http://creativecommons.org/licenses/by-nc-nd/4.0/


Figure 2 
 

 
 
 
 
Figure 3 
 

 
 
 
 
 
 
 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(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 

The copyright holder for this preprintthis version posted December 8, 2021. ; https://doi.org/10.1101/2021.12.06.471483doi: bioRxiv preprint 

https://doi.org/10.1101/2021.12.06.471483
http://creativecommons.org/licenses/by-nc-nd/4.0/


Figure 4 

 
 

 
  

.CC-BY-NC-ND 4.0 International licenseavailable under a
(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 

The copyright holder for this preprintthis version posted December 8, 2021. ; https://doi.org/10.1101/2021.12.06.471483doi: bioRxiv preprint 

https://doi.org/10.1101/2021.12.06.471483
http://creativecommons.org/licenses/by-nc-nd/4.0/


Figure 5 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(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 

The copyright holder for this preprintthis version posted December 8, 2021. ; https://doi.org/10.1101/2021.12.06.471483doi: bioRxiv preprint 

https://doi.org/10.1101/2021.12.06.471483
http://creativecommons.org/licenses/by-nc-nd/4.0/


Figure 6 

 
 
 
 
 
 

 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(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 

The copyright holder for this preprintthis version posted December 8, 2021. ; https://doi.org/10.1101/2021.12.06.471483doi: bioRxiv preprint 

https://doi.org/10.1101/2021.12.06.471483
http://creativecommons.org/licenses/by-nc-nd/4.0/


 
 

 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(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 

The copyright holder for this preprintthis version posted December 8, 2021. ; https://doi.org/10.1101/2021.12.06.471483doi: bioRxiv preprint 

https://doi.org/10.1101/2021.12.06.471483
http://creativecommons.org/licenses/by-nc-nd/4.0/

