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Engineering a TGEV S-trimer chimera with PEDV D0-NTD 
generates potent neutralizing antibodies against both viruses
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ABSTRACT Porcine epidemic diarrhea virus (PEDV) and transmissible gastroenteritis 
virus (TGEV), two economically devastating swine enteric coronaviruses, persistently 
threaten global pork production via severe clinical morbidity. Vaccination is the most 
effective means to prevent morbidity and mortality caused by porcine enteric coronavi­
rus infection. Hence, the development of an effective and safe vaccination strategy to 
protect against both PEDV and TGEV infections is urgently needed. Here, we designed 
and produced trimerized full-length PEDV and TGEV spike (S) proteins using an efficient 
mammalian expression vector system in HEK293F cells and reported that compared with 
the PEDV spike protein (27), the TGEV spike protein induces significantly more potent 
neutralizing antibodies (212). Moreover, transmission electron microscopy (TEM) with 
negative staining revealed that the TGEV spike protein exhibited excellent homogeneity. 
We subsequently used the TGEV S protein trimer as the backbone to display differ­
ent domains of the PEDV S protein and successfully constructed seven spike protein 
chimeras. We further screened two chimeric S proteins through expression and mouse 
experiments, which included TGEV S-PEDV(D0/NTD) and TGEV S-PEDV(D0/NTD/CTD), in 
which the S protein of TGEV was replaced by the PEDV S D0-NTD and D0-NTD-CTD, 
respectively. Evaluation of the immunogenicity and efficacy of the chimeric S proteins in 
piglets confirmed that piglets in the TGEV S-PEDV(D0/NTD)-immunized group generated 
high levels of neutralizing antibodies (213.6 against TGEV; 25.8 against PEDV) against both 
PEDV and TGEV. Our findings suggest that the TGEV S-PEDV(D0/NTD) is a promising 
candidate for combating both PEDV and TGEV infections.

IMPORTANCE The design strategy of multivalent and multitarget single antigens 
facilitates the development of vaccines targeting PEDV and TGEV. Optimizing the 
presentation of PEDV core antigen epitopes on the basis of the S protein trimer structure 
will provide novel insights into the development of subunit vaccines. Here, we compared 
the immunogenicities of the TGEV S protein and PEDV S protein and then designed a 
bivalent chimeric S protein candidate, TGEV S-PEDV(D0/NTD), in which the correspond­
ing segments on the TGEV S protein were replaced with D0-NTD domains from the 
PEDV S protein. We demonstrated that the TGEV S protein exhibits greater immunoge­
nicity than the PEDV S protein and that TGEV S-PEDV(D0/NTD) induces broad-spectrum 
neutralization protection against PEDV and TGEV. Our results demonstrate the effective­
ness of the chimeric S protein and provide a feasible method for the development of 
efficient bivalent subunit vaccines against PEDV and TGEV.

KEYWORDS porcine epidemic diarrhea virus (PEDV), transmissible gastroenteritis virus 
(TGEV), chimeric spike protein, subunit vaccine, cross-protection, immunogenicity
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(TGEV), respectively, are two highly contagious intestinal diseases affecting the global 
swine industry (1–6). All ages of swine are highly susceptible to PEDV and TGEV 
infection, particularly piglets within 2 weeks of age, which show a notably high mortality 
rate (7, 8). Before 2010, PEDV infections in China caused sporadic and endemic out­
breaks. Since October 2010, a severe epidemic caused by the highly pathogenic porcine 
epidemic diarrhea virus (PEDV) has been continuously spreading among pig populations 
in China, resulting in considerable economic losses (6, 9–12). TGEV was first described 
in the United States in 1946 and was subsequently found in Europe, Asia, Africa, and 
South America, causing major losses to the global pig farm industry (13–16). The 
clinical symptoms caused by TGEV are similar to those caused by PEDV, and they often 
present clinically mixed infections. However, cross-protection between the two viruses is 
limited (17). Therefore, there is an urgent need to develop a novel protective, safe, and 
affordable vaccine against both PEDV and TGEV.

Both PEDV and TGEV are members of the Alphacoronavirus genus (18, 19), and the 
genomes of PEDV and TGEV are approximately 28 kb in length with 5′-capped and 
3′-polyadenylated untranslated regions (UTRs) (20, 21). The genomes of both PEDV and 
TGEV are conventionally organized around seven major open reading frames. These 
include the replicase genes ORF1a and ORF1b, encoding the pp1a/pp1ab polyproteins 
that are processed into 16 nsps (1–16) for replication and transcription, and the genes 
for the structural proteins Spike (S), Envelope (E), Membrane (M), and Nucleocapsid 
(N) and the ORF3 gene encoding an accessory protein (20). Among these viral pro­
teins, the S protein on the surface of the virus is the main envelope glycoprotein. 
The trimeric structures of the PEDV S protein have been successively determined (22–
24). The S protein comprises S1, a receptor-binding subunit that is responsible for 
host cell attachment and receptor binding, and S2, a membrane fusion subunit that 
is involved in triggering the fusion of the viral envelope and target cell membrane 
during infection (25, 26). The S1 region (cell attachment domain) is considered a key 
target of neutralizing antibodies, and the S1-D0 and NTD regions induce the production 
of additional neutralizing antibodies (27). Therefore, the S1-D0 and S1-NTD regions 
may be key epitopes of the PEDV S protein. Currently, PEDV strains are classified into 
genotypes G1 and G2, with the G2 genotype being the clinically prevalent strain. The 
G2 genotype is further divided into the G2a, G2b, and G2c strains, among which the 
G2c strain has replaced G2a and G2b to become the dominant prevalent strain (10, 28, 
29). Faced with the rapid evolution of PEDV genotypes and immune evasion, monitoring 
the variation and evolution of coronaviruses like PEDV and developing corresponding 
vaccines have become a critical priority in the clinical prevention and control of this 
virus (30). Vaccination is one of the most important measures for controlling PEDV 
and TGEV outbreaks (20, 31). Recently, researchers have developed a PEDV-TGEV-PDCoV 
trivalent inactivated vaccine, and it has been shown to provide effective protection in 
pigs against all three enteric coronaviruses (32). Both inactivated and live-attenuated 
virus vaccines are commercially available and have been widely used to prevent PEDV 
and TGEV infection (33, 34). However, the emergence of highly virulent strains and 
recurrent outbreaks, even on vaccinated farms, highlights the limitations of traditional 
vaccines and the need for effective vaccines (35). Compared with total viral vaccines, 
protein vaccines of subunits have several advantages that make them appealing for the 
development of new vaccines, such as enhanced safety features, elimination of infectious 
viral genetic material, antigen structural redesign, multi-antigen combinations, and 
strategic adjuvant integration; this approach significantly improves therapeutic efficacy 
(36, 37). Therefore, our primary focus is to develop a chimeric S protein subunit vaccine 
against both PEDV and TGEV.

PEDV and TGEV are two major coronaviruses responsible for severe diarrhea and 
mortality in piglets. Because of the rapid mutation of PEDV, methods to quickly develop 
a vaccine for the effective prevention and control of both viruses are urgently needed. 
Here, we designed seven chimeric S proteins encoding different domains of the PEDV S1 
region with the TGEV S protein trimer as the backbone. We investigated the expression 
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levels, immunogenicity, and protective efficacy of these chimeric S proteins in vitro and 
in mice. Piglets were then immunized with two chimeric S proteins [TGEV S-PEDV(D0/
NTD) and TGEV S-PEDV(D0/NTD/CTD)] to evaluate their broad-spectrum immunoge­
nicity against PEDV and TGEV. Our results demonstrated that the TGEV S-PEDV(D0/
NTD) induced better immunity than the TGEV S-PEDV(D0/NTD/CTD) did, suggesting a 
promising strategy for preventing PEDV and TGEV infections.

RESULTS AND DISCUSSION

Expression and purification of recombinant proteins

To increase antigen expression, the TGEV S and PEDV S genes were optimized and 
synthesized, and we engineered TGEV and PEDV spike trimers by incorporating the 
GCN4 trimer domain, a Strep-tag II, and an 8× His tag. For each, we introduced the 2P 
mutation (E1139P/L1140P for TGEV S; S1076P/L1077P for PEDV S) and removed 59 or 67 
residues from the C-terminus, respectively. As shown in Fig. 1A, the cDNA encoding the 
recombinant proteins was subcloned and inserted into the pCAGGS expression vector 
and successfully expressed in HEK293F cells. Proteins were purified by His-tag affinity 
chromatography, followed by size exclusion chromatography (SEC). The SEC chromato­
gram of the purified proteins revealed that TGEV S-Trimer eluted as a single peak with 
a molecular weight corresponding to a molecular weight of above 669  kDa and that 
PEDV S-Trimer eluted as a single peak with a molecular weight at or below approximately 
669 kDa, suggesting that both TGEV S-Trimer and PEDV S-Trimer predominantly form a 
heavily glycosylated homotrimer (Fig. 1B and D). The expression and purification of the 
TGEV S protein and the PEDV S protein were confirmed through SDS‒PAGE and western 
blot analyses. As shown in Fig. 1C and E, the bands corresponding to TGEV S-monomer 
and PEDV S-monomer appeared near the protein standard at 180 kDa, consistent with 
the molecular weight of a glycosylated monomer that showed no evidence of cleavage 
by endogenous proteases. These results indicated that purified trimeric TGEV S and PEDV 
S antigens were obtained.

The ability of the TGEV S protein to induce neutralizing antibodies is superior 
to that of PEDV

We next compared the immunogenicity of TGEV S with that of PEDV S in a mouse 
model. The study design and experimental groups are summarized in Fig. 2A: group 1 
included mice inoculated with TGEV S (n = 4); group 2 included mice inoculated with 
PEDV S (n = 4); and group 3 included mice inoculated with normal saline as a mock 
(n = 4). All the mice in groups 1 and 2 received two inoculations at 2‐week intervals. 
Blood was collected from the mice on day 21. The mice experienced no adverse events 
after vaccination. Serum samples were collected to evaluate antibody responses using 
enzyme-linked immunosorbent assay (ELISA) or virus neutralization tests. As shown in 
Fig. 2B and C, the TGEV S­specific IgG titer response to the TGEV S protein was similar to 
the PEDV S­specific IgG titer response to the PEDV S protein. However, at the specific IgG 
antibody level, immunization with TGEV S resulted in a weaker cross-reaction than with 
PEDV S, and vice versa.

In addition to the IgG response, the neutralizing ability of antibody production is 
a pivotal factor influencing the quality of immunity. To further evaluate the humoral 
response induced by S proteins in experimental animals, neutralizing antibodies against 
TGEV and PEDV were also detected. The levels of TGEV-neutralizing antibodies in the 
TGEV S-immunized group were significantly higher, with titers of approximately 212 in 
the serum, than those in the mock group (Fig. 2D). The levels of PEDV-neutralizing 
antibodies in the PEDV S-immunized group were significantly higher, with titers of 
approximately 27 in the serum, than those in the mock group (Fig. 2E). The mean 
TGEV-neutralizing antibody titer in the TGEV S-immunized group was significantly 
higher than the mean PEDV-neutralizing antibody titer in the PEDV S-immunized group. 
Moreover, mice immunized with TGEV S and those immunized with PEDV S did not 
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exhibit cross-protection in terms of serum neutralizing antibodies (Fig. 2D and E). The 
results from transmission electron microscopy (TEM) analysis of negatively stained 
samples (120 kV) and cryo-EM samples (300 kV) demonstrated high homogeneity of the 
TGEV spike protein (Fig. 2F and G), with the vast majority of particles exhibiting well­
defined triangular morphology, demonstrating exceptional structural homogeneity. This 
well-preserved native-like architecture likely contributes to the robust immunogenicity 
of the TGEV S protein. Our results indicate that the TGEV S elicits a stronger humoral 
immune response than the PEDV S in mice.

FIG 1 Expression and purification of the TGEV and PEDV S-trimer. (A) Schematic diagram of the construction of the trimeric TGEV S protein and PEDV S protein. 

(B) SEC‒HPLC analysis of purified TGEV S protein. (C) Analysis of TGEV S protein by SDS‒PAGE (left panel) and western blotting (right panel). (D) SEC‒HPLC 

analysis of purified PEDV S protein. (E) Analysis of PEDV S protein by SDS‒PAGE (left panel) and western blotting (right panel).
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Antigenic epitopes of TGEV and PEDV S proteins are primarily located in the 
S1-D0, S1-NTD, and S1-CTD regions

We performed B-cell epitope prediction to analyze the effective linear epitopes of the 
TGEV S protein and the PEDV S protein. A total of 16 B-cell linear epitopes were identified 
in TGEV S and PEDV S (Fig. 3A). The predicted positive residues of TGEV S and PEDV S 
(the corresponding linear epitopes) are displayed on the structural surface (Fig. 3B and 
C). Among these epitopes, 12 and 9 B-cell linear epitopes were located in the S1 domain 
of TGEV and PEDV, respectively (Fig. 4A). The results show that B-cell linear epitopes in 
both proteins were predominantly located in the S1 region.

To further determine which subdomains within the S1 subunit harbor the highest 
density of B-cell epitopes, structural and discontinuous epitopes in the TGEV S and PEDV 
S proteins were predicted with the DiscoTope 3.0 server. A total of 198 and 188 amino 
acid residues located on the S protein were predicted to be conformational epitopes 
for TGEV and PEDV, respectively. Among these residues, 133 and 128 residues were 
located in the S1 domain of TGEV and PEDV, respectively (Fig. 4A). The above findings 
demonstrate that the number of predicted B-cell epitopes on S1 is significantly higher 

FIG 2 Evaluation of the immunogenicity of TGEV S and PEDV S in mice. (A) Experimental design for mouse vaccination. (B and C) Serum levels of TGEV S 

(B) and PEDV S (C) protein-binding IgG antibodies were measured at 21 d by ELISA. (D and E) Serum-neutralizing antibodies against TGEV (D) and PEDV (E) were 

detected. (F) An example negative-stain micrograph of TGEV S protein. (G) An example cryo-EM micrograph of TGEV S protein. The data are presented as the 

means ± SDs of four mice per group. The asterisks in the figures indicate significant differences (****P < 0.0001).
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FIG 3 B-cell linear epitopes of the TGEV S protein and PEDV S protein screened by bioinformatics. (A) The primary structures of the TGEV S (upper panel) and 

PEDV S (lower panel) proteins were analyzed, and the precise locations of the B-cell linear epitopes within the S proteins were elucidated. (B and C) Surface 

representation of the B-cell linear epitopes on the 3D structure of the trimeric TGEV S (B) and PEDV S proteins (C). These structures were predicted by the 

SWISS-MODEL server (http://swissmodel.expasy.org/) using the S protein of PEDV as a template (PDB ID: 7W6M).
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FIG 4 Structure-based B-cell epitope predictions of TGEV S and PEDV S. (A) Schematic diagram of TGEV S and PEDV S. S1, receptor-binding subunit; S2, 

membrane fusion subunit; SS, signal sequence; D0, domain 0; NTD, N-terminal domain of S1; CTD, C-terminal domain of S1; SD1, subdomain 1 of S1; SD2, 

subdomain 2 of S1. The linear and conformational epitopes of B cells on S1 and S2 of TGEV S and PEDV S are summarized. (B) The structure-based predicted B-cell

(Continued on next page)
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than that on S2 for both TGEV and PEDV. Additionally, the epitopes of TGEV S and PEDV S 
are contained primarily within the D0, NTD, and CTD subdomains of the S1 subunit (Fig. 
4B and C). These results suggest that retaining the different subdomains of S1 with the 
majority of B-cell epitopes that can induce protective Abs is vital for designing effective 
chimeric S protein subunit vaccines.

Optimized expression strategy for the chimeric protein TGEV S-PEDV(D0/
NTD)

Our previous study suggested that in alpha-CoVs, subunit vaccines should prioritize 
the S-trimer rather than the S1-RBD (38). Moreover, the above results demonstrate that 
the immunogenic efficacy of the TGEV S protein surpasses that of the PEDV S protein, 
and the TGEV spike protein exhibited excellent homogeneity. Therefore, we engineered 
seven chimeric spike proteins with the TGEV S protein trimer as the backbone, which 
expressed different domains of the PEDV S1 subunit (Fig. 5A). To preliminarily screen 
suitable chimeric S proteins, the expression levels of these S protein chimeras on 
different days were determined by western blot analysis. As shown in Fig. 5B, among 
the seven chimeric spike proteins, the expression levels of three spike protein chimeras—
TGEV S-PEDV(D0/NTD), TGEV S-PEDV(D0/NTD/CTD), and TGEV S-PEDV(S1)—were close to 
those of TGEV S and PEDV S, whereas the other four chimeras presented lower expres­
sion levels. In these constructs, the D0-NTD domain (aa 1–492) within the TGEV spike 
trimer was replaced with the corresponding PEDV D0-NTD region (aa 1–474) [designated 
TGEV S-PEDV(D0/NTD)], the D0-NTD-CTD domain (aa 1–675) within the TGEV spike trimer 
was replaced with the corresponding PEDV D0-NTD-CTD region (aa 1–640) [designated 
TGEV S-PEDV(D0/NTD/CTD)], and the S1 domain (aa 1–815) within the TGEV spike trimer 
was replaced with the corresponding PEDV S1 region (aa 1–764) [designated TGEV 
S-PEDV(S1)]. The results indicated that we successfully screened three chimeras with high 
expression levels as candidate chimeric S proteins (Fig. 5C).

To explore the immunogenicity of these three chimeras, a western blot analysis was 
conducted with serum from mice immunized with TGEV S or PEDV S as the primary 
antibody. As expected, all three spike protein chimeras demonstrated specific reactivity 
with both TGEV S- and PEDV S-positive sera (Fig. 6A and B). In addition, the stability 
of these three spike protein chimeras was assessed under the following conditions: (i) 
short-term stability (15 days of storage at 4°C) and (ii) freeze‒thaw stability (six freeze‒
thaw cycles at −80°C). As depicted in Fig. 6C through E, SDS-PAGE analysis revealed 
that there was no significant degradation after six freeze‒thaw cycles in all three spike 
protein chimeras. Moreover, all three chimeras could be stored at 4°C for at least 7 days 
without observable degradation (Fig. 6F through H). In detail, TGEV S-PEDV(D0/NTD) 
can be stored at 4°C for 7 days, and TGEV S-PEDV(D0/NTD/CTD) and TGEV S-PEDV(S1) 
can be stored at 4°C for at least 15 days. Together, these results indicate that TGEV 
S-PEDV(D0/NTD), TGEV S-PEDV(D0/NTD/CTD), and TGEV S-PEDV(S1) exhibit promising 
immunogenicity, short-term stability, and freeze‒thaw stability.

The chimeric protein [TGEV S-PEDV(D0/NTD)] can induce neutralizing 
antibodies against both TGEV and PEDV in mice

We next assessed the immunogenicity of chimeric S proteins in a mouse model. The 
study design and experimental groups are summarized in Fig. 7A: group 1 was inocula­
ted with TGEV S (n = 4), group 2 was inoculated with PEDV S (n = 4), group 3 was 
inoculated with TGEV S-PEDV(D0/NTD) (n = 4), group 4 was inoculated with TGEV 
S-PEDV(D0/NTD/CTD) (n = 4), group 5 was inoculated with TGEV S-PEDV(S1) (n = 4), 

Fig 4 (Continued)

epitopes of TGEV S and PEDV S are shown. The linear (red cartoon for S1, cyan cartoon for S2) and conformational (marine blue sphere for S1, yellow blue sphere 

for S2) B-cell epitopes were predicted and labeled in the corresponding structure via PyMOL. (C) The ratio of B-cell epitopes in each structural domain of the 

TGEV S protein and the PEDV S protein.
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and group 6 was inoculated with normal saline as a mock. The mice were inoculated 
by the same protocol as described above. Serum samples were collected to evaluate 
the antibody responses using enzyme-linked immunosorbent assay (ELISA) or virus 
neutralization tests. As shown in Fig. 7B through D, all three chimeric S proteins were 
capable of eliciting a robust IgG immune response. Similar to the results above, all 
three chimeric S proteins demonstrated excellent immunogenicity. Furthermore, we 
determined the TGEV S- and PEDV S­specific IgG titers in sera from three chimeric S 

FIG 5 Design and screening of bivalent chimeric S protein candidates. (A) Schematic illustration showing the construction of chimeric S proteins. The blue and 

orange regions represent TGEV S and PEDV S, respectively. (B) Western blot showing different expression levels of chimeric S proteins in the cell supernatant from 

day 3 to day 6. (C) Schematic diagram of the screening results for chimeric S protein candidates.
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protein-immunized mice. As shown in Fig. 7E and F, all three chimeric S proteins induced 
TGEV S- and PEDV S­specific IgG antibodies in the serum.

We subsequently measured the neutralizing antibodies against TGEV and PEDV in 
the sera of the three chimeric S protein-immunized mice. As shown in Fig. 7G, the 
mean neutralizing antibody titers against TGEV in the TGEV S-PEDV(D0/NTD) group were 
similar to those in the TGEV S group, whereas the mean neutralizing antibody titers 

FIG 6 Immunogenicity and stability analysis of bivalent chimeric S protein candidates. (A and B) Identification of the 

immunogenicity of chimeric S proteins by western blotting. The different chimeric S proteins were detected using TGEV 

S-positive serum (A) and PEDV S-positive serum (B) as primary antibodies. (C–E) Determination of the freeze‒thaw stability of 

chimeric S proteins by SDS-PAGE. All the proteins were subjected to six freeze‒thaw cycles. (F–H) Stability determination of 

chimeric S proteins stored at 4°C by SDS-PAGE. All the proteins were stored at 4°C for 15 days, and the samples were analyzed 

on days 0, 3, 5, 7, 9, 10, 13, and 15.
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against TGEV in the TGEV S-PEDV(D0/NTD/CTD) group and in the TGEV S-PEDV(S1) group 
were lower than those in the TGEV S group, but these titers were still higher than those 
in the PEDV S group, indicating a partial neutralizing protective capacity. As shown in 
Fig. 7H, although the level of neutralization against PEDV in the three chimeric S protein 
groups was lower than that in the PEDV S group, the mean neutralizing antibody titers 
against PEDV induced by all the three chimeric S protein groups were greater than those 
in the TGEV S group. These results suggest that the three chimeric S proteins could 
effectively induce varying levels of neutralizing antibodies against both TGEV and PEDV 
in mice.

The chimeric protein [TGEV S-PEDV(D0/NTD)] can induce neutralizing 
antibodies against both TGEV and PEDV in piglets

Based on the results obtained from mouse experiments, we selected TGEV S-PEDV(D0/
NTD) and PEDV(D0/NTD/CTD) for subsequent immunogenicity evaluation in piglets. The 
study design is summarized in Fig. 8A. Briefly, five groups of 2-month-old piglets born 
from TGEV- and PEDV-negative sows were vaccinated intramuscularly with chimeric S 
proteins [TGEV S, PEDV S, TGEV S-PEDV(D0/NTD), TGEV S-PEDV(D0/NTD/CTD)] or normal 
saline as a mock and then administered a booster immunization 2 weeks later. Serum 
samples were collected at weekly intervals until 8 weeks (0, 7, 14, 21, 28, 35, 42, 49, 
and 56 days postvaccination, dpv) after which the neutralizing antibody titers against 
TGEV and PEDV were determined. Analysis of the neutralizing antibody titers revealed 

FIG 7 Evaluation of the immunogenicity of chimeric S proteins in mice. (A) Experimental design for mouse vaccination. (B–D) Serum IgG against different 

chimeric S proteins, including TGEV S-PEDV(D0/NTD) (B), TGEV S-PEDV(D0/NTD/CTD) (C), and TGEV S-PEDV(S1) (D), was detected by ELISA. (E and F) The levels of 

TGEV S (E) and PEDV S (F) protein-binding IgG antibodies in the serum were measured at 21 d by ELISA. (G and H) Serum-neutralizing antibodies against TGEV 

(G) and PEDV (H) were detected. The data are presented as the means ± SDs of four mice per group. The asterisks in the figures indicate significant differences 

(****P < 0.0001; ns, not significant).
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that piglets immunized with TGEV S exhibited a significantly high level of neutralizing 
antibodies against TGEV after booster immunization (14 dpv) and increased rapidly to 
the average peak titer of approximately 214.7 at 21 dpv (Fig. 8B), whereas the neutralizing 
antibodies against PEDV reached a peak titer of approximately 27.3 at 35 dpv in the PEDV 
S group (Fig. 8C). Furthermore, we determined the neutralizing antibody titers against 
TGEV and PEDV in the sera of these chimeric S protein-immunized piglets. As shown in 
Fig. 8B and C, the TGEV neutralizing antibody levels in the TGEV S-PEDV(D0/NTD) group 
were close to those in the TGEV S group, with an average peak titer of approximately 213.6 

at 21 dpv. Moreover, the TGEV S-PEDV(D0/NTD) group presented sufficient neutralizing 
antibodies against PEDV, with an average peak titer of approximately 25.8 at 28 dpv. 
In addition, the PEDV neutralizing antibody levels in the TGEV S-PEDV(D0/NTD/CTD) 
group were close to those in the PEDV S group, with an average peak titer of approx­
imately 27.2 at 28 dpv, whereas the TGEV S-PEDV(D0/NTD/CTD) group presented no 
neutralizing antibodies against TGEV (Fig. 8B and C). Together, these results showed that 
TGEV S-PEDV(D0/NTD) induced broad-spectrum neutralizing antibodies against TGEV 
and PEDV.

Design strategy for a multivalent single antigen targeting the S proteins of 
PEDV and TGEV

In the swine industry, diarrhea caused by TGEV and PEDV causes serious economic 
losses worldwide. Thus, the development of protective vaccines against TGEV and PEDV 
remains a top priority. Recently, subunit vaccines based on the trimeric ectodomain 
of the S protein were developed and demonstrated favorable immune effects in mice 
and piglets (35, 39, 40). In this study, we first obtained trimeric full-length TGEV S and 
PEDV S and demonstrated that the immunogenic efficacy of TGEV S is superior to that 
of PEDV S, indicating that the TGEV S protein in its trimeric form can be used as a 
backbone to design a TGEV/PEDV S chimeric protein (Fig. 2). Furthermore, we predicted 
the potential B-cell epitopes for TGEV S and PEDV S, and the results revealed that the 
distribution of potential B-cell epitopes in TGEV S was similar to that in PEDV S. The 
epitopes of TGEV S and PEDV S were located mainly in S1-D0, S1-NTD, and S1-CTD (Fig. 
3 and 4). Therefore, the corresponding segments were replaced on TGEV S with different 
domains from those of PEDV S1; thus, seven distinct chimeric S proteins aimed at the 
formation of a multiepitope single antigen were designed. By comparing their expres­
sion levels, we subsequently screened three chimeric S proteins, TGEV S-PEDV(D0/NTD), 
TGEV S-PEDV(D0/NTD/CTD), and TGEV S-PEDV(S1). We speculate that the composition of 
these three chimeric S proteins may have a lesser impact on the stability of the S trimer 
protein structure and that these three chimeric S proteins exhibited high short-term 
stability and freeze‒thaw stability (Fig. 6).

Neutralizing antibodies are critical indicators for evaluating their immune protective 
effect since they can directly reflect the protective capacity of a vaccine (41, 42), and 
broad-spectrum activity is also a key factor in the design of an effective vaccine. In 
a mouse model, three chimeric S proteins elicited differential neutralizing antibody 
responses against both TGEV and PEDV. Notably, TGEV S-PEDV(D0/NTD) induced 
neutralizing antibody levels against TGEV comparable to those of the full-length TGEV 
S, whereas TGEV S-PEDV(D0/NTD/CTD) and TGEV S-PEDV(S1) showed significantly lower 
induction (Fig. 7). We further determined the neutralizing activity of the antibodies 
in the serum of immunized piglets. The results showed that TGEV S-PEDV(D0/NTD) 
could produce broad-spectrum neutralizing antibodies against both TGEV and PEDV. 
Considering that TGEV S-PEDV(D0/NTD/CTD) did not produce neutralizing antibodies 
against TGEV, we surmised that TGEV RBD played a crucial role in inducing neutralizing 
antibodies, which was confirmed in a mouse model (Fig. 8). Accordingly, we speculate 
that replacing the corresponding segments on TGEV S with D0-NTD domains from PEDV 
S is an effective strategy for designing novel bivalent subunit vaccines (Fig. 9).

In summary, on the basis of our research results, we propose a research and 
development strategy for producing efficient broad-spectrum subunit vaccines against 
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FIG 8 Evaluation of the immunogenicity of chimeric S proteins in piglets. (A) Experimental design for piglet vaccination, including immune procedures and 

specimen collection schedule. (B and C) Detection of specific neutralizing antibody levels against TGEV (B) and PEDV (C) in the sera of piglets immunized with 

chimeric S proteins on different days postvaccination. The data are presented as the means ± SDs of five piglets per group. The significant differences are 

indicated as follows: ns: not significant; *P < 0.05, **P < 0.01, ****P < 0.0001.
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both TGEV and PEDV. Replacing the corresponding segments on TGEV S with D0-NTD 
domains from PEDV S does not affect the protein expression level. Furthermore, through 
immunogenicity evaluation in mice and weaned piglets, it was confirmed that TGEV S-
PEDV(D0/NTD) can provide broad-spectrum cross-neutralization protection against TGEV 
and PEDV. Our findings provide a novel strategy for the development of safe and 
effective bivalent subunit vaccine candidates against TGEV and PEDV in the future.

MATERIALS AND METHODS

Cell lines and viruses

Vero cells (CCL-81) and PK-15 cells were obtained from the American Type Culture 
Collection (ATCC) and were cultured in Dulbecco’s modified Eagle medium (DMEM; 
Gibco, USA) supplemented with 10% fetal bovine serum (FBS), 100 U/mL penicillin, and 
100 µg/mL streptomycin at 37°C in a 5% CO2 humidified atmosphere. HEK293F cells 
preserved in our laboratory were maintained in serum-free Union 293 medium (Union, 
Cat# UP1000) with shaking at 120 rpm and 37°C in a humidified atmosphere comprising 
8% CO2. The PEDV G2 strain CT P10 (GenBank accession no. MN114121) was propagated 
in Vero cells supplemented with 5 µg/mL trypsin (Gibco). The TGEV strain WH-1 (GenBank 
accession no. HQ462571) was propagated in PK-15 cells in Dulbecco’s modified Eagle’s 
medium (DMEM; Gibco, USA) supplemented with 10% fetal bovine serum (FBS) in an 
incubator.

B-cell epitope prediction analysis

Homology modeling of the S protein of PEDV CT P10 and TGEV WH-1 was conduc­
ted using the SWISS-MODEL (http://swissmodel.expasy.org/) to perform B-cell epitope 
predictions of the S-trimers (1). The cryo-electron microscopy (cryo-EM) structure of the 
PEDV PT52 S-trimer (PDB ID: 7W6M) was used as a template.

FIG 9 Research and development model of bivalent chimeric S protein for TGEV and PEDV. The model revealed that among alpha-coronaviruses harboring 

the D0 domain, including TGEV and PEDV, TGEV induces significantly higher levels of neutralizing antibodies than does PEDV. Through systematic screening, 

we identified the RBD as the core immunogenic domain of TGEV, whereas the D0 + NTD domain constitutes the core immunogenic domain of PEDV. Thus, we 

engineered a chimeric S protein using TGEV S as the backbone framework. The S1 subunit of the chimeric S protein comprises the PEDV D0 + NTD domain and 

the TGEV RBD domain. This chimeric S protein can induce broad-spectrum neutralizing antibodies against both TGEV and PEDV.
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According to previous research, B-cell epitopes were predicted and analyzed 
(IEDB, https://www.iedb.org/). Briefly, structure-based B-cell epitopes were predicted 
using DiscoTope 3.0 (https://services.healthtech.dtu.dk/services/DiscoTope-3.0/) with 
a confidence threshold of 0.90 (recall up to ~50%, default). For linear B-cell epit­
ope prediction, ABCpred, the IEDB server, and BcePred were employed with default 
parameters to optimize the sensitivity, specificity, and positive predictive value (43–45). 
To improve the accuracy of epitope prediction, the results of these three prediction sites 
were synthesized, and the overlapping part of the epitopes predicted by at least two 
websites was selected as the linear epitope of the dominant B cells. All the predicted 
residues were labeled in the corresponding structures using PyMOL (Schrödinger LLC). 
No epitope was predicted within the signal peptide (SP), FP, or TM domains of the two S 
proteins.

Plasmid construction, protein expression, and purification

The human-optimized codon gene encoding the PEDV spike protein (GenBank accession 
no. QHB92364.1) and the human-optimized codon gene encoding the TGEV spike 
protein (GenBank accession no. ADY39740.1) were synthesized (GenScript Biotech). The 
DNA sequences of PEDV S (residues 1–1,319) and TGEV S ectodomain (residues 1–1,388) 
were cloned and inserted into a pCAGGS vector with a C-terminal GCN4 trimerization 
motif followed by a Strep-tag and an 8 × HisTag sequence. The other eukaryotic 
expression plasmids were constructed as shown in Fig. 5A. All S proteins were stabilized 
with a dual-proline (2P) mutation (1076SL1077 → 1076PP1077 for PEDV S, 1139EL1140 → 1139PP1140 

for TGEV S). The expression plasmid was transiently transfected into a suspension of 
HEK293F cells using polyetherimide (PEI), and the cells were cultured for another 6 days 
at 37°C and 8% CO2. The proteins were harvested from the supernatants of the cell 
culture medium and purified on a Ni-NTA column. After affinity purification, the proteins 
were concentrated and subsequently subjected to additional purification using a size 
exclusion chromatography (SEC) column (Superose 6 increase 10/300 Gl; GE Healthcare, 
U.S.A.), utilizing a running buffer consisting of 20 mM HEPES (pH 7.6) and 150 mM NaCl. 
All the proteins were exchanged in phosphate­buffered saline (PBS) and stored at −80°C.

SDS–PAGE and western blotting

SDS-PAGE and western blotting were carried out as described by us earlier (46). The 
collected protein samples were mixed with 5 × reducing loading buffer, boiled for 
10 min, and then loaded onto 10% SDS‒PAGE gels. The proteins were electrophoresed 
for 2.5 h at 80 V in a Bio-Rad MINI-PROTEAN Tetra system (Bio-Rad Laboratories). The gel 
was stained with Coomassie Brilliant Blue R-250 (Bio-Rad) for 30 min at room tempera­
ture and then decolorized with eluent overnight. For western blotting, after the proteins 
were resolved by SDS‒PAGE, they were transferred onto a polyvinylidene fluoride (PVDF) 
membrane. The PVDF membranes were blocked with 5% skim milk/TBST overnight at 
4°C. The membrane was then incubated with diluted mouse serum (1:500 dilution) or 
an anti-His-tag monoclonal antibody (1:5,000 dilution) for 2 h at room temperature. The 
membranes were subsequently incubated with a goat anti-mouse secondary antibody 
(Abbkine, no. A21010) for 1 h (1:5.000) at room temperature. Finally, the membranes 
were visualized using an enhanced chemiluminescence system (Amersham Imager 600, 
GE Healthcare).

Electron microscopy

For negative staining experiments, the spike protein samples were directly analyzed 
using a Talos L120C G2 transmission electron microscope (Thermo Fisher Scientific). 
Copper grids with 300 mesh and a thin layer of continuous carbon floated on top 
(EM Sciences) were glow-discharged at 15 mA for 60 s. The spike protein samples were 
diluted to 0.005 mg/mL, and 5 µL was applied to the grids for 30 s. Then, three drops 
containing 10  µL of uranyl acetate (3%, vol/vol) staining solution were applied to the 
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parafilm (Bemis). Samples on the grids were then stained with the third drop of uranyl 
acetate for 60 s, followed by allowing it to rapidly combine with the first two drops. The 
specimen was finally gently blotted from the side with filter paper, air-dried at 25 °C for 
30 min, and stored until imaging.

For cryo-EM sample preparation, 3 µL of spike protein solution (1 mg/mL) was applied 
to a glow-discharged (40 s, 15 mA) holey carbon Cu Quantifoil grid (R1.2/1.3, 300 mesh). 
The grids were blotted for 3 s at 100% humidity and 280 K and then plunge-frozen in 
liquid ethane using a Vitrobot (Thermo­Scientific). Cryo-EM micrographs with a defocus 
from −1 to −2  µm were collected on a Gatan K3 direct electron detector in superresolu­
tion mode on a Krios G4 cryoTEM (Thermo Fisher). A series of micrographs was acquired 
at ×105,000 magnification with a pixel size of 1.648  Å pixel−1 and a dose of 50 e− Å−2 for 
sample quality assessment. Automated data collection was performed by EPU software 
(Thermo Fisher Scientific).

Design of the mouse vaccination experiments

Female BALB/c mice (four per group) aged 6 weeks were immunized with different 
proteins at 0 and 2 weeks. Proteins (20 µg) diluted in normal saline were mixed 1:1 
with QuickAntibody-Mouse3W adjuvant (BioDragon). The mice were intramuscularly 
inoculated with 100 µL of this solution (50 µL into each hind leg). One week after the final 
immunization, sera were collected for subsequent assays.

Design of the pig vaccination experiment

To determine the efficacy of the chimeric S proteins, 25 2-month-old PEDV/TGEV-naive 
piglets were placed in separate rooms and randomly assigned to four experimental 
groups and one mock group: the PEDV S-immunized group (n = 5), the TGEV S-immu­
nized group (n = 5), the TGEV S-PEDV(D0/NTD)-immunized group (n = 5), the TGEV 
S-PEDV(D0/NTD/CTD)-immunized group (n = 5), and the PBS-immunized group (n = 5). 
The piglets in the immunization groups were injected intramuscularly with the S vaccines 
(100 µg per piglet) or with PBS. At 14 dpv, the piglets in the immunization groups 
received a booster dose of the vaccine. All vaccines were formulated in Montanide ISA 
201 VG adjuvant. Blood samples were collected from the anterior vena cava weekly. Each 
serum sample was tested for SN titers against PEDV and TGEV.

Enzyme-linked immunosorbent assay (ELISA)

Serum S­specific antibodies in each group were detected at 21 DPI. Titers of S­specific 
antibodies in the serum were determined via indirect ELISA with purified S protein 
as the antigen, as described previously (38). Briefly, ELISA plates were coated with 
purified PEDV or TGEV S protein at 0.1  µM/well in citrate­buffered saline (CBS, pH 9.6) 
overnight at 4°C and subsequently blocked with 1% (wt/vol) bovine serum albumin 
(BSA) in phosphate­buffered saline (PBS) containing 0.05% Tween 20 (PBST) at 37°C. For 
antibody detection, the plates were incubated with 10-fold serially diluted sera for 1 h at 
37°C. After standard washes, 100 µL of diluted horseradish peroxidase (HRP)-conjugated 
goat anti-mouse IgG (Boster, Wuhan, China) was used as the secondary antibody, and 
3,3′,5,5′-tetramethylbenzidine (TMB) (Beyotime) was used as the substrate for detection. 
The final absorbance [optical density (OD)] was measured at 450 nm and 630  nm using 
a Spark 10 M microplate reader (Tecan) after the reaction was stopped with 2 M H2SO4. 
Serum from mice immunized with normal saline was used as a control.

Neutralization assays

To detect PEDV­specific neutralizing antibodies, the serum-neutralizing antibody titers 
were determined with a virus neutralization test in 96-well cell culture plates (46). Briefly, 
the serum samples were heat-inactivated at 56°C for 30 min and serially diluted twofold 
with DMEM. The diluted samples were mixed with an equal volume of 200 TCID50 of 
PEDV and incubated at 37°C for 1 h. Subsequently, 100 µL of the virus–serum mixture 
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was inoculated into Vero cells in 96-well plates at 37°C for 1 h, followed by the addition 
of 100 µL of DMEM with 5 µg/mL trypsin, and the mixture was maintained at 37°C in 
a 5% CO2 incubator. After incubation for 24–48 h, the neutralizing antibody titers were 
expressed as the reciprocal of the highest serum dilution that inhibited PEDV­specific 
CPE.

To detect TGEV­specific neutralizing antibodies, the serum-neutralizing antibody 
titers were determined with a virus neutralization test in 96-well cell culture plates. 
Briefly, the serum samples were heat-inactivated at 56°C for 30 min and serially diluted 
2-fold with DMEM. The diluted samples were mixed with an equal volume of TGEV (200 
TCID50) and incubated at 37°C for 1 h. Subsequently, 100 µL of the virus-serum mixture 
was inoculated into PK-15 cells in 96-well plates. After incubation at 37°C for 48–72 h, 
the neutralizing antibody titers were expressed as the reciprocal of the highest serum 
dilution that inhibited TGEV­specific CPE.

Statistical analysis

Statistical analysis was carried out using GraphPad Prism 8.0. Statistical significance 
was determined using an unpaired two-tailed Student’s t test. The Data are presented 
as the means ± SDs (95% confidence intervals). *, P  <  0.05 was considered statisti­
cally significant, **, P  <  0.01 was considered highly significant, and ****, P  <  0.0001 
was considered extremely significant. All experiments were further confirmed using 
biological replicates.
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