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Monovalent, bivalent and biparatopic
nanobodies targeting S1 protein of porcine
epidemic diarrhea virus efficiently neutralized
the virus infectivity
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Abstract

Background Porcine epidemic diarrhea virus (PEDV) is a highly contagious coronavirus that causes severe diarrhea
and death in neonatal piglets, which has brought huge economic losses to the pork industry worldwide since its first
discovery in the early 1970s in Europe. Passive immunization with neutralizing antibodies against PEDV is an effective
prevention measure. To date, there are no effective therapeutic drugs to treat the PEDV infection.

Results We conducted a screening of specific nanobodies against the S1 protein from a phage display library
obtained from immunized alpacas. Through competitive binding to antigenic epitopes, we selected instead of chose
nanobodies with high affinity and constructed a multivalent tandem. These nanobodies were shown to inhibit PEDV
infectivity by the neutralization assay. The antiviral capacity of nanobody was found to display a dose-dependent
pattern, as demonstrated by IFA, TCIDy,, and gRT-PCR analyses. Notably, biparatopic nanobody SF-B exhibited superior
antiviral activity. Nanobodies exhibited low cytotoxicity and high stability even under harsh temperature and pH
conditions, demonstrating their potential practical applicability to animals.

Conclusions Nanobodies exhibit remarkable biological properties and antiviral effects, rendering them a promising
candidate for the development of anti-PEDV drugs.
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Introduction

Porcine epidemic diarrhea (PED) is an acute, highly
contagious enteric disease in pigs caused by porcine
epidemic diarrhea virus (PEDV) [1]. The characteris-
tic clinical signs of PEDV infection are enteritis, vom-
iting, watery diarrhea, and dehydration [2]. Since its
discovery in the early 1970s in Europe, the disease has
spread globally, having brought huge economic losses
to the pork industry worldwide [3]. In 2010, a variant of
highly pathogenic G2 PEDV emerged in southern China
which increased the morbidity and mortality of PED to
80-100%, resulting in the death of more than 1 million
piglets [4]. Later, in April 2013, the outbreak of PED in
the United States and neighboring countries (Canada and
Mexico) caused the death of >8 million piglets in the US
alone [5]. PEDV infection of older pigs results in consid-
erably lower morbidity and mortality, but before infec-
tion can still result in decreased growth performance,
as well as posing a high risk of PEDV infection to their
offspring [6]. At present, PED remains a major concern
for the pig industry, due to the continuous emergence of
recombinant mutant PEDV strains, the poor clinical pro-
tection of commercial vaccines, and the lack of effective
antiviral drugs and treatment strategies [7].

The PEDV S protein is a 1386 residue glycoprotein of
180-220 kilodaltons in size [8]. Trimers of this S protein
form the club-shaped, +20 nm long spikes on the virion
surface that provide the coronavirus its typical crown-like
appearance on electron micrographs [9]. Like other CoV
spike proteins, the S protein is a type I glycoprotein that
plays a crucial role in virus attachment, receptor binding,
cell membrane fusion, entry and induction of neutraliz-
ing antibodies [10]. The S protein can be cleaved by host
protease into S1 (residues 1-789) and S2 subunits (resi-
dues 790-1386) [11]. The S1 subunit contains the N-ter-
minal domain (NTD, residues 1-233) that shows sialic
acid binding activity and the C-terminal domain (CTD,
residues 253-638) that attaches to the cell surface recep-
tor [12]. The S2 subunit mediates virus-cell membrane
fusion [13]. Several neutralizing epitopes have been iden-
tified on the S protein sequence that induces protective
immunity against PEDV and are major target for neutral-
izing antibody production, subunit vaccine studies, and
antiviral drugs [14]. Immunization of pregnant sows with
the PEDV S1 protein could provide passive immunity
against PEDV to suckling piglets through colostrum and
milk [15]. In addition to that, egg yolk antibodies (IgY)
against the S1 domain of the spike protein effectively pro-
tect neonatal piglets against PEDV [16].

With advances in biotechnology, genetically engineered
recombinant antibody fragments are increasingly being
used in medical diagnosis and therapy in many diseases.
VHH are also known as nanobodies, which are immune
fragments derived from the unique heavy-chain-only
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antibodies found in camelid species such as alpacas
[17]. Compared with traditional antibodies, nanobodies
(Nbs), which are the smallest antibodies with complete
antigen-binding sites, have the advantages of small size,
high affinity, high specificity and stability, good solubility,
low immunogenicity, and strong penetrating ability [18].
Moreover, because the molecular weights of nanobod-
ies are only approximately 15 kDa and they are associ-
ated with concave epitopes, nanobodies might be better
adapted to access hidden targets and cryptic sites than
antibodies [19]. Nanobodies typically have high yields
and lower costs during recombinant production and
allow straightforward protein engineering, for example
fusing Fc domains or building multivalent nanobod-
ies [20]. Multivalent presentations increase the binding
avidity to the molecular target and thus the biological
potency of such compounds [21]. A study has demon-
strated that nanobodies targeting human host viruses or
animal host viruses can inhibit the replication and pro-
liferation of these viruses in host cells, showing favorable
antiviral activity [22]. Thus, nanobodies are considered
a potential reagent for the prevention and treatment of
viral diseases.

At present, there have been no reports of the selection
of neutralizing nanobodies against PEDV. In this study,
we constructed a phage display library of nanobodies
using peripheral blood lymphocytes from alpaca immu-
nized with PEDV S1 protein. Three specific nanobodies
against PEDV S1 protein were selected through phage
display technology and their neutralization efficiency was
evaluated. Based on the above results, bivalent and bipa-
ratopic nanobodies were constructed and the effect of
multivalent nanobodies on PEDV replication was evalu-
ated in vitro. The results indicated that multivalent nano-
bodies had better antiviral bioefficacy than monovalent
nanobodies within the safe concentration range used.
Our results provide a foundation for the development of
nanobody-based drugs for the prevention and treatment
of PEDV infection.

Results

Construction of the VHH library

The VHH library construction strategy is described in
Fig. 1. After immunizing alpacas with the S1 protein five
times, we collected the antiserum at a titer of 1:512,000,
indicating a strong immunogenic response (Fig. 2-A).
We extracted total RNA from peripheral blood lympho-
cytes (PBLs) and reverse-transcribed it into cDNA. This
cDNA was then used as a template for two rounds of
Nested PCR to harvest a 400 bp fragment (Fig. 2-B and
C). The VHH product was purified and ligated with the
linearized pCANTAB-5E phagemid vector. The result-
ing mixture was electroporated into TG1 competent cells
to generate a VHH library. The library was evaluated for
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Fig. 2 VHH library construction and quality assessment. (A) ELISA titer of anti-S1 antibody in the immune alpaca serum. (B) and (C) amplification of VHH
gene by nested PCR. (D) Evaluate the positive rate of the VHH library by colony PCR. (E) VHH library capacity calculation. (F) Identification of sequence
diversity in VHH libraries

quality, size, percentage inserts, and sequence diversity.
The size of the library was approximately 6.4 x 10'3(Fig. 2-
E), with a percentage insert of about 96% (Fig. 2-D), and

rich sequence diversity (Fig. 2-F).

Specific nbs panning and enrichment

against the PEDV S1 protein, using the protein itself or
PBS as the antigen. The results, as displayed in Table 1,
showed a gradual elevation in the recombinant phage
recovery rate after three rounds of screening. The enrich-
ment factors were 5.6-, 207-, and 1117-fold higher after
the first, second, and third rounds of panning, respec-

The titer of the recombinant phage library reached
9.0x10'? pfu/mL after the rescue with the M13KO7
helper phage. Three consecutive rounds of bio-panning
were performed to attain highly specific nanobodies

tively, as compared to the negative control. This indicates
the significant enrichment of specific nanobodies during
bio-panning.
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Table 1 Enrichment of S1-specific Nbs® in the VHH library from
three rounds of biopanning

Round of Input P N Recovery P/N
panning  phage(pfu/well) output output (P/input)

(pfu/ (pfu/

well) well)
1 5x10" 2.4x10° 43x10° 4.8x10°° 5.6
204 5x10" 6.2x107 3.0x10° 1.2x107* 207
3 5%10" 76x10° 68x10° 15x107% 1117

2P output, the phage titers from the positive wells (PEDV S1); N output, the
phage titers from the negative wells (PBS)

Nbs screening by indirect ELISA

To obtain specific and high-affinity clones against PEDV,
phage ELISA was performed. We randomly selected
forty-eight clones from the final round phage display
library, and all selected clones were positive (Fig. 3-
A). The positive clones underwent sequencing analy-
sis, where we classified them based on the amino acid
sequence of the antibody hypervariable region. A total
of five different Nbs were selected (Fig. 3-B). The com-
plementarity determining regions comprise hydrophilic
amino acid substitutions at positions 37, 44, 45, and 47
in the relatively conservative FR2 framework. Addition-
ally, all five Nbs contain cysteine residues within CDR1
and CDR3 regions, capable of forming disulfide bonds,
thus contributing to the formation of a ring structure.
This plays a crucial role in stabilizing the structure of the
antigen-binding region of the nanobody. Three Nbs with
high OD values were selected for further study and these
Nbs were designated SF1, SF2 and SF3.

Epitope analysis by additive ELISA

The OD,g,, values for the three anti-PEDV Nb were
individually and jointly determined by additive ELISA,
and the Al (Additivity index) values were calculated. The
Al values of SF1 merged with SF2 and SF3 were 77.7%
and 85.8%, respectively. SF2 paired with SF3 generated
an Al value of 75.7%. Since the stacking indices of Nb
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Table 2 Additivity index (*Al) measure by the additive ELISA

Nbs SF1 SF2 SF3

Al% Al% Al%
SF1 - 77.7 85.8
SF2 77.7 - 75.7
SF3 85.8 75.7

?Al was calculated using the equation: Al = [2A, ,/ (A;+A,)—1] X 100%, where
A, and A, represent the OD,s,,,, values for each of two Nbs tested, and A,
represents the OD 45,,, vValue when the two Nbs are mixed

are greater than 50%, confirming that each of the three
Nbs recognizes different epitopes of PEDV (Table 2). On
this basis, SF2 and SF3 with the highest OD values were
selected for tandem linkage and submitted to Sangon
Biotech (Shanghai) Co., Ltd for biparatopic and bivalent
nanobody recombinant vector construction, and sequen-
tially named SF-B (SF2-SF3) and SF-E (SF3-SE3).

Expression and purification of nanobodies

The monovalent nanobody proteins SF1, SF2, and SF3,
with an approximate 19 kDa, and the multivalent nano-
body proteins SF-E and SF-B, with an approximate
33 kDa, were all expressed in inclusion bodies detected
by 12% SDS-PAGE (Fig. 4-A). The protein induction and
expression conditions were optimized and ultimately,
a concentration of 0.5 mM of IPTG (isopropyl-b-d-
thiogalactopyranoside), an induction time of 12 h, and
an induction temperature of 37°C were selected as the
final conditions (Fig. 4-B). After conducting extensive
induction and sonication, high-purity Nbs proteins were
acquired through purification using a Ni-NTA affinity
chromatography column. The purity of these proteins
was assessed by 12% SDS-PAGE (Fig. 4-C). Following
denaturation, the proteins were dialyzed in dialysate with
decreasing concentrations of urea. The proteins ulti-
mately reached concentrations of 1.13 mg/mL, 1.25 mg/
mL, 1.36 mg/mL, 2.2 mg/mL, and 1.8 mg/mL, as deter-
mined by the BCA assay.
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Fig. 3 Screening Nbs against PEDV S1 protein. (A) Analysis of the binding ability of recombinant Nbs against S1 by inderect ELISA. (B) Functional region
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Fig. 4 Expression and purification of Nbs recombinant protein in E. coli. (A) Analyze the expression of Nbs recombinant protein as inclusion bodies by
SDS-PAGE, upper panel, lane M: Solarbio 180 Marker; lanes 1,3 and 5: supernatants of bacterial lysates; lanes 2, 4 and 6: precipitates of bacterial lysates;
NI: non-induced empty vector bacteria; I: induced empty vector bacteria. lower panel, lanes 1, and 3: supernatants of bacterial lysates; lanes 2 and 4:
precipitates of bacterial lysates; other lanes are the same as upper panel. (B) Optimization of conditions for induction of recombinant Nbs protein. upper
panel, optimization of IPTG concentrations; middle panel, optimization of IPTG inducing time; lower panel, optimization of IPTG inducing temperature.

(C) Purification of Nbs recombinant protein
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Fig. 5 Expression and identification of the recombinant nanobodies. (A) Results of 12% SDS-PAGE. left panel, lane M: Solarbio 180 Marker; lane

Negative Nb

1,3and 5

represent SF1, SF2 and SF3 before renaturing; lane 2, 4 and 6 represent SF1, SF2 and SF3 after renaturing. right panel, lane M: Solarbio 180 Marker; lane 1
and 3 represent SF-E and SF-B before renaturing; lane 2 and 4 represent SF-E and SF-B after renaturing. (B) Results of WB. Left panel, lane M: Solarbio 180
Marker; lane 1 to 3 represent SF1, SF2 and SF3; lane 4: bacteria not induced by IPTG. Right panel, lane M: Solarbio 180 Marker; lane 1 and 2 represent SF-E,
SF-B; lane 4: bacteria not induced by IPTG. (C) Nanobodies bound to PEDV-infected cells. PEDV-infected Vero cells were incubated with nanobodies at
24 h post-infection and then stained with the FITC conjugated anti-His monoclonal antibody. Scale bar =20 um

As validated by 12% SDS-PAGE and western blot-
ting. The results showed that the proteins displayed high
purity, with minimal loss during the renaturation pro-
cess, and all of them reacted with rabbit anti-His tag anti-
body (Fig. 5-A and B). To confirm whether purified Nbs
specifically bound to PEDV, an IFA was conducted. The
result showed that SF1, SF2, SF3, SE-E and SE-B stained
PEDV-infected Vero cells but did not react with nega-
tive Nb, indicating that purified Nbs specifically bound to
PEDV (Fig. 5-C).

VHH biological characterization

The reaction of the Nbs with PEDV, CSFV, PCV2, PRRSV
and PRV was investigated by indirect ELISA. The Nbs
exhibited high specificity in binding to PEDV (Fig. 6-
A). The analysis of the Nbs showed that SF1 and SF3
had a binding potency of 1:32,000, SF2 had a binding
potency of 1:64,000, and SF-E and SE-B had a binding
potency of 1:128,000, all of which showed high affinity
(Fig. 6-B). The stability analysis of the Nbs demonstrated
that after six weeks of storage at 4 C, all the Nbs main-
tained over 50% of their binding activity. Additionally, all
five Nbs exhibited high temperature and pH tolerance,
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with the multivalent nanobodies demonstrating signifi-
cantly greater stability than the monovalent nanobodies
(Fig. 6-C).

Evaluation of the in vitro cytotoxicity of Nbs

The nanobody’s cytotoxicity was measured using
the CCK-8 assay. 2-(2-methoxy-4-nitrophenyl)-3-(4-
nitrophenyl)-5-(2,4-disulfophenyl)-2 H-tetrazole sodium
salt (WST-8) can be reduced by mitochondrial dehydro-
genase in the presence of an electronically coupled agent
to an orange-yellow dye rich in methanol. The number
of viable cells was quantified using dynamic colorimetric

methods. Nanobodies were added to Vero and IPEC-
J2 cells and incubated for 24 h. The WST-8 amount was
measured to determine the reduction of the methyl dye.
The results indicated that all five nanobodies had CCg,
values exceeding 100 uM, which demonstrates their
safety (Fig. 6-D).

Neutralization effect of Nbs to PEDV

To determine whether these five nanobodies neutralized
PEDV infection, we performed microplate neutraliza-
tion experiments. Two serial dilutions of the Nbs work-
ing stocks (100-0.781 pM) were tested in triplicate. The
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findings demonstrate that SF1 did not neutralize PEDV.
However, SF3 and SF-E were effective in neutralizing
the virus at 50 uM, and SF-B was effective in neutraliz-
ing the virus at a lower concentration of 12.5 uM (Fig. 7).
We conclude that SF3, SE-E and SF-B are potential can-
didates for PEDV therapy. The range of ICy, values for
monovalent nanobodies was 6.25-50 uM, while that for
multivalent nanobodies was 1.563—6.25 pM. Multivalent
nanobodies outperform monovalent nanobodies signifi-
cantly in neutralization and possess the potential to neu-
tralize viral infection in vitro.

Nbs inhibit PEDV replication in vero cells
Vero cells were selected to evaluate the antiviral effects
of five nanobody strains. Vero cells were treated with 0,
5, 10, or 20 pM Nbs and then infected with 1000 TCIDg,/
mL PEDV. Cells and culture supernatants were harvested
after 36 h to evaluate the effect of Nbs on PEDV repli-
cation. The results showed that the relative mRNA levels
of PEDV N protein and progeny virus in culture super-
natants were significantly decreased after treatment with
Nbs (SF2, SF3, SE-E, SF-B) compared to the medium con-
trol (Fig. 8-A). The effect became increasingly evident as
the concentration of nanobody treatment was increased
in a concentration-dependent manner. However, SF1
showed no inhibitory effect on N protein mRNA and
supernatant progeny virus titers (Fig. 8-A). The IFA
results also revealed that Nbs, but not SF1, suppressed
PEDV S1 protein expression in a dose-dependent man-
ner (Fig. 8-B). These results suggest that Nbs effectively
interrupted PEDV replication. Among them, excellent
antiviral properties were demonstrated by the multiva-
lent nanobodies SF-E and SE-B.

At 4 °C, viruses can only bind to cells and do not invade
them. However, when the ambient temperature increases
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to 37 °C, viruses become capable of invading cells. There-
fore, we investigated whether multivalent nanobod-
ies function effectively against the PEDV virus when it
adsorbs to cells or invades into cells. Additionally, we
investigated the preventive and therapeutic potential of
nanobodies against the PEDV virus following treatment
of cells with five different approaches, as illustrated in
Fig. 9. The TCIDs, results revealed that SF-E and SF-B
were able to significantly reduce the titer of progeny
virus when they were applied to the virus adsorption and
invasion. Both constructs of nanobodies were capable of
significantly reducing the titer of progeny virus after pre-
treatment of cells that also had virus infection. However,
when nanobody treatment was administered following
virus invasion of the cells, SF-B was found to significantly
reduce the progeny virus titer, whereas SF-E had no sig-
nificant impact (Fig. 10-A). The qRT-PCR results indi-
cate that treatment with SF-B during viral adsorption
and cell invasion resulted in a significant reduction of
the relative RNA expression level of the virus, whereas
treatment with SF-E during viral invasion did not sig-
nificantly reduce the titer of the virus progeny. Treating
cells with nanobodies significantly inhibited relative RNA
expression of the virus. However, both nanobody prepa-
rations did not significantly affect viral gene expression
when cells were treated after viral infection (Fig. 10-B).
The IFA obtained outcomes that are comparable to the
experimental findings mentioned earlier (Fig. 10-D).
These results indicate that nanobodies can play an inhibi-
tory role in both viral adsorption and cell invasion. The S
protein plays a crucial role in attaching, entering, binding
to receptors, and fusion with the cell membrane, while
the Nb-S dimer complex may disrupt the correct protein
conformation of the S protein necessary for viral invasion
of the cell, and thus abrogating viral replication. All five
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Fig. 7 Naturalization activities of anti-PEDV strain SD2020. The combination is a mixture of SF1, SF2, and SF3 nanobodies of uniform final concentration
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treatments significantly increased cell viability 48 h after
viral infection (Fig. 10-C). SE-B will be further utilized for
subsequent animal experiments.

Discussion

Humoral responses are crucial for protecting neonatal
pigs against PEDV infection [23]. The traditional method
of safeguarding piglets from PEDV infection is through
immunizing pregnant sows with inactivated or attenu-
ated viruses [24]. The immune response enters the mam-
mary gland through the gut-mammary gland-sIgA axis,
which results in passive lactogenic immunity in suckling
piglets [25]. While this procedure offers efficient safe-
guarding for newborn piglets, research has revealed that
not all vaccinated sows develop lactogenic immunity
for protection, while piglets remain vulnerable to PEDV
post-weaning [3]. Because of the genome’s high variabil-
ity, no commercial vaccines can provide complete immu-
nity [26]. Additionally, effective drugs for the treatment
of PED are not available. Passive immunization with

exogenous antibodies may emerge as a promising strategy
for preventing diarrheal diseases in piglets [27]. Admin-
istration of chicken-derived anti-PEDV egg yolk immu-
noglobulin (IgY) to piglets led to a significant decrease
in mortality rate following an attack [16]. Furthermore,
several monoclonal antibodies against PEDV have been
reported in studies, all of which neutralize viral infection
[28, 29]. Although high-affinity monoclonal antibodies
have received priority attention as potential therapeutic
agents in research and clinical applications, the expense
has limited their use [30].

Considering the unique properties of Nbs, they have
been widely used in the development of therapeutic
antibody drugs, molecular imaging, diagnostic reagents,
targeted release of drugs, and various other areas of sci-
entific research [31]. Compared to monoclonal anti-
bodies, Nbs are structurally straightforward, functional
even without modifications, can function without the Fc
domain, and feasible for large-scale expression in bacteria
and yeast [32]. During the production of antibodies, an
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Fig. 9 Schematic of application of nanobodies at different time of PEDV infection

antigen with higher immunogenicity possesses a greater
potential for inducing an immune response. Recombi-
nant proteins expressed in eukaryotic cells can undergo
post-translational modifications and molecular folding,
improving the ability of antibodies to recognize neutral-
izing epitopes [33]. In this study, we obtained S1 proteins
close to the natural conformation using the CHO expres-
sion system, which helped induce an immune response in
the alpacas so that a high-quality library could be made.
It also helped with the selection of the binders. After
three rounds of biopanning, five Nbs with high affinity to
PEDV were successfully selected. We then performed a
comparative analysis of the amino acid sequences of the
Nbs, which revealed differences primarily concentrated
in the complementarity determining region. Apparent
amino acid deletions and insertions were observed in the
CDR3 region of the Nbs. The CDR3 region of VHH has a
large exposed area and its CDR1 region provides flexibil-
ity that allows the Nbs to bind to both antigen surfaces
and antigenic gap epitopes not recognized by standard
antibodies [34]. The differences in CDR diversity of the
VH structural domains may reflect the fact that these
Nbs may bind different epitopes, and the results of addi-
tive ELISA experiments validated our hypothesis.

Cloning two Nb genes in a tandem will generate biva-
lent, biparatopic, or bispecific constructs, depending on
whether: (1) the genes encoding two identical Nbs, (2)
the genes encoding two different Nbs targeting different
epitopes on the same antigen, or (3) the genes encoding
two Nbs against different antigens are cloned in tandem,
respectively [35]. By targeting dual targets, blocking sig-
naling pathways and exerting unique or overlapping
functions, effectively preventing immune escape, and
possessing the advantages of higher specificity, better tar-
geting and reduced off-target toxicity, they greatly expand
the boundaries of biological therapy and have been the
hotspot of antibody engineering research in recent years
[36, 37]. Dong et al. showed that the combination of spe-
cific nanobodies had a synergistic effect in blocking the
interaction of Spike proteins with ACE2 receptors and
enhanced the neutralization of SARS-CoV-2 infection
[38]. In the next step, He et al. [39]. built dimeric and tri-
meric nanobodies that showed higher ability than mono-
meric nanobodies in different MERS-COV strains. The
multimer potently blocked the RBD domain of MERS-
CoV from attaching to the cell surface receptor (DPP4)
and prevented entering of the virus in the animal’s cell.
In another attempt, Schoof et al. [40]. isolated several
nanobodies with high affinity for different epitopes of
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the SARS-CoV-2 spike protein, from which multivalent
nanobodies with significantly improved inhibitory activ-
ity against the SARS-CoV-2 virus were derived. Based
on the above theoretical research and practice, in this
study, we tandemized the nanobodies with Gly4Ser flex-
ible linkers (repeat three times) to obtain biparatopic and
bivalent nanobodies, and compared and evaluated their
antiviral infection effects.

The current results indicate that multivalent nanobod-
ies may offer a more effective means of preventing viral
replication. This is likely due to their higher affinity and
the increased spatial resistance resulting from multiva-
lent couplings. In future studies, we intend to prepare
more tandems or couples with Fc portion of IgG and
evaluate their blocking effect on PEDV replication. We
constructed a total of five Nbs and verified that the Nbs
inhibited the replication of PEDV strains in Vero cells,
providing a theoretical basis for the use of Nbs as anti-
viral drugs. Although SF1 bound specifically to PEDV, it
had no antiviral activity. Additive ELISA tests confirmed
that all three Nbs bind to different epitopes of the S1
protein. The different recognition epitopes are thought
to be the main reason for the difference in neutralizing
efficacy of the Nbs. The S1 protein is responsible for cell

attachment and the S2 protein mediates fusion of the
virus with the host membrane. Binding of nanobodies to
the S1 protein alters the original conformation, thereby
affecting the infection process of the virus. The experi-
mental results showed that the nanobodies mainly inhib-
ited viral adsorption, and surprisingly, SE-B seemed to
play a role in viral invasion of the membrane fusion junc-
tion. Unfortunately, in the present study we did not iden-
tify the interaction sites between SF-B and the PEDV S1
protein, which may be helpful in clarifying the molecular
mechanism by which Nb blocks PEDV replication. This
aspect requires further in-depth study. The use of Nbs as
molecular chaperones for protein crystallization and the
resolution of the crystal structure of the S1 protein may
provide an important reference for the design of antiviral
drugs. This will be included in our next research direc-
tion to focus on.

In the next step, we will test the protective effect of
SE-B in neonatal piglets. Oral administration could serve
as a promising therapeutic strategy, several studies have
developed Nbs for oral delivery in animal feed to con-
trol pathogenic bacteria in food production animals [41].
Nonetheless, the significant protease sensitivity of nano-
bodies in the gastrointestinal (GI) tract presents a crucial
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limitation for oral administration. The biophysical char-
acteristics of nanobodies can be modified to enhance
their resilience to proteases, for instance, by introducing
cysteine residues to generate additional disulfide bonds,
and mutations at protease-sensitive sites [42]. Alongside
genetic alteration of the nanobodies, selecting a suitable
targeted delivery system is also essential. Bacteria utilized
in food products have also been utilized recently for their
capacity to deliver recombinant proteins in situ (such as
secreted or wall-anchored) to maintain product activ-
ity after gastric transit [43]. One potential benefit of in
planta Nb expression, as opposed to microbial produc-
tion of soluble proteins, is that Nbs delivered in a plant
matrix are protected against proteolytic degradation in
the GI tract [44]. Furthermore, plants can assemble com-
plex Nb constructs in vivo, and this is an advantage com-
pared to prokaryotic hosts which cannot easily assemble
proteins consisting of multiple polypeptides. The findings
indicate increased stability of Nbs expressed in planta
because heat-treated (90 °C) Nbs were able to neutral-
ize the virus [45]. For such plant-based delivery systems
to be efficient, it is crucial to ensure adequate quantita-
tive release of the product from the plant matrix in the
GI tract, which should be a significant research priority
for the future [46]. Furthermore, elaboration is neces-
sary concerning the inclination of Nbs in inducing escape
mutants and their mechanism of action on the microbi-
ota of the gut.

Conclusion

In this study, a set of potent neutralizing and immu-
nized PEDV Nbs were identified from an immunized
alpaca library. These Nbs neutralizing and immunized
PEDV infection by binding to different epitopes of the
S1 protein. Subsequently, biparatopic nanobodies were
engineered through covalent linkage of the Nbs, which
further improved neutralizing capacity. In summary,
nanobodies can be used as a potential therapeutic and
prophylactic drug for PEDV.

Materials and methods

Cells, viruses and animals

The Vero cells were propagated in Dulbecco’s modi-
fied Eagle’s medium (DMEM; Hyclone) supplemented
with 10% fetal bovine serum (FBS; Gibco). Cells were
cultured at 37°C in a 5% CO, incubator and passaged
approximately every 48 h. Porcine epidemic diarrhea
virus (PEDV) strain SD2020(GenBank ID: OP894120.1)
was isolated by Shandong Key Lab of Preventive Veteri-
nary Medicine, Qingdao Agricultural University (QAU),
China. PEDV was proliferated on Vero cells and stored
at -80°C until further use. To immunize alpaca, the
virus was inactivated with a final concentration of 0.1%
[B-propiolactone at 4 °C for 24 h, followed by incubation
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in a water bath at 37 °C for 2 h to prepare the inacti-
vated virus for immunized alpaca. Porcine reproduc-
tive and respiratory syndrome virus (PRRSV), classical
swine fever virus (CSFV), pseudorabies virus (PRV),
porcine circovirus type 2 (PCV2), PEDV S1 protein was
expressed based on a CHO expression system and main-
tained at the Shandong Key Lab of Preventive Veterinary
Medicine. Alpacas are bred by Qingdao Agricultural Uni-
versity Teaching Experimental Base.

VHH sequence acquisition

A healthy adult male alpaca was immunized with 2 mL
of PEDV S1 recombinant protein and 4 mL of inacti-
vated virus emulsified at a ratio of 1:1 (v/v) mixture with
ISA 201 adjuvant (SEPPIC, France; 7014234-6). A total
of five immunizations were given at two-week intervals.
Serum was collected one week after each immunization
for antibody potency testing. Peroxidase-conjugated Affi-
niPure goat anti-Alpaca IgG H&L (Stratech, UK; 128-
035-003-JIR) was used as the secondary antibody for
titer measurement of ELISA. After immunization was
complete and the alpacas were returned to the base for
further breeding, fresh blood was collected from which
peripheral blood lymphocytes (PBLs) were isolated.
Total RNA was isolated from PBLs using RNeasy® Mini
Kit (QIAGEN, Germany, Cat. No. 74,104) according to
the manufacturer’s instructions, and the RNA was then
reverse-transcribed to cDNA using the HiScript® III 1st
Strand cDNA Synthesis Kit (Vazyme, China; R312-01).
The VHH genes were amplified by nested PCR using
KOD One™ PCR Master Mix (TOYOBO, Japan). The
PCR products were separated by electrophoresis and
extracted from the gel using Gel Extraction Kit (QIA-
GEN, Germany, Cat. No. 20,021).

VHH library construction

The pCANTAB-5E phagemid vector and purified VHH
genes underwent digestion with Pst/ and Not! restriction
enzymes (New England Biolabs, NEB) and were subse-
quently ligated with T4 DNA ligase (New England Bio-
labs, NEB) at 16 °C. One milliliter of E. coli competent
TG1 cells should be taken, followed by the addition of
5 pg of recombinant plasmid. The mixture should then
be gently mixed, and 100 pL should be added to elec-
trocution cups that have been pre-cooled on ice. Each
electrocution cup should contain 100 pL per cup. The
electroporator’s parameters should be set to 2.5 kV, 5 ms.
Immediately following the application of the shock, the
shock cups should be removed, 1 mL of pre-warmed 2YT
medium at 37 °C should be added, the cells should be
resuspended, and they should be transferred to a sterile
50 mL centrifuge tube. This process should be repeated
in order to complete the remaining shock transformation.
The transformation products were incubated on a shaker
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at 37 °C and 200 rpm with shaking for one hour. The cells
were incubated overnight at 37 °C on LB/AMP-GLU agar
plates (100 pg/mL ampicillin and 4% glucose). The colo-
nies were scraped and stored in LB with 20% glycerol at
-80 °C [47]. The evaluation of library size and diversity
was conducted by calculating the number of colonies and
insertion rate through PCR amplification after gradient
dilution. Positive clones were subsequently sequenced.

Phage preparation and titration

Recombinant TG1 cells containing the pCANTAB-
5E-VHH plasmid were inoculated into 2xYT/AMP-GLU
medium with vigorous shaking at 200 rpm and 37 °C until
ODgyonm Of the bacterial culture reached approximately
0.6. After that, the M13KO7 helper phage(MOI=20) was
added to TG1 cells and incubated statically at 37 °C for
30 min. Cells were harvested by centrifugation at 2800xg
for 10 min, resuspended, and grown overnight in 100 mL
2xYT/AMP-KAN medium (100 pg/mL ampicillin and
50 pg/mL kanamycin). Cell culture was collected by cen-
trifugation at 4000xg for 30 min at 4 °C, and the super-
natant was mixed with 20 mL PEG/NaCl. Phages were
precipitated by centrifugation at 6000xg for 30 min after
5 h incubation on ice. Finally, the phage particles were
resuspended in 1 mL of phosphate-buffered saline (PBS)
and incubated overnight at 4 °C to completely solubilize
the phage particles. TG1 cells were infected by taking
20 pl of phage solution at 10-fold specific dilution and
incubated overnight on LB/AMP-GLU agar plates. The
next day, the phage was quantified and the remaining
phage was stored at -20 °C for subsequent experiments.

Solid-phase panning

A 96-well plate was coated with PEDV S1 protein
(100 pg/mL) overnight at 4 °C, and PBS was used as a
control. After blocking with 1% BSA (200 pL/well) at
25 °C for 1 h, resuspended phage particles diluted in 1%
BSA were prepared at a concentration of 5.0x10'? pfu/
mL and incubated in panning plates (100 pL/well) at
25 °C for 1 h. After ten washes with PBS, elution was per-
formed with 0.1 M triethylamine (100 uL/well) for 10 min
at 25 °C, followed by neutralization with 1 M Tris-HCl
(pH 7.4). A 4 mL aliquot of fresh exponentially growing
E. coli TG1 culture was infected with a 400 pL aliquot of
eluted phage particles for 30 min at 37 °C without shak-
ing, followed by incubation in 100 mL 2xYT/AMP-GLU
medium until the OD,,, of the culture reached approx-
imately 0.6. The M13KO?7 helper phage was added to the
TG1 cells to rescue and enrich the specific phage parti-
cles by three consecutive rounds of bio-panning with the
above procedures. Enrichment in each round of panning
was assessed by phage titration.
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Detection of specific nanobody

A total of 48 different colonies were randomly selected
from the third round of panning and cultured in
96-well plates containing 100 pL of LB/AMP-GLU
agar medium for 4 h at 37 °C. Subsequently, 20 pL of
each cloned culture was transferred to 1 mL Terrific
Broth (TB) in 24-well plates and incubated with shak-
ing until the ODg,,, of the bacterial cultures reached
approximately 0.6. Then, 100 pL of 1 mM isopropyl-B-
d-thiogalactopyranoside (IPTG) was added to the TB to
induce VHH antibody expression, and the culture was
incubated at 37 °C overnight. After freezing and thaw-
ing three times, the supernatant was collected. Specific
antibodies were identified by indirect ELISA. Rabbit
anti-E tag antibody (Abcam, UK; ab3397) was used as
the primary antibody, and goat anti-rabbit IgG H+L
(HRP) (Abcam, UK; ab205718) as secondary. Bacterial
fluids from positive clones (OD g, more than 3 times
the control) were sent for sequencing and the sequence
results were analyzed.

Epitope analysis by additive ELISA

To determine whether Nbs recognize different epit-
opes on PEDV antigen, a summed ELISA analysis was
performed to calculate the addition index (AI). Briefly,
96-well plates were coated with PEDV S1 protein (10 pg/
mL) and incubated overnight at 4 °C. Addition of Nb
alone or in combination that can saturate the coated anti-
gen. After incubation and washing, the bound Nbs were
detected by the addition of a rabbit anti-E tag antibody
and goat anti-rabbit IgG H+L(HRP). PBS was used as
a negative control. Competition for each Nb was deter-
mined by calculating the Al using the following equa-
tion: Al=[2A, .,/ (A;+A,)—1] x 100%, where A, and A,
represent the OD,;,,.. values for each of two Nbs tested,
and A, ,, represents the ODy, ., value when the two
Nbs were mixed. If the Al is above 50%, then the two Nbs
recognize different antigenic epitopes; if it is below 50%,
then the two Nbs recognize the same antigenic epitope.

Production of nanobody

Monovalent nanobody genes and biparatopic and biva-
lent nanobodies modified with Gly4Ser flexible linkers
were individually cloned into the pET-2la expression
vector. The vector was synthesized by Sangon Biotech
(Shanghai) Co., Ltd. The recombinant plasmids were
transformed into E. coli BL21(DE3) for nanobody expres-
sion. Cells were grown in LB at 200 rpm and 37 °C until
the ODgg,, Of the bacterial culture reached approxi-
mately 0.6. A variety of IPTG induction concentra-
tions, temperatures and times were used to optimize the
expression conditions. The bacterial cells were lysed by
sonication and the nanobody protein was purified using
a Ni-NTA resin column (CWBIO, China, CW0893S)
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according to the manufacturer’s instructions. Purified
recombinant proteins were analyzed by 12% sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE). Subsequently, the eluted proteins were dialyzed
for renaturation, quantified using a BCA Protein Assay
Kit, and stored at -80 °C.

Nanobody characterization

Specificity analysis

Common porcine pathogens, including PEDV, PRRSV,
CSFV, PRV as well as PCV-2, were used to determine
whether Nbs binds specifically to PEDV. Briefly, 10 pg/
mL of virus was coated in an ELISA plate, the plate was
blocked and Nbs was added. After incubation at 37 °C
for 2 h, rabbit anti-His antibody and goat anti-rabbit
IgG H+L(HRP) were added and the ODg,,,, value was
recorded after color development by TMB.

Stability analysis

The —80 °C stored proteins were used as initial frozen
Nbs, Nbs were collected and stored at 4 °C, and Nbs were
aspirated from 4 °C EP tubes and stored at -80 °C weekly.
After six weeks, the binding rate of Nbs to antigen was
analysed by indirect ELISA. The Nbs were placed in a
water bath at 30-90°C for 1 h and in Tris-HCl at pH 3-11
for 1 h, respectively, and then the binding activity was
detected by indirect ELISA. The results were expressed
as relative activity (%) = (final Nb / initial Nb) x 100%.

Affinity analysis

PEDV virus was coated in ELISA plates at 10 pg/mL and
incubated at 4 °C overnight. After three washes, the sam-
ples were blocked with 1% BSA. The Nb was uniformly
diluted to an initial concentration of 1 mg/mL, and then
the Nb was serially diluted 2-fold in the range of 1:2000-
1:128000. The Nb dilution was added after three washes
and incubated at 37 °C for 2 h, then rabbit anti-His tag
antibody and goat anti-rabbit IgG H+L were added,
and the OD,g,,,, value was recorded after TMB color
development.

Cytotoxicity assay

The cytotoxic activity of Nbs on Vero and IPEC-J2 cells
was determined using a Cell Counting Kit-8 (CCK-8;
TargetMol, Shanghai, China). Briefly, approximately
1x10° cells/well were seeded in a 96-well cell culture
plate and incubated in a 5% CO, humidified incubator at
37 °C. After confluent monolayers formed, the cells were
washed with PBS and then incubated with different con-
centrations of Nbs in 3% FBS medium for 24 h. CCK-8
reagent (10 pL) was added to each well and incubated for
2 h at 37 °C. The OD value at 450 nm was measured using
a microplate reader. The results are expressed as the per-
centage of the optical density of the treated cells to that
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of the untreated control cells, which was defined as 100%
viability.

Neutralization test

Referring to the microplate neutralization assay for
detecting nanobody neutralizing activity reported by
Song et al. [48]. The purified Nb and combined cocktail
were adjusted to 1 mg/mL and filtered through a 0.22-
pm membrane. Subsequently, Nb was diluted 2-fold
and incubated with an equal volume of 1000 TCIDg,/
mL PEDV at 37 °C for 1 h. Then, the Nb-virus mixture
was inoculated onto a confluent monolayer of Vero cells
in 96-well plates and incubated at 37 °C for 2 h. Replace-
ment of fresh DMEM containing 5 pg/mL TPCK-treated
trypsin. After 36 h of cell culture, the cells were fixed in
4% paraformaldehyde, permeabilized with 0.5% Triton
X-100, and blocked with 1% BSA to block nonspecific
binding sites. After three more washes with PBS, rabbit
anti-S1 sera (homemade, 1:1000 dilution) was incubated
with cells as the first antibody. After a second wash, goat
anti-rabbit IgG (H+L) was used as the secondary anti-
body, and the OD,q,, value was recorded after color
development by TMB.

Inhibition of PEDV replication by Nbs

Vero cells were seeded into 96-well plates at a density of
1x10° cells/mL for about 24 h, Nbs were diluted to dif-
ferent concentrations (5, 10, or 20 pM) with DMEM, and
the cells were co-treated with 1000 TCID;,/mL PEDV.
After culture for 2 h at 37 °C with 5% CO,, the incubation
mixture was discarded, the cells were washed three times
with PBS, and fresh DMEM containing 5 pg/mL TPCK-
treated trypsin was added. The culture was continued
until the designated time points, and then the cell super-
natant was collected for progeny virus titration. The cells
were also harvested for quantitative reverse transcription
PCR analyses.

Based on the previous experiments, we explored the
inhibition linkage of viral replication by Nbs. A total of
five treatments were performed before and after virus
infection. The experiment included five different treat-
ments: Treatment 1 involved pre-treatment of cells with
Nbs for 1 h before virus infection; Treatment 2 consisted
of co-incubation of cells with Nbs and viruses; Treatment
3 entailed pre-mixing of viruses and Nbs at 37 °C for
1 h, followed by treatment of cells; Treatment 4 involved
incubation of viruses and cells at 4 °C for 2 h, followed
by Nbs treatment; and finally, Treatment 5 consisted of
performing Nbs treatment 2 h after viral infection had
invaded the cells. Finally, the cell supernatant was col-
lected for progeny virus titration and the cells were also
harvested for quantitative reverse transcription PCR
analyses.
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Indirect immunofluorescence assay (IFA)

At indicated time points post viral infection, cells were
fixed with 4% paraformaldehyde at room temperature
(RT) for 15 min and then permeabilized with 0.5% Tri-
ton X-100 at RT for 5 min. After washing with PBS three
times, the fixed cells were blocked by 1% BSA for 1 h at
room temperature. After three more washes with PBS,
Rabbit anti-His antibody at a dilution of 1:400 or rabbit
anti-S1 sera at a 1:200 dilution was used as the primary
antibody, and incubated with gentle shaking for 1 h at
RT. The cells were then incubated with goat anti-rabbit
IgG-FITC (Absin, Shanghai, China; abs2C023) at a 1:100
dilution as the secondary antibody for 1 h in the dark at
RT. Nuclei were stained with DAPI (Solarbio, China) and
all fluorescent images were acquired and analyzed using
an inverted fluorescence microscope (Carl Zeiss AG,
Germany).

Viral titration assay

To determine the titers of progeny virus in cell culture
supernatants, Vero cells seeded in 96-well plates at a den-
sity of 1x10° cells/well were cultured overnight at 37 °C
with 5% CO,. Then, 100 uL/well of ten-fold-diluted (from
107! to 10719 supernatant samples (material taken from
the Neutralization test) with DMEM was added to single-
layer Vero cells in 96-well plates for eight repeats of each
dilution, and 100 puL/well DMEM was added as a control
group and incubated at 37°C in 5% CO,. After incubated
for 2 h, the virus suspension was then aspirated and sup-
plemented with fresh DMEM containing 5 ug/mL TPCK-
treated trypsin and continued to culture. Observing
cytopathic lesions daily, the 50% tissue culture infective
dose (TCIDg,) was calculated using the Reed-Muench
method.

Quantitative reverse transcription PCR (qRT-PCR)

The Vero cells were rinsed thrice with PBS, and total
RNA was extracted utilizing the RNeasy® Mini Kit fol-
lowing the manufacturer’s instructions. Subsequently,
qRT-PCR was conducted using the HiScript® II One Step
qRT-PCR SYBR Green Kit (Vazyme, China; Q221) on
an ABI QuantStudio 5 Real-Time PCR System (Thermo
Fisher Scientific, USA). The cellular glyceraldehyde-
3-phosphate dehydrogenase (GAPDH) gene was con-
currently detected as an internal reference control for
N expression normalization. We quantified the relative
expression levels of N genes using the 2722t method. We
used this method to determine the change in expression
of a target gene normalized to the endogenous control
gene (GAPDH).

Statistical analysis
All experiments were conducted independently at
least three times to ensure reproducibility of results.
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Student’s ¢-test was used to determine statistical signifi-
cance between groups, or one-way analysis of variance
(ANOVA) when more than two groups were compared. A
p-value of <0.05 was considered statistically significant.
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