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ABSTRACT Porcine epidemic diarrhea virus (PEDV), a continuously evolving patho-
gen, causes severe diarrhea in piglets, with high mortality rates. To prevent or mitigate
the disease, it is common practice to develop live or inactivated PEDV vaccines based
on cell-adapted viral variants. Propagating wild-type PEDV in cultured cells is, however,
often challenging due to the lack of knowledge about the requirements for the cell
adaptation of PEDV. In the present study, by using the RNA-targeted reverse genetic
system for PEDV to apply S protein swapping followed by the rescue of the recombi-
nant viruses, three key amino acid mutations in the S protein, A605E, E633Q, and
R891G, were identified, which enable attenuated PEDV strain DR13 (DR13%%) to effi-
ciently and productively infect Vero cells, in contrast to the parental DR13 strain
(DR13P), The former two key mutations reside inside and in the vicinity of the recep-
tor binding domain (RBD), respectively, while the latter occurs at the N-terminal end
of the fusion peptide (FP). Besides the three key mutations, other mutations in the S
protein further enhanced the infection efficiency of the recombinant viruses. We
hypothesize that the three mutations changed PEDV tropism by altering the S2' cleav-
age site and the RBD structure. This study provides basic molecular insight into cell
adaptation by PEDV, which is also relevant for vaccine design.

IMPORTANCE Porcine epidemic diarrhea virus (PEDV) is a lethal pathogen for new-
born piglets, and an efficient vaccine is needed urgently. However, propagating
wild-type PEDV in cultured cells for vaccine development is still challenging due to
the lack of knowledge about the mechanism of the cell adaptation of PEDV. In this
study, we found that three amino acid mutations, A605E, E633Q, and R891G, in the
spike protein of the Vero cell-adapted PEDV strain DR132® were critical for its cell ad-
aptation. After analyzing the mutation sites in the spike protein, we hypothesize that
the cell adaptation of DR132® was achieved by altering the S2’ cleavage site and the
RBD structure. This study provides new molecular insight into the mechanism of
PEDV culture adaptation and new strategies for PEDV vaccine design.
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orcine epidemic diarrhea virus (PEDV) is a pathogen that leads to a severe enteric

disease of pigs, PED (porcine epidemic diarrhea), of which the symptoms include
watery diarrhea, vomiting, and anorexia and for which the rate of mortality of infected
piglets can reach as high as 100% (1, 2). Outbreaks of PED have brought huge economic
losses to the pig industry worldwide since its emergence in the 1970s. Especially since
2010, variants of PEDV that were classified mainly as genotype Il emerged and caused
severe epidemics of PED in many countries; genomic analyses revealed extensive mutations
within the prevalent strains (3, 4). Clinical surveys showed that the vaccines developed from
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classical genotype | PEDV could not provide efficient protection against the genotype |l
variants (5-7).

PEDV belongs to the genus Alphacoronavirus of the family Coronaviridae. It is an
enveloped virus with single-stranded positive-sense genomic RNA (8, 9) encoding non-
structural proteins, structural proteins, and one accessory protein, ORF3 (open reading
frame 3). The nonstructural proteins are translated in the form of polyprotein 1a (pp1a)
and pplab, which are preproteins of several enzymes related to virus replication. The
structural proteins include the spike (S) protein, the envelope (E) protein, the membrane
(M) protein, and the nucleocapsid (N) protein, each of which is an essential component
of virus particles. PEDV can replicate efficiently in enterocytes of porcine intestinal villi,
causing cell rupture and severe villus atrophy (1, 2).

It is generally difficult to grow wild-type PEDV in cultured cells. The first successful
PEDV propagation in vitro was reported in 1988 with Vero cells (10), a well-known cell
line isolated from African green monkey kidney cells. In this report, a detectable cyto-
pathic effect (CPE), including syncytia with fewer than 10 nuclei inside, was observed
after the cells were inoculated with intestinal isolates. However, more extensive syncy-
tia with more than 100 nuclei inside appeared when the inoculum was passaged three
more times. This phenomenon indicated that the virus needed adaptation to become
more efficient in infecting and replicating in cultured cells. Later on, several PEDV
strains were adapted for cell growth in Japan, South Korea, Belgium, and China. For
instance, the DR13 strain isolated from South Korea in the 1990s not only propagated
in Vero cells efficiently without trypsin but also acquired attenuated pathogenicity af-
ter serial passage (11). In fact, the probability of PEDV isolation from morbid tissues in
cultured cells is very low, and trypsin is usually indispensable at the beginning of the
isolation process (12).

Despite the successful isolation of several cell-adapted PEDV strains, the molecular
mechanisms of their adaptation to cells are still unknown. Theoretically, due to their
important role in receptor binding and cell entry, S proteins of coronaviruses are the
main targets for studying tropism and cell adaption (13). It is also a kind of tropism
switching for the viruses to adapt to cultured cells if the cells are not primary or immor-
talized cells derived from a natural host. There are quite a number of tropism switching
studies with different coronaviruses, and these studies were not exceptionally about
the genetic manipulation of S proteins. For instance, the substitution of 2 amino acids
(aa) at the N terminus of the S protein of TGEV (transmissible gastroenteritis virus)
could change the enterocyte tropism of the virus (14). A milestone study with feline in-
fectious peritonitis virus (FIPV) showed that the replacement of the spike protein ecto-
domain with that from mouse hepatitis virus (MHV) made the recombinant virus switch
its tropism to rodent cells (15). An opposite study with MHV found that 21 amino acid
substitutions and a 7-amino-acid insertion made its tropism extend to monkey or feline
cells, further proving the critical role of the S protein in coronavirus tropism (16). There
are several examples of research on the mechanism of PEDV adaptation. A previous
study showed that 34 blind passages of the PEDV 83P-5 strain on Vero cells made the
virus adapt to the cells and brought about mutations of 6 nucleotides (nt) in the S
gene, leading to 5 amino acid substitutions in the signal peptide and the ectodomain
of the S protein (17). A recent study revealed that the cellular adaptability of recombi-
nant PEDV (rPEDV) depended on S1 and the first half of S2 (S3) of the cell-adapted
strain and that 803L and 976H of the S2 subunit were critical for the cell adaption of
this virus (18). The results collectively indicate that mutations in the spike gene and its
corresponding amino acids are the basic changes driving the adaptive process, but it is
still unknown which mutations are critical in this process. In the present study, by res-
cuing recombinant PEDVs carrying mosaic spike proteins composed of spike domains
derived from Vero cell-adapted attenuated PEDV strain DR13 (DR132%) and its parental
virus (DR13P), which does not replicate efficiently and cause CPE in Vero cells, and by
comparing the growth characteristics of these chimeric viruses, we found that substitu-
tions of three amino acids at positions 605, 633, and 891 of the spike protein give rise
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to the cell-adapted phenotype of the rescued viruses. This study provides a molecular
illustration of the cell adaptation of PEDV.

RESULTS

The spike gene determines the adaptation of PEDV DR132% to Vero cells. In
order to investigate whether PEDV DR132% acquired its ability to infect Vero cells as a
result of adaptive mutations in the S gene, the transfer vector p-PEDV-SPa-AORF3/RLuc
was constructed by cloning the S gene of PEDV DR13P" (SP¥) into the original transfer
vector p-PEDV-S2"-AORF3/RLuc, a key component of the RNA-targeted PEDV reverse
genetic system (19). Next, by using the runoff RNA transcripts synthesized from the
two linearized transfer vectors as donor RNAs, the rescue of two recombinant viruses,
r-Sat and r-SPar, was attempted to verify their adaptation phenotype on Vero cells.

The full-length SP gene (GenBank accession number DQ862099) was synthesized
by fusion PCR with 60-nt oligonucleotide fragments (Fig. 1A). By replacing the Sat
gene (S gene of DR132%) with the SPr gene, the transfer vector p-PEDV-SP-AORF3/
RLuc was obtained (Fig. 1A). Consistent with our previous results (19), the recombinant
virus r-S?% was successfully rescued, as evidenced by cell morphology observations,
Renilla luciferase (RLUC) activity assays, and immunofluorescence assays (IFAs). The
CPE was typical of DR132t: cells ruptured and detached in the absence of trypsin, or
syncytia formed in the presence of trypsin (Fig. 1B). The RLUC values of the first two
generations of r-S2% were significantly higher than those of the mock treatment
(P < 0.01) (=4 log,, relative light units [RLU] ) (Fig. 1C). IFAs with anti-M monoclonal
antibody (mAb) also showed that Vero cells infected with r-S2% could form typical CPE
in the presence of trypsin (Fig. 1D). However, three rounds of virus rescue with
p-PEDV-SP-AORF3/RLuc did not produce the recombinant virus r-SP?" in either the
presence or the absence of trypsin. The passage of the r-SP?r culture supernatant did
not produce obvious CPE, and the RLUC value remained at a negative level compara-
ble to that of the mock treatment (<4 log,, RLU) (Fig. 1C). Also, no virus structural pro-
tein could be detected in the Vero cells by IFAs (Fig. 1D). Reverse transcription-PCR
(RT-PCR) was also performed with medium or cells from passage 2 (P2) to P4, and no
relevant sequences were detected (data not shown). All of these results proved that
the recombinant virus carrying SP?" could not be rescued, while the recombinant virus
with the same backbone genome but carrying the St gene could be successfully gen-
erated and propagated, indicating that the S gene alone determines DR132" adapta-
tion to Vero cells.

PEDV DR132' adaptation to Vero cells maps to the domain from residues 530
to 936 of the S protein. Having confirmed that the S gene was responsible for
DR132% cell adaptation, we further investigated the main region of St that conferred
this characteristic. To this end, we rescued a series of recombinant viruses carrying a
chimeric S gene of St and SP?". The survival and growth characteristics of the recombi-
nant viruses were evaluated to define the region of the S gene that determined the
cell adaptation of DR132t,

Supposing that the region from aa 249 to 529 is involved in receptor binding and is
likely to be the key region for DR132 cell adaptation, the full-length S protein was ini-
tially divided into three segments, aa 1 to 529, aa 530 to 936, and aa 936 to 1381, for a
domain-swapping experiment between St and SP?" (Fig. 2A). This is a loss-of-function
test for virus adaptation to cells: if the replaced segment of St fails to produce a ro-
bust recombinant virus, the replaced segment is expected to be important for adapta-
tion. The recombinant viruses r-S2%(1-529 aa)P2" and r-S2%(937-1381 aa)P" were suc-
cessfully rescued. Vero cell CPE was produced with the two viruses, and the RLUC
values of the two recombinant viruses were significantly higher than that of the mock
treatment (=4 log,, RLU) (P < 0.01) (Fig. 2B). RT-PCR of the S genes and sequencing
analysis of the two recombinant viruses provided confirmatory results (Fig. 2C).
However, the recombinant virus r-S%*(530-936 aa)??" could not be rescued, even after
four rounds of attempts (in the presence or absence of trypsin). CPE observation, RLUC ac-
tivity detection, and RT-PCR all gave negative results (Fig. 2B and C). These observations
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FIG 1 The S gene determines Vero cell adaptation of PEDV DR13". The rescue of recombinant viruses (r-SP*" and
r-57) was carried out by using a reverse genetic system based on homologous RNA recombination. Briefly, LR7 cells
infected with mPEDV (a recombinant PEDV with the DR13°" backbone carrying the ectodomain of the S gene of
mouse hepatitis coronavirus, thereby enabling the virus to infect murine LR7 cells) were harvested. Next, capped
runoff RNA transcripts (donor RNA) synthesized from the Pacl-linearized transfer vectors were transfected into the
mPEDV-infected LR7 cells by electroporation. Finally, the electroporated cells were overlaid onto confluent Vero cells
and cultured in the presence or absence of trypsin for the rescue of recombinant viruses, and candidate recombinant
viruses were purified by two rounds of endpoint dilutions. (A) Construction of the transfer vector p-PEDV-SP*"-AORF3/
RLuc. The transfer vector contains the truncated 1a/1b and the structural genes of the PEDV genome. The thick red
arrow indicates the T7 promoter from which donor RNA was synthesized in vitro using T7 RNA polymerase. The S
gene of the PEDV DR13 parental strain (SP) (GenBank accession number DQ862099) was obtained by using fusion
PCR with artificially synthesized DNA fragments. p-PEDV-SP-AORF3/RLuc was constructed by replacing the S gene of

(Continued on next page)
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FIG 2 The region of S from aa 530 to 590 contains a critical residue(s) determining the Vero cell adaptation
of PEDV DR13%", (A) Schematic representation of the chimeric S proteins of the recombinant viruses r-S(1-529 aa)™,
r-S™(530-936 aa)P, r-S°(937-1383 aa)*, and r-SP(530-936 aa)™. (B) Luciferase expression by r-S™(1-529 aa), r-5
(530-936 aa)P™, r-5°(937-1383 aa)®*, and r-SP(530-936 aa)®™. The intracellular Renilla luciferase activities of the first
two generations (PO and P1) of recombinant viruses were determined (y axis) (relative light units [RLU]). The results
are expressed as the mean values from three parallel tests, and error bars represent the SD. Comparisons were made
between the luciferase activities of the recombinant viruses and those of the mock treatments. *, P < 0.05; **,
P < 0.01. (C) RT-PCR confirmation of the rescued recombinant PEDVs. RT-PCR was performed covering the region of
the S protein from aa 530 to 936 (Primers Ped136 [5'-TGCATCTCGGTTTGTTGGATGC-3'] and Ped137 [5'-TATATTACC
AATAGCAGAGTTA-3']) using the RNA template isolated from the recombinant PEDVs, and the protein was analyzed
by gel electrophoresis. The expected size of the RT-PCR product was 1,789 bp.

indicated that the segment of S from aa 530 to 936 was important for the cell adaptation
of the virus. For further confirmation, the transfer vector carrying the entire ectodomain of
the SP gene was modified by replacing the region of SP* from aa 530 to 936 with that of
Sa%, after which the recombinant virus r-SP*(530-936 aa)** was rescued successfully
(Fig. 2B and C), again confirming that the critical region for the adaptation of DR132%
existed within the region of St from aa 530 to 936.

Narrowing down the mutations responsible for PEDV DR132 cell adaptation to
six residues in the S protein. To analyze more precisely the region determining the
cell adaptation of DR13, the amino acid sequences of the regions from aa 530 to 936

FIG 1 Legend (Continued)

the PEDV DR13 attenuated strain (5°%) in p-PEDV-S®"-AORF3/RLuc with the SP* gene. UTR, untranslated region. (B) CPE
of r-SP*" and r-S® on Vero cells. Vero cells in 24-well plates were infected with r-SP*" (its culture) and r-S" in the
presence or absence of trypsin (15 wg/mL). The formation of CPE was observed at 36 h postinoculation (hpi). Arrows
indicate CPE. Bar, 100 um. (C) Luciferase expression by r-SP*" and r-S®". The intracellular Renilla luciferase activities of
the first two generations (PO and P1) of recombinant viruses were determined when obvious CPE appeared or at
5 days postinoculation (y axis) (relative light units [RLU]). The results are expressed as the mean values from three
parallel tests, and error bars represent the standard deviations (SD). Comparisons were carried out between the
luciferase activities of the recombinant viruses and that of the mock treatments. *, P < 0.05; **, P < 0.01. (D) Indirect
immunofluorescence assay (IFA) of r-SP*"- and r-S*"-infected cells. Vero cells were infected with r-5*" and r-SP*" in the
presence or absence of trypsin (15 ug/mL). Infected cells were fixed at 36 hpi and immunolabeled with rabbit anti-
PEDV M polyclonal antibody (green). Nuclei were labeled with DAPI (blue).
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of S2t and SPr were compared. A total of 13 different amino acids were identified.
These 13 variations were further grouped into groups A, B, C, D, and E (Fig. 3A). Among
them, group A belongs to the core epitope region, and group E is at the N-terminal
end of the fusion peptide (FP). The other groups do not belong to any known func-
tional domain (Fig. 3A). Group mutation tests were carried out one by one in the back-
ground of SPa" or S@%. Mutations of S-type amino acids introduced into SPe" are
referred to as forward mutations, while mutations of SPa’-type amino acids introduced
into S are referred to as reverse mutations. In this way, 10 different transfer vectors
with different chimeric S gene fragments were constructed (Fig. 3B). The rescue experi-
ments showed that none of the five forward group mutations produced viable
recombinant virus, as judged by a CPE check and RLUC detection (Fig. 3C). Apparently,
the separate introduction of forward group mutations of the S type to SP" could not
mediate adaptation to Vero cells. Conversely, four of the five grouped reverse muta-
tions produced viable recombinant viruses; they were named r-SatBpar, p-SatiCpar,
r-Sattprar, and r-SatEPar, of which r-S2®EP2" was weak and could not be checked after pas-
sages. The results of CPE observation, RLUC value determination (=4 log,, RLU)
(Fig. 3Q), as well as RT-PCR analysis supported this conclusion. These results demon-
strated that the introduction of the reverse mutation of AP into S abolished the
infectivity of the recombinant virus on Vero cells, while the other grouped reverse
mutations did not have this lethal effect, although the introduction of EP?" affected the
viability of the resulting recombinant virus to a considerable extent. These results indi-
cated that the group A mutations in S were critical for cell adaptation but were not
sufficient on their own, probably requiring additional mutations. For the verification of
this hypothesis, group A mutations of the St type were introduced into SP?" in pairwise
combinations with group B to E S2*-type mutations for constructing transfer vectors
(Fig. 3B). The experiments showed that only r-SPrAE" could be successfully rescued
(as shown in Fig. 3B and C). In order to verify the results in an opposite direction, the
transfer vector pPEDV-S2®*AEPa"AORF3/RLuc was constructed, in which SPar type A and E
mutations were introduced into S, As expected, no virus was rescued with this trans-
fer vector. It could therefore be concluded that the six mutations in groups A and E in
Satt were critical for virus adaptation to Vero cells.

Combined mutations at positions 605, 633, and 891 in St enable Vero cell
infection by DR132%. To identify the amino acids that play the most critical role in
DR13 adaptation to Vero cells among the group A and E mutations, substitutions of
the four mutant residues in group A were carried out in combination with the substitu-
tion of the amino acid at position 891 in group E (Fig. 4A). First, amino acid R at position
891 of SPr was replaced with G in the context of SPA2%, and the recombinant virus,
named r-SParAat891at was rescued. Relative tests confirmed the successful rescue (data
not shown). As r-SParA2 could not be rescued, as described above (Fig. 3B), the 891R—G
substitution should be the only variation that makes r-SParAatt891att rescuable. Next, the
mutant residues of group A of r-SParAat8912t were replaced one by one with the corre-
sponding amino acids in SP to construct the transfer vectors. The rescue of the
intended recombinant viruses r-SPar(612, 633, 635, 891)2% and r-SPa"(605, 612, 635, 891)a
was not successful, even with four independent attempts (r-SP"AE*® and the negative
control were normal in the four rescue experiments), indicating that replacements of the
amino acids with those of the parental type at positions 605 and 633 are not effective
(Fig. 4A). In contrast, the intended recombinant viruses r-SP" (605, 633, 635, 891)2 and
r-SPar(605, 612, 633, 891)2 were rescued, as confirmed by CPE observation and RLUC
values (Fig. 4B). Collectively, these results indicated that three amino acid substitutions
at positions 605, 633, and 891 of 52 were the minimal mutation combination required
for DR132% to adapt to growth in Vero cells.

For further verification of the function of the minimal mutation combination, we
constructed two other transfer vectors, pPEDV-SP"(605, 633, 891)®*-AORF3/RLuc and
pPEDV-S2%(605, 633, 891)P-AORF3/RLuc (Fig. 4A). The former vector produced viable
virus, named r-SPa"(605, 633, 891)" (Fig. 4B). As expected, the latter vector did not pro-
duce viable virus. These results demonstrated that the three amino acid mutations at
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positions 605, 633, and 891 of S were the minimal mutation composition for the
DR132t strain to become adapted to Vero cell cultures.

Comparison of the adaptation and proliferation characteristics of recombinant
viruses in Vero cells. In order to compare the characteristics of the rescued viruses under
identical conditions, the following rescued viruses were cultured to the eighth passage:
r-Spar, r-Satt, r-Sat%(530-936 aa)P, r-SP(530-936 aa)t, r-SANAEPA, r-SParAEat, r-Sat(605, 633,
891)P, and r-SPa"(605, 633, 891)3, Vero cells were inoculated with the eighth generation
of the viruses in the presence or absence of trypsin, and an IFA was performed with rabbit
anti-PEDV M polyclonal antibodies. The results showed that Vero cells inoculated with the
rescue cultures of r-SpP", r-S3%(530-936 aa)P¥, r-S**AEP, and r-S*%(605, 633, 891)P* had no
obvious CPE and could not be stained by PEDV M polyclonal antibody (Fig. 5A). However,
the Vero cells inoculated with the other 4 cultures of r-S2t, r-SP2(530-936 aa)2t, r-SParAEat,
and r-SP(605, 633, 891)2 could be stained with the M protein antibody. Typical CPE was
observed: single-cell rupture without trypsin and syncytia with trypsin. Western blotting
with rabbit polyclonal antibody against the PEDV N protein confirmed these results. No
corresponding blotting bands were observed with the cells inoculated with the four cul-
tures of r-SP, r-S%(530-936 aa)P¥, r-SAAEP¥, and r-S*(605, 633, 891)°". The cells inocu-
lated with the other four viruses, r-S2%, r-SP¥(530-936 aa)?®, r-SPTAE, and r-SP"(605, 633,
891)2%, showed an obvious protein band with the expected molecular weight of the N pro-
tein (53 kDa) (Fig. 5B). Therefore, both IFA and Western blot results reconfirmed that the
recombinant viruses r-SPa", r-S%(530-936 aa)P¥, r-S*AEP", and r-S?%(605, 633, 891)°, all of
which had an S protein with amino acids of the parental type at positions 605, 633, and
891, could not be rescued. The same testing protocols reconfirmed the successful rescue
of the other four recombinant viruses, r-S2t, r-SPa(530-936 aa)?t, r-SPrAE=", and r-SP"(605,
633, 891)¢, all of which had S proteins carrying amino acids of the attenuated type at posi-
tions 605, 633, and 891 (Fig. 5B).

To further assess the impact of these key mutations on DR13 adaptation to Vero cells,
the four rescued recombinant viruses were inoculated onto Vero cells at the same multi-
plicity of infection (MOI), and their multistep growth kinetics were analyzed. There was a
significant difference in the proliferation rates of the four viruses in the absence of tryp-
sin, which, from high to low, can be arranged in the order r-5%, r-SP¥(530-936 aa)t,
r-SPrAE®, and r-SPr (605, 633, 891)*" (Fig. 5C). The maximal titers of the four viruses
ranged from 1038 to 10%° 50% tissue culture infective doses (TCIDs,)/mL. The titers of
r-S2 were significantly higher than those of the other 3 recombinant viruses at all measure-
ment time points, and from 60 h postinoculation (hpi), the titers of r-SP*(530-936 aa)
were significantly higher than those of r-SPrAE2t and r-SPar(605, 633, 891)=® (P < 0.05)
(Table 1). Trypsin supplementation significantly reduced the proliferation of r-S2%, with its ti-
ter reaching only about 1032 TCIDs,/mL (Fig. 5C). Upon the addition of trypsin, the titers of
r-S* were significantly lower than those of the other 3 recombinant viruses (P < 0.05)
(Table 1). In contrast, trypsin was beneficial for the proliferation of r-SPAE? and r-SP2"(605,
633, 891)°; their titers increased by nearly an order of magnitude in the presence of trypsin.
However, trypsin had no obvious effect on the proliferation of r-SPa(530-936 aa)®. These
results indicated that the amino acids at positions 605, 633, and 891 were crucial for the
cell adaptation of DR132% but that other amino acid mutations in groups A to E also contrib-
uted to a lesser extent. In addition, a significant effect of trypsin on the proliferation of the
recombinant viruses was observed.

DISCUSSION
The isolation of PEDV from clinical samples and subsequent propagation in cultured
cells are known to be difficult (12). The virus needs to adapt to the cells, but the precise

FIG 3 Legend (Continued)

for panel A. (C) Luciferase expression by recombinant PEDVs with chimeric S genes. The intracellular Renilla luciferase activities of the first two
generations of the recombinant viruses (PO and P1) (y axis) (relative light units [RLU]) were determined. The results are expressed as the mean
values from three parallel tests, and error bars represent the SD. Results of comparisons between the luciferase activities of the recombinant
viruses and that of the mock treatments are indicated. *, P < 0.05; **, P < 0.01.
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FIG 4 The combination of mutations at positions 603, 633, and 891 of S largely determines the Vero cell adaptation of
DR132", (A) Schematic representation of the chimeric S proteins of recombinant PEDVs. The positions of the mutated
residues are shown, and their colors are consistent with the colors of their original S proteins. (B) Luciferase expression
by recombinant PEDVs. The intracellular Renilla luciferase activities of the first two generations of the recombinant
viruses (PO and P1) (y axis) (relative light units [RLU]) were determined. The results are expressed as the mean values
from three parallel tests, and error bars represent the SD. Comparisons were carried out between the luciferase activities
of the recombinant viruses and that of the mock treatments. *, P < 0.05; **, P < 0.01.

mechanisms and requirements for this are still not known. Attenuated PEDV DR13
(DR132%) is special in that it propagates in cultured cells efficiently independent of tryp-
sin, which is usually needed by other cell-adapted strains for growth in vitro, e.g., for
strains CV777 and 83P-5. The parental strain, DR13P, could not be propagated in cul-
tured cells initially (20). The features of cell adaptation and trypsin independence were
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FIG 5 Characterization of the recombinant PEDVs in Vero cells. (A) IFA of recombinant PEDVs. Eight recombinant PEDVs, r-SP?", r-S°t,
r-57%(530-936 aa)P™, r-SP*"(530-936 aa)™, r-S*"AEP, r-SPAEY, r-S2*(605, 633, 891)P™", and r-SP"(605, 633, 891)°", were inoculated into
Vero cells in the presence or absence of trypsin (15 wg/mL). Cells were fixed at 36 hpi and immunolabeled with rabbit anti-PEDV M
polyclonal antibody (green). Nuclei were labeled with DAPI (blue). (B) Western blot analysis of Vero cells infected with recombinant
PEDVs. Vero cells inoculated with recombinant PEDVs were harvested at 24 hpi. Proteins in the lysed cells were separated by 12%
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TABLE 1 Significance analysis of the titer differences of recombinant PEDVs at different time

points?
Mean titer (log,, TCID,,/mL) at hpi
Strain 12 24 36 48 60 72 84
With trypsin
r-Set 1.83C 1.58 C 2.16B 2.08C 225C 3.17B 333B
r-SP'(530-936 aa)™" 2.75AB 292 AB 3.67A 3.75B 3.758B 500A 442A
r-SParAgatt 2.00 BC 2.58B 350A 417AB 450A 483A 450A

r-SP'(605, 633,891)*  3.25A 342A 325A  433A 467A 45A 442 A

Without trypsin
r-Satt 3.67 A 4.67 A 583A 6.25A 6.75A 692A 6.25A
r-SPar(530-936 aa)*" 242 B 292 B 3.58B 4.00 B 433B 4.50B 5.00B
r-SParAgatt 2.17B 225C 3.17B 3.33BC 350C 375C 392C

r-SP'(605, 633, 891)*  2.00 B 242BC  292B  292C 3.00C 342C 3.83C

aTiters are expressed as the mean values (log,, TCID,, per milliliter) from three parallel tests. Values marked with
the same letter (A, B, or C) are not significantly different (P > 0.05); otherwise, the difference is significant
(P < 0.05).

endowed to strain DR132® through about 100 passages in Vero cells (9), which was
accompanied by 54 amino acid mutations in the S protein. As the S protein of corona-
viruses is responsible for virus tropism, infection, and cell adaption (13, 17, 18), we
focused this study on the identification of key amino acid mutations in the protein that
lead to the Vero cell adaptation of DR132® and the exploration of the underlying
mechanism.

First, we verified by swapping the ectodomains of the S proteins of DR13P?" and
DR132 in the recombinant viruses that it was indeed the S protein that determined
the adaptation of DR132" (Fig. 1). Next, by constructing a series of recombinant PEDVs
carrying chimeric S genes of strains DR13P2" and DR132%, the fragments of the S pro-
tein responsible for virus adaptation to cells and trypsin independence were screened
and evaluated. We found that the main part of the S protein responsible for the
adapted phenotype was the section comprising residues 530 to 936, which spans the
C-terminal part of S1 and the N-terminal domain of S2, nearly half and half, containing
key functional domains of the receptor binding domain (RBD), core neutralizing epi-
tope (COE), the S2' cleavage site, and the fusion peptide (FP). Within this section, we
found the combination of the S?t-type amino acids between positions 605 and 635 (in
group A) and one or two of the S-type amino acids at positions 891 and 893 (in
group E) to be crucial for the cell adaptation features of the virus (Fig. 3). By exchang-
ing amino acids at these positions and rescuing more recombinant viruses, we demon-
strated the composition of the three S¥®-type amino acids at positions 605 and 633 (in
group A) and position 891 (in group E) to be sufficient for the adaptation phenotype
(Fig. 4). Interestingly, when analyzing the two amino acid differences in group E, we
found that the V/F mutation at position 893 and the R/G mutation at position 891 had
similar effects; the recombinant virus r-SParA2tt8932tt could also be rescued without
trypsin, suggesting that the mutations at positions 893 and 891 play similar roles in
endowing the virus with cell adaptation features. Hence, mutations at positions 605,
633, and 891 may not represent the only minimum composition to achieve Vero cell
adaptation. Further experiments will be needed to explore other potential minimum
compositions of S2t-type mutations that may support the cell adaptation of PEDV.

FIG 5 Legend (Continued)

SDS-PAGE and subsequently processed for immunoblot analysis with monoclonal antibody against the PEDV N protein; GAPDH
served as a protein loading control. (C) Multistep growth kinetics of recombinant PEDVs. Vero cells were inoculated with r-S2", r-Spa"
(530-936 aa)®™, r-SPAE™, and r-SP"(605, 633, 891)** (MOI of 0.0012) and continued to be cultured in the presence or absence of
trypsin (15 wg/mL). At the indicated times postinfection, cells and culture media were harvested by three rounds of freezing and
thawing, followed by centrifugation to remove cell debris. The supernatants were collected and used to measure viral titers in the
presence of trypsin. Results are expressed as the mean values from three parallel tests, and error bars represent the SD.
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While the S?t-type mutations at positions 605, 633, and 891 are critical for Vero cell
adaptation, S®-type mutations at other positions additionally promoted virus infec-
tion. This can be deduced from the observation that introducing additional mutations
at sites of difference between the parental and adapted DR13 virus S proteins facili-
tated the rescue of the recombinant viruses and gave rise to the earlier development
of CPE and higher viral titers (Fig. 5). Therefore, while mutations at a few sites in the S
protein are primarily responsible for adaptation, mutations at additional sites function
to further enhance viral competence in the new host. If we examine the location of the
three key amino acids in the spike structure, two of them (aa 605 and aa 633) appear
to reside in or close to the RBD, which is assumed to interact with the cell receptor
(21), while the third residue (aa 891) occurs just prior to or at the N terminus of the FP
domain, C terminally to the assumed S2’ site (22). Both the RBD and S2’ are key
domains for determining virus tropism through binding to their specific receptor and
interacting with organ- or tissue-specific proteases (22, 23).

Our study showed that trypsin supplementation in the culture medium decreased
the titers of r-St but not those of the other rescued viruses that we tested (Fig. 5C),
which is somewhat puzzling considering the very few differences in their S proteins.
This phenomenon may result from the specific mutation composition of DR133t,
whose alternative cleavage site becomes more readily accessible to environmental
proteases than in the other viruses, thereby triggering the premature transition of the
S protein into a postfusion form and leading to a decreased infection ability (24). The
special features of the DR132 strain with respect to trypsin independence, the S pro-
tein cleavage pattern, and attenuated virulence indicated that DR132® may use a strat-
egy for S protein activation different from that of its parental strain or other wild-type
PEDVs, which use trypsin to activate the S protein and R891 as the S2' cleavage site
(22). The R891G/V893F mutation at the N-terminal end of FP could make the mutated
S2' site switch to another protease residing on the cell membrane or in the endosome,
which cleaves the S protein during or after virus entry (25). Taking these results to-
gether, we hypothesize that DR132® employed a cell entry strategy different from that
of its parental generations. On the one side, the mutations at positions 891 and 893
abolished the original trypsin cleavage site and at the same time exposed an alterna-
tive site to another protease that assists the virus in entering the cells through endocy-
tosis (26, 27). On the other side, the DR132 strain could have found a new receptor on
Vero cells or a new way to interact with the receptor, as could be inferred from the
mutations at positions 605 and 633, which may cause an alteration in the three-dimen-
sional (3D) structure of the RBD and a change in the dynamic process of ligand-recep-
tor interactions (23, 28). No doubt, it was the culture conditions of the virus that domi-
nated such a selection, as inconsistent trypsin activity during passaging but the stable
physical chemistry environment of the culture system made the selection of an adapted
virus possible.

Recently, Li et al. found that the collaboration of S1 and the first half of S2 (S3) of
the S protein determined the adaptability of PEDV to Vero cells (18). Their findings con-
formed to the theoretical assumption that the receptor binding domain as well as the
cleavage site determine PEDV's tropism (21, 22). However, their observation that the
803L and 976H residues of the S3 subunit are critical for the function of the first half of
S2 was more or less out of expectation considering that these two sites do not com-
prise cleavage sites or the fusion peptide. Those authors hypothesized that S2 involved
S1 binding to the receptor or involved membrane adsorption mediated by FP, but how
residues 803L and 976H played their role in these processes is still a conundrum. From
the perspective of our research, the mutations, whether related to the RBD or the
cleavage site of the S protein, could produce an effect on virus tropism or protease
selection, but different strains may use different strategies, as expressed by different
mutation compositions in the S genes, betokening the underlying elusive mechanism.

In conclusion, by using the RNA-targeted reverse genetic system of PEDV, S protein
swapping, and recombinant virus rescue, we identified three key amino acid mutations
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in the S protein of PEDV DR132%, A605E, E633Q, and R891G, that are mainly responsible
for the Vero cell adaptation of the strain. The former two key mutations reside inside
and in the vicinity of the RBD, respectively, while the latter one is located at the N-ter-
minal end of FP. Besides the three key mutations, other mutations in the S protein con-
ferred additional viability to the viruses. We hypothesize that the three mutations
changed the virus's tropism by changing the S2’ cleavage site and its RBD-receptor
interaction. These findings provide a reference for further mechanistic investigations
into PEDV cell adaptation and PEDV vaccine design.

MATERIALS AND METHODS

Cells, viruses, and transfer vectors. Murine L (LR7) cells (an L-2 murine fibroblast cell line stably
expressing the murine hepatitis virus receptor; a gift from Peter J. M. Rottier, Utrecht University) and
Vero ATCC CCL-81 cells (African green monkey kidney cells; purchased from the ATCC) were cultured in
Dulbecco’s modified Eagle’s medium (DMEM; Gibco, Invitrogen, Carlsbad, CA, USA) supplemented with
10% fetal bovine serum (FBS; Gibco, Invitrogen, Carlsbad, CA, USA), penicillin (100 U/mL), and streptomy-
cin (100 wg/mL) at 37°C in a humidified atmosphere with 5% CO,.

mPEDV, a recombinant PEDV carrying the ectodomain of the S protein of mouse hepatitis coronavi-
rus, thereby enabling the virus to infect murine LR7 cells, and the transfer vector p-PEDV-S**-AORF3/
RLuc were prepared as described in our previous study (16). The cell culture-adapted DR13* strain
(GenBank accession number JQ023162) (isolated from a commercial vaccine from GreenCross, South
Korea) and the rPEDVs were propagated and titrated in Vero cells.

Synthesis of the DR13 SP*" gene and construction of the p-PEDV-SP>-AORF3/RLuc transfer vec-
tor. According to the S gene sequence of the PEDV DR13 parent strain (DR13P) provided by the NCBI
(GenBank accession number DQ862099), a total of 108 primers of 60 nucleotides (nt) overlapping each
other by 21 nt were designed and artificially synthesized (Sangon Biotech, Shanghai, China), from which
the complete S gene of DR13P*" (SP*) was synthesized by fusion PCR. Both ends of the amplified frag-
ment 1b’-SP*-RLuc’ had an overhanging 42-nucleotide-long homologous fragment of the transfer vec-
tor. The vector fragment PEDV’'-AS"-AORF3/RLuc’ (without the S gene) was synthesized by PCR with
the vector p-PEDV-S*"-AORF3/RLuc as the template using primer pair Ped138/Ped139 (Table 2). The 1b’-
SPa-RLuc’ fragment was cloned into the PEDV’'-AS**-AORF3/RLuc’ vector using a homologous recombi-
nation method (ClonExpress MultiS one-step cloning kit; Vazyme, Nanjing, China) to construct the trans-
fer vector p-PEDV-SP*-AORF3/RLuc. The acquired recombinant plasmid was verified by sequencing.

Construction of transfer vectors carrying the chimeric S gene of S and SP?". The chimeric S
genes and their transfer vectors were synthesized or constructed with the same homologous recombi-
nation method as the one described above. Usually, the shorter S gene segments, for instance, SP*" aa 1
to 529, aa 530 to 936, and aa 937 to 1381, used for substitution were synthesized by PCR with overhanging
short sequences homologous to the longer S gene segments to which they would be fused. The synthesis of
these vectors as well as the gene segments was carried out by PCR with the vector p-PEDV-SP*-AORF3/RLuc
or p-PEDV-S*"-AORF3/RLuc as the template. The method of point mutation (QuikChange Lightning Multi
site-directed mutagenesis kit; Agilent, Palo Alto, CA, USA) was also extensively used for vector constructs that
needed only one or a few point mutations in the corresponding vectors (Table 3). The construction of the
transfer vectors was confirmed by sequencing.

Targeted RNA recombination. The generation and rescue of recombinant PEDVs were performed
as described previously (19). Briefly, LR7 cells were grown to 90% confluence and infected with mPEDV
at a multiplicity of infection (MOI) of 1.0. When obvious cytopathic effect (CPE) started to appear at
around 8 h postinoculation (hpi), cells were treated with trypsin to produce a single-cell suspension and
washed three times with phosphate-buffered saline (PBS). Capped runoff RNA transcripts (donor RNA)
were synthesized from the Pacl-linearized transfer vectors using a T7 RNA polymerase kit (Ambion,
Carlsbad, CA, USA). Next, the donor RNAs were transfected into the above-described mPEDV-infected
LR7 cells by electroporation (300 V, 975 uF, and two consecutive pulses) with a Gene Pulser apparatus
(Scientz-2C; Ningbo Scientz Biotech Inc., Ningbo, China). Finally, the electroporated cells were resus-
pended in DMEM and overlaid onto confluent Vero cells cultured in a 25-cm? flask. The rescue of the
recombinant PEDV with trypsin required the addition of 15 wg/mL of trypsin to the culture system 4 h
after the overlay incubation. After 4 to 5 days of incubation at 37°C, progeny viruses in the culture super-
natant were harvested by freeze-thawing three times, and candidate recombinant viruses were purified
by two rounds of endpoint dilutions on Vero cells. Recombinant genotypes were confirmed by RT-PCR
and subsequent sequencing.

Propagation of recombinant PEDV. Recombinant viruses were propagated as follows. Vero cells at
90% confluence were washed 3 times with PBS and inoculated with the recombinant virus. After a 2-h
incubation, the inoculum was removed, and the cells were cultured for 4 to 5 days. The viruses were har-
vested by centrifugation of the medium after freezing and thawing the culture cells 3 times. When tryp-
sin needed to be added, Vero cells at 100% confluence were inoculated with recombinant viruses, and
the cells were cultured for 4 to 5 days in DMEM supplemented with 15 pg/mL trypsin until harvest.

Renilla luciferase assay. Vero cell monolayers in a T25 flask were inoculated with 2 mL of the har-
vested recombinant virus cultures. When obvious CPE appeared or at 5 days postinoculation (dpi), both
the culture medium and cells were collected for luciferase activity assays using the Renilla luciferase
assay kit (Promega, Shanghai, China) according to the manufacturer’s instructions, and the relative light
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units (RLU) were determined with a Berthold Centro LB 960 plate illuminometer (GloMax-Multi detection
system; Promega, Madison, WI, USA).

Virus titration. Viral titers were measured in 96-well plates using 50% tissue culture infective dose
(TCID,,) assays. The culture supernatants were serially diluted 10-fold from 10~ to 1078, in triplicate per
dilution, and added to a monolayer of Vero cells in 96-well culture plates. At 5 dpi, the virus titers were
determined according to the Reed-Muench method (29) and expressed as TCID, per milliliter.

Indirect immunofluorescence analysis. Vero cells at 90% confluence in 48-well plates were inocu-
lated with 200 uL of recombinant virus cultures. After a 2-h incubation, the inoculum was removed, and
cells were cultured in DMEM with or without trypsin (15 wg/mL). At 36 hpi, the cells were rinsed with
PBS three times, fixed with 3.7% formaldehyde for 15 min at room temperature, and permeabilized with
0.25% Triton X-100 in PBS for 15 min at 37°C. Next, the cells were blocked with 5% goat serum at 37°C
for 1 h and incubated with rabbit anti-PEDV M polyclonal antibody at a dilution of 1:1,000 at 37°C for 1 h.
After three washes with PBS, Alexa Fluor 488-conjugated goat anti-rabbit antibody (Beyotime, Shanghai,
China) was added at a dilution of 1:200, and the cells were further incubated for 1 h. Finally, the nuclei were
stained with 4',6-diamidino-2-phenylindole (DAPI) (1:1,000 dilution) at 37°C for 15 min, and the cells were
washed three times with PBS. Pictures of immunofluorescent cells were captured using an Evos fluorescence
microscope (M7000; Thermo Fisher Scientific, Waltham, MA, USA).

Western blotting. Vero cells at 90% confluence in a 10-cm culture dish were inoculated with 2 mL
of recombinant virus cultures. After 2 h of incubation, the inoculum was removed, and the cells were cul-
tured for 24 h in DMEM with or without trypsin (15 wg/mL). The cells were harvested and lysed with
200 ul of ice-cold radioimmunoprecipitation assay (RIPA) buffer (TransGen, Beijing, China) for 30 min on
ice. The supernatant was collected by centrifugation at 12,000 x g for 15 min at 4°C. The proteins in the
supernatant were separated by 12% SDS-PAGE and transferred onto a polyvinylidene difluoride (PVDF)
membrane (Millipore, Merck KGaA, Darmstadt, Germany). The membrane loaded with the transferred
proteins was blocked with 5% nonfat milk at 25°C for 1 h and then incubated with rabbit anti-PEDV N
monoclonal antibody (Shanghai Ango, Shanghai, China) at a dilution of 1:1,000 or anti-glyceraldehyde-
3-phosphate dehydrogenase (GAPDH) polyclonal antibody (Sangon Biotech, Shanghai, China) at a dilu-
tion of 1:10,000 in PBS containing 0.1% Tween 20 (PBST) at 25°C for 1 h. After washing with PBST, the
membranes were further incubated with horseradish peroxidase (HRP)-conjugated goat anti-rabbit IgG
(Sangon Biotech, Shanghai, China) at a dilution of 1:10,000 at 25°C for 1 h. Proteins were detected by
using the Amersham ECL Western blotting analysis system (GE Healthcare, Chicago, IL, USA).

Viral multistep growth kinetics. Vero cells at 90% confluence in 6-well plates were inoculated with
four recombinant viruses at an MOI of 0.0012 in the presence or absence of trypsin (15 wg/mL). After
inoculation at 37°C for 2 h, the inoculum was removed, and the cells were further cultured in DMEM
with or without 15 wg/mL trypsin. At 12, 24, 48, 60, 72, and 84 hpi, the cultures were collected and
stored in aliquots at —80°C. Virus titrations were performed in triplicate in Vero cells. The virus titers
were determined by TCID,, assays, with which the growth curves were plotted.

Statistical analysis. Numerical data were expressed as means =+ standard errors of the means (SEM)
and were analyzed using GraphPad Prism software (version 9.4; GraphPad Software Inc.). Differences
between groups were analyzed by one-way analysis of variance (ANOVA). SPSS v21.0 software for win-
dows (SPSS Inc., Chicago, IL, USA) was used for statistical analysis. A P value of <0.05 was considered
statistically significant (indicated by * in the figures), and a P value of <0.01 was considered extremely
significant (indicated by ** in the figures).
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