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ABSTRACT Vaccines are being rapidly developed with the goal of ending the severe
acute respiratory syndrome coronavirus 2 (SARS-CoV-2) pandemic. However, the extent
to which SARS-CoV-2 vaccination induces serum responses that cross-react with other
coronaviruses remains poorly studied. Here, we define serum profiles in rhesus maca-
ques after vaccination with DNA- or Ad26-based vaccines expressing SARS-CoV-2 spike
protein followed by SARS-CoV-2 challenge, or SARS-CoV-2 infection alone. Analysis of se-
rum responses showed robust reactivity to the SARS-CoV-2 full-length spike protein and
receptor binding domain (RBD), both included in the vaccine. However, serum cross-
reactivity to the closely related sarbecovirus SARS-CoV-1 spike and RBD was reduced.
Reactivity was also measured to the distantly related common cold alphacoronavirus
(229E and NL63) and betacoronavirus (OC43 and HKU1) spike proteins. Using SARS-CoV-
2 and SARS-CoV-1 lentivirus-based pseudoviruses, we show that neutralizing antibody
responses were predominantly SARS-CoV-2 specific. These data define patterns of cross-
reactive binding and neutralizing serum responses induced by SARS-CoV-2 infection and
vaccination in rhesus macaques. Our observations have important implications for
understanding polyclonal responses to the SARS-CoV-2 spike protein, which will facilitate
future CoV vaccine assessment and development.

IMPORTANCE The rapid development and deployment of SARS-CoV-2 vaccines has been
unprecedented. In this study, we explore the cross-reactivity of SARS-CoV-2-specific anti-
body responses to other coronaviruses. By analyzing responses from nonhuman prima-
tes (NHPs) both before and after immunization with DNA or Ad26-vectored vaccines, we
find patterns of cross-reactivity that mirror those induced by SARS-CoV-2 infection.
These data highlight the similarities between infection and vaccine-induced humoral im-
munity for SARS-CoV-2 and cross-reactivity of these responses to other CoVs.
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Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), the etiological agent
of COVID-19, emerged into the human population in mid-December 2019 in

Wuhan, capital of the Hubei province in China, and has since spread globally (1, 2). The
rapid expansion of the COVID-19 pandemic has made SARS-CoV-2 therapeutics and
vaccine development a global health priority. Two mRNA-based (3, 4) and two adeno-
viral vector-based (5, 6) vaccines, all targeting the SARS-CoV-2 spike (S) protein have
been studied in phase III trials in the United States. Additional vaccines, including protein
subunit and inactivated virus-based vaccines, are in phase III trials globally (7–13). Currently,
two mRNA-based vaccines and Ad26 have received Emergency Use Authorizations from the
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United States Food and Drug Administration, and ChAdOx1 has been approved for emer-
gency use in the United Kingdom and European Union (14–16).

There are seven coronaviruses that infect humans: four common cold-causing
viruses (hCoVs), which include both alpha- and betacoronaviruses, and three highly
pathogenic betacoronaviruses (17). SARS-CoV-2 is the third betacoronavirus with pan-
demic potential, after SARS-CoV-1 and MERS-CoV, to emerge into the human popula-
tion within the last two decades (17, 18). The hCoVs include two betacoronaviruses,
OC43 and HKU1, which are closely related to SARS-CoV-2, and two alphacoronaviruses,
229E and NL63, which are more distantly related (17). These hCoVs circulate annually
and seropositivity for all four hCoVs among adults is estimated to be .70% in the gen-
eral population; most seroconversion events occur during childhood (19, 20).

The S protein, which mediates host cell attachment and subsequent viral mem-
brane fusion, varies greatly on the amino acid level between common cold-causing
hCoVs and their pathogenic relatives (SARS-CoV-1, SARS-CoV-2, and MERS-CoV). The
greatest sequence variation is within the receptor binding domain (RBD), while the
membrane proximal S2 domain, involved in S trimerization and membrane fusion, is
conserved (21). This antigenic diversity between hCoV and SARS-CoV-2 RBDs allows
the latter to be used as a highly specific antigen for testing seroconversion (22). In con-
trast, the full-length S protein is less coronavirus strain specific, with high backgrounds
in enzyme-linked immunosorbent assay (ELISA)-based analyses, most likely due to
cross-reactive responses to the non-RBD domains from prior exposure to hCoVs (21).

Cross-reactive responses have been extensively studied for other viral infections.
For influenza and HIV vaccine design efforts, for example, a goal is to elicit cross-reac-
tive and broadly neutralizing responses capable of protecting against infection (23,
24). Neutralizing antibody responses may prevent initial infection of the target cells,
and other immune responses may facilitate immunological control of infection and
also prevent disease (24, 25). For SARS-CoV-2, cross-reactive responses may play a key
role in protection against SARS-CoV-2 and other future coronaviruses (26, 27). We
therefore asked whether SARS-CoV-2 infection or vaccination in rhesus macaques led
to cross-reactive antibody responses against SARS-CoV-1 and other hCoVs. We profiled
serum from rhesus macaques infected with SARS-CoV-2 or vaccinated with DNA- or
Ad26-based vaccines expressing SARS-CoV-2 S protein and then challenged with SARS-
CoV-2. We describe detectable cross-reactive binding serum responses to SARS-CoV-1
and, to a lesser extent, other hCoVs.

RESULTS
Phylogenetic relationships and amino acid conservation of human-infecting

coronaviruses. A phylogenetic tree was generated based on representative amino
acid sequences of each of the human coronavirus S proteins (Fig. 1A). This sequence
alignment was used to generate a conservation map based on the SARS-CoV-2 S struc-
ture (Fig. 1B) (28, 29). SARS-CoV-1 is the most closely related to SARS-CoV-2 (76%
amino acid identity to SARS-CoV-2 spike), followed by roughly 30 to 38% spike identity
to MERS-CoV, HKU1, and OC43, and 31% spike identity to 229E and NL63 (Fig. 1A).
Because SARS-CoV-1 and SARS-CoV-2 mainly engage the same receptor, angiotensin-
converting enzyme 2 (ACE2), the relatively high degree of spike conservation (76%)
and RBD (73%) homology are to be expected (Fig. 1A). While NL63 also engages ACE2,
it does so through structurally divergent interactions of its RBD with no apparent struc-
tural homology to SARS-CoV-2 or SARS-CoV-1 RBD (21). This is reflected in the phyloge-
netic tree by minimal (2%) RBD homology of NL63 to SARS-CoV-2 (Fig. 1A). Other CoVs
use different entry receptors or attachment factors to facilitate entry into target cells.
MERS-CoV, for example, engages DPP4 (dipeptidyl peptidase-4), while HKU1 uses sialic
acid as an attachment factor. These different entry or attachment factors likely account
for lower RBD (.1 to 28%) conservation compared to full-length S protein (31 to 38%)
for each of these viruses compared to SARS-CoV-2 (Fig. 1A and B). Within the RBD, the
residues which directly interact with the entry or attachment factor comprise the re-
ceptor-binding motif (RBM). The SARS-CoV-2 RBM is structurally similar to the SARS-
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CoV-1 RBM, and they both engage ACE2. However, the RBM for MERS-CoV is structur-
ally distinct and the RBM for HKU1 contains a large insertion that alters the overall con-
formation of the RBM relative to the RBD core (Fig. 1C) (30, 31). Because the RBM facili-
tates engagement of various CoV-specific host cell factors necessary for entry, this
likely accounts for the necessary structural differences in the RBMs. The structural simi-
larities, however, raise the question of whether there are cross-reactive antibodies
raised by SARS-CoV-2 spike exposure.

Receptor-binding domain cross-reactivity. Serum and B cell cross-reactivity to
the full-length S proteins of highly pathogenic CoVs (e.g., SARS-CoV-1 and MERS-CoV)
and circulating common cold hCoVs (e.g., HKU1, OC43, NL63, and 229E) have previ-
ously been described in SARS-CoV-2-infected patients (21, 27, 32, 33). Here, we
assessed the specificity of cross-reactive responses in SARS-CoV-2-infected and vacci-
nated rhesus macaques. This study consisted of three nonhuman primate (NHP)
cohorts. (i) The first cohort was a reinfection study, with 9 NHPs that were infected

FIG 1 S protein amino acid sequences of human coronaviruses. Representative S protein sequences
of each of the seven human infecting coronaviruses were aligned (A) using MUSCLE alignment, and a
neighbor-joining tree was generated based on the alignment. The percentage amino acid identity of
each of the spike proteins and RBDs is listed in reference to SARS-CoV-2 spike or RBD, respectively.
The conservation was plotted as a surface (B) on the structure of SARS-2 S (6VYB) as calculated by
the ConSurf database. The receptor binding motifs (RBMs) within the RBD of SARS-CoV-2, SARS-CoV-
1, MERS-CoV, and HKU1 are highlighted in (C).
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with SARS-CoV-2 and allowed to recover and then challenged a second time with
SARS-CoV-2 (34) (Fig. 2). (ii) The second cohort contained 12 NHPs vaccinated with
Ad26 vaccines expressing various SARS-CoV-2 spike isoforms and 8 of which were chal-
lenged with SARS-CoV-2 (35) (Fig. 2). (iii) The third cohort had 25 NHPs vaccinated with
DNA vaccines expressing SARS-CoV-2 spike isoforms and boosted with the same DNA
vaccine, and then challenged with SARS-CoV-2 (36) (Fig. 2). Sham NHPs were included
in each of these cohorts, as previously published (data not shown) (34–36).

In the reinfection cohort, serum postinfection and reinfection showed increased
reactivity to the SARS-CoV-2 RBD compared to baseline serum by ELISA (Fig. 3A). SARS-
CoV-1 RBD reactivity was detectable in 2 of 9 NHPs after one infection and in 5 of 9
NHPs after two challenges (Fig. 3A). This same pattern occurred in the cohort of 12
NHPs vaccinated with Ad26 expressing SARS-CoV-2 S isoforms. All twelve Ad26-vacci-
nated NHPs had appreciable serum anti-SARS-CoV-2 RBD responses post-vaccination
and generally showed increased responses to SARS-CoV-2 RBD post-challenge (Fig.
3B). Nine of twelve of these Ad26-vaccinated NHPs also had detectable SARS-CoV-1
RBD-binding titers post-vaccination, and SARS-CoV-1 RBD antibody-binding responses
were detected in 8 of 8 NHPs post-challenge (Fig. 3B). Twenty-five NHPs were primed
and boosted with DNA vaccines carrying various SARS-CoV-2 spike isoforms. Anti-
SARS-CoV-2 RBD serum responses were detectable in eight of 25 vaccinated NHPs post
DNA prime, 15 of 25 post DNA boost, and all 25 vaccinated NHPs postchallenge (Fig.
3C). Anti-SARS-CoV-1 RBD serum responses were detected in 3, 9, and 19 NHPs post
prime, boost, and challenge, respectively (Fig. 3C). MERS-CoV and HKU1 RBD-binding
antibodies were not detected in any of the infected, Ad26-vaccinated, or DNA-vacci-
nated NHPs in these cohorts at any time points (Fig. 3A to C).

Full-length CoV S protein cross-reactivity. We next assessed the cross-reactivity
of these serum responses to full-length CoV spike proteins of SARS-CoV-1, SARS-CoV-2,
HKU1, OC43, NL64, 229E, as well as the N-terminal domain (NTD) and RBD of SARS-
CoV-2 by electrochemiluminescence assays (ECLA) from MesoScale Discovery. This
assay allowed for multiplexed detection of a panel of up to 9 antigens per serum sam-
ple in a single well. In the reinfection study, SARS-CoV-2 spike reactivity increased from
baseline to post-infection and increased again post-rechallenge (Fig. 4A). Likewise, for
the Ad26-vaccinated and challenged NHPs, the vaccinated NHPs showed increased
SARS-CoV-2 spike reactivity post-vaccination compared to baseline and further
increased SARS-CoV-2 spike responses post-challenge (Fig. 4B). Most of the DNA-vacci-
nated NHPs displayed modest increases in SARS-CoV-2 S responses post DNA boost,
and all the DNA-vaccinated NHPs had robust SARS-CoV-2 spike reactivity post-challenge

FIG 2 Study schemas. In the reinfection cohort, 9 NHPs were assayed at baseline, infected with SARS-
2, assayed, reinfected, and assayed again. In the Ad26 cohort, 12 NHPs were assayed at baseline,
vaccinated, and assayed after vaccination, and 8 of these 12 animals were challenged and assayed
following challenge. In the DNA vaccine cohort, 25 NHPs were assayed at baseline, primed, assayed,
boosted, assayed, challenged, and assayed following challenge. The n for each time point is indicated
in in parentheses.
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(Fig. 4C). SARS-CoV-1 spike reactivity was also detected in most animals with detectable
SARS-CoV-2 spike reactivity, but at a lower level (Fig. 4). The responses to the RBD and
NTD followed the same pattern of increased response with increased exposure in all the
NHP cohorts (Fig. 4). These data show that S responses elicited by SARS-CoV-2 vaccines
partially cross-react with SARS-CoV-1.

The responses for the common cold hCoV spike proteins showed a similar pattern
of reactivity. In the reinfection study, the NHPs showed increased reactivity to 229E,
NL63, and HKU1 post-challenge compared to baseline, and these signals further
increased post-reinfection, as did post-reinfection reactivity to OC43 (Fig. 5A). In the
Ad26 vaccination study, we detected increased reactivity to all four hCoV S proteins
post-vaccination and these signals further increased post-challenge (Fig. 5B). In the
DNA vaccine cohort, we detected slightly increased reactivity post-boost to all hCoVs,
and post-challenge reactivity to all four hCoV S proteins increased (Fig. 5C). The full-
length spike proteins, as discussed, have higher structural and sequence homology
than the specific RBDs due to the more highly conserved S2 region. This greater
sequence conservation in the S2 domain likely accounts for the responses seen in
infected, Ad26-vaccinated, DNA-vaccinated, and challenged NHPs to the hCoVs (Fig. 5).

SARS-CoV-1 and SARS-CoV-2 pseudovirus neutralization. Current evidence sug-
gests that RBD-directed antibodies are often potent neutralizing antibodies (21, 37,
38). We therefore assessed the pseudovirus neutralization potential of the SARS-CoV-2

FIG 3 RBD ELISA to CoVs. Binding antibody ELISAs in NHPs challenged twice with SARS-CoV-2 virus (A), vaccinated with a SARS-CoV-2 spike-expressing
Ad26 vaccine and then challenged with SARS-CoV-2 virus (B), or primed and boosted with SARS-COV-2 spike-expressing DNA vaccines and then challenged
with SARS CoV-2 (C). Postvaccination and postchallenge time points are all $2 weeks after vaccination/challenge. The interpolated endpoint titers (EPT) are
reported.
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and SARS-CoV-1 RBD-binding antibodies in SARS-CoV-2-infected and vaccinated maca-
ques. We assessed both SARS-CoV-2 and SARS-CoV-1 pseudovirus neutralization using
a lentivirus-based pseudovirus neutralization assay (Yu, J. et al., in press). Neutralizing
responses to SARS-CoV-2 pseudovirus were detected in all of the infected and rechal-
lenged NHPs (Fig. 6A) and all of the Ad26-vaccinated NHPs post-vaccination (Fig. 6B).
Of the 25 DNA-vaccinated NHPs post DNA prime and DNA boost, 7 and 20, respec-
tively, had detectable neutralizing responses, and all animals had neutralizing antibody
responses post-challenge (Fig. 6C). SARS-CoV-1 pseudovirus neutralization was only
detected in 1 of 12 NHPs post Ad26 vaccination (P = 0.0001 comparing SARS-CoV-2
and SARS-CoV-1 neutralization rates, two-sided Fisher’s exact test) and 2 of 8 NHPs after
Ad26 vaccination and challenge (P = 0.007 comparing SARS-CoV-2 and SARS-CoV-1 neu-
tralization rates, two-sided Fisher’s exact test) (Fig. 6B). The observed binding antibody
titers directed against SARS-CoV-1 RBD or the full-length SARS-CoV-1 S protein therefore
do not appear to translate to detectable SARS-CoV-1 pseudovirus neutralization.

DISCUSSION

Here, we describe the cross-reactive CoV antibody profiles in NHPs following infec-
tion with SARS-CoV-2 and/or vaccination with SARS-CoV-2 S protein with DNA- or
Ad26-based vaccines. These NHPs have previously been assessed for the binding, neu-
tralizing, and non-neutralizing effector antibodies, as well as protective efficacy, follow-
ing SARS-CoV-2 challenge (34–36). Ad26-based vaccination elicited the highest SARS-
CoV-2 S protein- or RBD-directed antibody binding titers, followed by infection, followed
by DNA-based vaccination, and all of these modalities then saw a boost in titers after
challenge. We show that SARS-CoV-2 infection and vaccination resulted in similar pat-
terns of cross-reactive antibody responses against SARS-CoV-1, but lower to other CoVs.
Serum from these NHPs neutralized SARS-CoV-2 but only minimally SARS-CoV-1. Future

FIG 4 Mesoscale Discovery binding assays to SARS-CoV-1 and SARS-CoV-2. MSD antibody binding responses from NHPs challenged twice with SARS-CoV-2
virus (A), vaccinated with a SARS-CoV-2 spike-expressing Ad26 vaccine and then challenged with SARS-CoV-2 virus (B), or primed and boosted with SARS-
CoV-2 spike-expressing DNA vaccines and then challenged with SARS CoV-2 (C). Responses were measured against the full-length spike (S) protein of SARS-
CoV-2 (SARS2 S), the N-terminal domain of SARS-COV-2 spike (SARS-2 NTD), the RBD of SARS-CoV-2 Spike (SARS-2 RBD), and the S protein of SARS-CoV-1
(SARS1 S). Postvaccination and postchallenge time points are all $2 weeks after vaccination/challenge.
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studies may include expanded pseudovirus neutralization assays, but the lack of RBD-
binding titers for coronaviruses outside the sarbecovirus family focused our efforts on
SARS-CoV-2 and SARS-CoV-1 pseudovirus neutralization. Future studies will also assess
immune responses in infected and vaccinated NHPs and humans to the recently
emerged SARS-CoV-2 variants of concern.

In preclinical models, vaccines eliciting responses to SARS-CoV-2 S protein are pro-
tective against SARS-CoV-2 challenge; S binding and neutralizing antibodies have been
reported to be correlates of protection (39). Our data suggest that SARS-CoV-2 S expo-
sure, either in the context of natural infection or vaccination, results in cross-reactive
antibody responses that recognize antigenically distinct CoVs, but at lower titers. The
lack of neutralization of SARS-CoV-1 may be due to cross-reactive antibodies that rec-
ognize non-neutralizing sites on the SARS-CoV-1 RBD or lower-affinity antibodies.
While these antibodies do not seem to be neutralizing, they also do not detectably
enhance infectivity in vitro (39).

Understanding serum responses to multiple CoVs will be necessary for future pan-
demic preparedness, prediction of responses to CoVs circulating in animal reservoirs,
and the potential development of pancoronavirus vaccines (18, 40, 41). Our NHP model
allowed us to assess the influence of SARS-CoV-2 S exposure on other CoV-directed hu-
moral responses. Further research will be necessary to address whether these
responses are cross-reactive to other CoVs not included in our panel, or whether this
pattern of cross-reactivity would hold true for initial exposure to a different CoV.
Ongoing studies in COVID-19-convalescent humans and naïve donors show that SARS-
CoV-2-uninfected children and young adults have circulating antibodies that target
the SARS-CoV-2 S2 domain and can neutralize the virus (26). These antibodies likely
arose from other hCoV infections, the rate of which is higher in this younger age group,
and may be cross-protective (26). Additionally, SARS-CoV-2 infection can skew human
antibody repertoires to recognize both SARS-CoV-2 and other shared CoV epitopes
(27). Further studies focused on the CD4 and CD8 T cell responses in humans infected
or uninfected with SARS-CoV-2 have detailed extensive cross-reactivity of CD4 responses

FIG 5 Mesoscale Discovery binding assays to common cold CoVs. MSD antibody binding responses from NHPs challenged twice with SARS-CoV-2 virus (A),
vaccinated with a SARS-CoV-2 spike-expressing Ad26 vaccine and then challenged with SARS-CoV-2 virus (B), or primed and boosted with SARS-COV-2
spike-expressing DNA vaccines and then challenged with SARS-CoV-2 (C). Responses were measured against the full-length spike (S) protein of 229E, NL63,
OC43, and HKU1. Postvaccination and postchallenge time points are all $2 weeks after vaccination/challenge.

Coronavirus Antibody Cross Reactivity in Macaques Journal of Virology

June 2021 Volume 95 Issue 11 e00117-21 jvi.asm.org 7

https://jvi.asm.org


in uninfected individuals to SARS-CoV-2 epitopes (42). Additional studies in our laboratory
and other laboratories will assess cross-reactive T cell responses in infected and vaccinated
NHPs and human donors, as well as binding and neutralizing antibody responses to the
recently emerged SARS-CoV-2 variants of concern.

In conclusion, we demonstrate limited cross-reactive antibody responses to SARS-CoV-
1 and hCoVs in rhesus macaques infected with SARS-CoV-2 or vaccinated with Ad26 or
DNA vaccines expressing SARS-CoV-2 S protein. While these antibody responses largely
did not neutralize SARS-CoV-1, they still highlight a substantial degree of cross-reactive
binding antibodies among hCoVs. These findings extend our understanding of the serum
immune responses to SARS-CoV-2 S protein and the cross-reactivity of humoral coronavi-
rus recognition.

MATERIALS ANDMETHODS
Phylogenetic analysis. Representative spike protein sequences for SARS-CoV-2, SARS-CoV-1, MERS-CoV,

229E, NL63, OC43, and HKU1 (GenBank accession numbers: YP_009724390.1, AAR86775.1, YP_009724390.1,
ABB90529.1, APF29063.1, and AIX10763.1, ABD75513.1) were aligned using MUSCLE alignment in Geneious
Prime software. This alignment was then used to generate a neighbor-joining consensus tree in Geneious
Prime software. The percent amino acid sequence identity for the spike proteins and RBDs to SARS-CoV-2 spike
and RBD were calculated using Geneious Prime pairwise alignment tools. The surface conservation was

FIG 6 SARS-CoV-1 and SARS-CoV-2 pseudovirus neutralization assays. Pseudovirus neutralizing antibody titers (NT50) for SARS-CoV-1 and SARS-CoV-2 from
NHPs challenged twice with SARS-CoV-2 virus (A), vaccinated with a SARS-CoV-2 spike-expressing Ad26 vaccine and then challenged with SARS-CoV-2 virus
(B), or primed and boosted with SARS-CoV-2 spike-expressing DNA vaccines and then challenged with SARS-CoV-2 (C). Postvaccination and postchallenge
time points are all $2 weeks after vaccination/challenge.
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calculated using the ConSurf Database (29) to display amino acid conservation on the surface of the SARS-CoV-
2 spike protein (6VYB) (30). The RBMs were highlighted as previously defined (31).

Animals and study design. Serum samples were derived from studies described previously (34–36).
Briefly, for the reinfection study, nine outbred Indian-origin adult male and female rhesus macaques
(Macaca mulatta), 6 to 12 years old, were randomly allocated to groups. All animals were housed at
Bioqual, Inc. (Rockville, MD). The animals were inoculated with SARS-CoV-2 at a total dose of 1.1 � 106

plaque forming units (PFU) (group 1; n = 3), 1.1 � 105 PFU (group 2; n = 3), or 1.1 � 104 PFU (group 3;
n = 3). These doses were administered as 1 ml by the intranasal (i.n.) route (0.5 ml in each nare) and 1 ml
by the intratracheal (i.t.) route. On day 35 following challenge, animals were rechallenged with SARS-
CoV-2 at matched doses to those utilized in the initial challenge. For the Ad26 vaccination study, 22 out-
bred Indian-origin adult male and female rhesus macaques (Macaca mulatta), 6 to 12 years old, were
randomly allocated to groups. All animals were housed at Bioqual, Inc. (Rockville, MD). Animals received
Ad26 vectors expressing S.dTM.PP (n = 6), S.PP (n = 6), and sham controls (n = 10). Animals received a
single immunization of 1011 viral particles (vp) Ad26 vectors by the intramuscular route without adjuvant
at week 0. At week 6, all animals were challenged with 1.0 � 105 50 % tissue culture infective dose
(TCID50) (1.2 � 108 RNA copies, 1.1 � 104 PFU) SARS-CoV-2. Virus was administered as 1 ml by the intra-
nasal (i.n.) route (0.5 ml in each nare) and 1 ml by the intratracheal (i.t.) route. For the DNA vaccination
study, 35 outbred Indian-origin adult male and female rhesus macaques (Macaca mulatta), 6 to 12 years
old, were randomly allocated to groups. All animals were housed at Bioqual, Inc. (Rockville, MD). Animals
received DNA vaccines expressing S protein (n = 4), S.dCT (n = 4), S.dTM (n = 4), S1 (n = 4), RBD (n = 4),
S.dTM.PP (n = 5), and sham controls (n = 10). Animals received 5 mg of DNA vaccines at week 0 and
week 3. At week 6, all animals were challenged with 1.0 � 105 TCID50 (1.2 � 108 RNA copies, 1.1 � 104

PFU) SARS-CoV-2. Virus was administered as 1 ml by the intranasal (i.n.) route (0.5 ml in each nare) and 1
ml by the intratracheal (i.t.) route. All animal studies were conducted in compliance with all relevant
local, state, and federal regulations and were approved by the Bioqual Institutional Animal Care and Use
Committee (IACUC).

ELISAs. Enzyme-linked immunosorbent assay (ELISA) RBD-specific binding antibodies were assessed
by ELISA essentially as described (34–36, 43). Briefly, 96-well plates were coated with 1mg/ml SARS-CoV-
2 RBD, SARS-CoV-1 RBD, MERS-CoV RBD, or HKU1 RBD protein in 1� Dulbecco’s phosphate-buffered sa-
line (DPBS) and incubated at 4°C overnight. After incubation, plates were washed once with 200 ml wash
buffer (0.05% Tween 20 in 1� DPBS) and blocked with 350ml casein block/well for 2 to 3 h at room tem-
perature. After incubation, the blocking solution was discarded and plates were blotted dry. Serial dilu-
tions of heat-inactivated serum diluted in casein block were added to wells and plates were incubated
for 1 h at room temperature, prior to three further washes and a 1-h incubation with a 1:1,000 dilution
of anti-macaque IgG horseradish peroxidase (HRP) (NIH NHP Reagent Program) at room temperature in
the dark. Plates were then washed three times, and 100 ml of SeraCare KPL TMB SureBlue Start solution
was added to each well; plate development was halted by the addition of 100 ml of SeraCare KPL TMB
Stop solution per well. The absorbance at 450 nm was recorded using a VersaMax or Omega microplate
reader. ELISA endpoint titers were defined as the highest reciprocal serum dilution that yielded an ab-
sorbance of .0.2. Log10 endpoint titers are reported.

Pseudovirus neutralization assay. The SARS-CoV-2 and SARS-CoV-1 pseudoviruses expressing a lu-
ciferase reporter gene were generated in an approach similar to that described previously (35, 36, 43).
Briefly, the packaging construct psPAX2 (AIDS Resource and Reagent Program), luciferase reporter plas-
mid pLenti-CMV Puro-Luc (Addgene), and spike protein expressing pcDNA3.1-SARS CoV-2 SDCT or
pcDNA3.1-SARS CoV-1 for SARS-CoV-2 and SARS-CoV-1 pseudovirus generation, respectively, were
cotransfected into HEK293T cells with calcium phosphate. The supernatants containing the pseudotype
viruses were collected at 48 h post-transfection. Pseudotype viruses were purified by filtration with a
0.45 mm filter. To determine the neutralization activity of the antisera from vaccinated animals,
HEK293T-hACE2 cells were seeded in 96-well tissue culture plates at a density of 1.75 � 104 cells/well
overnight. Two-fold serial dilutions of heat-inactivated serum samples were prepared and mixed with 50 ml
of pseudovirus. The mixture was incubated at 37°C for 1 hour before adding to HEK293T-hACE2 cells. Forty-
eight hours after infection, cells were lysed in the Steady-Glo luciferase assay (Promega) according to the
manufacturer’s instructions. Neutralization titers were defined as the sample dilution at which a 50% reduc-
tion in relative light units (RLU) was observed relative to the average of the virus control wells.

Electrochemiluninescence assays. Mesoscale Discovery (MSD) coronavirus panel 2 plates for
COVID-19 serology assays (K15369U-2) were designed and produced by Mesoscale Discovery with 9 anti-
gen spots in each well. The antigens included were hCoV-229E spike, hCoV-NL63 spike, hCoV-OC43
spike, hCoV-HKU1 spike, SARS-CoV-1 spike, SARS-CoV-2 spike, SARS-CoV-2 spike RBD, SARS-CoV-2 NTD,
and SARS-CoV-2 N protein. The plates were blocked with 50 ml of Blocker A solution for at least 30 min
at room temperature with shaking at 700 rpm on a digital microplate shaker. During blocking, the serum
was diluted 1:5,000 in Diluent 100. The plates were then washed 3 times with 150 ml of the MSD kit
wash buffer, blotted dry, and 50 ml of the diluted samples was added in duplicate to the plates and set
to shake at 700 rpm at room temperature for at least 2 h. The plates were again washed 3 times and 50
ml of SULFO-tagged anti-human IgG detection antibody diluted to 1� in Diluent 100 was added to each
well and incubated with shaking at 700 rpm at room temperature for at least 1 h. Plates were then
washed 3 times and 150 ml of MSD GOLD read buffer B was added to each well and the plates were
read immediately after on a MESO QuickPlex SQ 120 machine. MSD titers for each sample were reported
as relative light units (RLU), which were calculated as sample RLU minus blank RLU for each spot for
each sample. The limit of detection was defined as 100 RLU for each assay.
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