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ARTICLE INFO ABSTRACT

Keywords: Porcine deltacoronavirus (PDCoV) is an emerging porcine enteric coronavirus that causes severe diarrhea in

PPC?V ) piglets and results in serious economic losses. There are no effective vaccines and antiviral drugs to prevent and

f“ff_‘thsm treat PDCoV infection currently. Griffithsin (GRFT) is a lectin with potent antiviral activity against enveloped
ectin

viruses because of its ability to specifically bind N-linked high-mannose oligosaccharides. GRFT has been re-
ported to possess antiviral activity against severe acute respiratory syndrome coronavirus (SARS-CoV), Middle
East respiratory syndrome coronavirus (MERS-CoV), and porcine epidemic diarrhea virus (PEDV). Here, we first
confirmed the antiviral activity of GRFT against PDCoV in vitro. The infected cells (%) and virus titers were
significantly decreased at concentration 1 pg/mL or above of GRFT. Time-course experiments revealed that GRFT
inhibits PDCoV infection at the adsorption and penetration step. GRFT binding to PDCoV spike (S) protein on the
surface wraps the virus and blocks its entry. The outstanding antiviral potency indicates that GRFT has the

Antiviral activity

potential value as a candidate drug for the prevention and treatment of PDCoV infection.

1. Instruction

Coronaviruses are enveloped, positive-sense, single-stranded RNA
viruses in the family Coronaviridae of the order Nidovirales and have the
largest RNA genomes among the recognized RNA viruses. Coronaviruses
are classified into four groups: Alphacoronavirus, Betacoronavirus, Gam-
macoronavirus and Deltacoronavirus. As an emerging porcine intestinal
coronavirus, porcine deltacoronavirus (PDCoV) has been first reported
in Hong Kong, China in 2012 (Woo et al., 2012), and later in the USA
(Wang et al., 2014), China Mainland (Dong et al., 2015), South Korea
(Lee et al., 2016), and Thailand (Lorsirigool et al., 2017). PDCoV can
cause severe diarrhea, vomiting, dehydration in piglets (Chen et al.,
2015) and serious economic losses in the swine industry. Recently, cases
of children infection with PDCoV have been reported in Haiti (Lednicky
et al., 2021).

Lectins are proteins that bind to specific carbohydrate structures.
Griffithsin (GRFT), a high-mannose-specific lectin isolated from marine
red algae (Griffithsia sp.), exists as a homodimer with three
carbohydrate-binding domains (CBDs) per monomer and has broad-
spectrum antiviral activity. GRFT exerts antiviral activity against mul-
tiple coronaviruses, including severe acute respiratory syndrome coro-
navirus (SARS-CoV) (O’Keefe et al., 2010), Middle East respiratory
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syndrome coronavirus (MERS-CoV) (Millet et al., 2016), feline corona-
virus (FCoV) (Hsieh et al., 2010), and porcine epidemic diarrhea virus
(PEDV) (Li et al., 2019). Moreover, researches on GRFT against human
immunodeficiency virus (HIV) have been deep and extensive for decades
(Akkouh et al., 2015; Lee, 2019). GRFT carrageenan fast-dissolving in-
serts were reported to protect rhesus macaques from HIV and human
papillomavirus (HPV) vaginal challenge and showed the potential for
clinical application (Derby et al., 2018).

In this study, we assessed the antiviral activity of GRFT against
PDCoV in IPI-2I cells, further identified the role of GRFT in the viral
replication cycle and elucidated the detailed mechanism of GRFT
inhibitory action on PDCoV infection.

2. Materials and methods
2.1. Cells and virus

Swine testis (ST) cells, porcine intestinal epithelial (IPI-2I) cells,
human embryonic kidney (293T) cells were grown in Dulbecco’s
Modified Eagle Medium (DMEM) (Gibco, USA), supplemented with 10
% FBS (Gibco, USA). The cells were grown at 37°C in a 5% CO3 incu-
bator. PDCoV strain NH passage 10 (P10) was grown and titrated in ST
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cells (Zhang et al., 2019).

2.2. GRFT expression and purification

The codon-optimized gene encoding GRFT (GenBank: FJ594069)
was synthesized by BGI Genomics in China and cloned into the pET24b
(+) vector (Novagen, Germany) to be in frame with a 6 xHis-tag. Then
the plasmid transformed into competent cells BL21 (Takara, China). The
protein expression was induced with IPTG at a final concentration of 1
mM at 16°C for ten hours. The bacteria cells were harvested, resus-
pended and further lysed with pulsed sonication on ice. GRFT in the
cleared lysate was purified by His60 Ni Superflow Resin (Takara, China)
according to manufacturer’s guidelines. Finally, the purified protein was
analyzed by SDS-PAGE and western blot.

2.3. Cell viability assay

Cytotoxicity was evaluated using a Cell Counting Kit-8 (DOJINDO,
Japan). ST cells and IPI-2I cells were seeded in wells of a 96-well plate at
a density of 2 x 10* cells per well. The next day, cells were treated with
several doses of GRFT, or with an equal volume of DMEM serving as a
negative control and cell-free DMEM serving as a background. After
incubating for 24 h, cells were added with CCK-8 and incubated for an
additional 2 h at 37°C, then measured the absorbance at 450 nm. The
percent cell viability was calculated by the following equation:

_ Ayso(Cells with GRFT) — Ays0(Background)

Cell viability(%) =
ell viability(%) Ayso(Negative control) — Ayso(Background)

(]

The inhibition rates (%) of GRFT against PDCoV infection on ST cells
and IPI-2I cells were also measured by CCK-8. The cells were infected
with PDCoV at a multiplicity of infection (MOI) of 1 while various doses
of GRFT were added. Non-infected cells and DMEM-treated virus inoc-
ulum were used as negative controls. At 24 h post infection (hpi), CCK-8
was added to determine cell viability. The inhibition rate of lectin was
calculated by the following equation:

Ays0(GRFT — treated) — Ayso(DMEM — treated)

Inhibiti te(%) =
nhibition rate(%) Ayso(Non — infected) — Ayso(DMEM — treated) ’

Regression analysis of the cell viability (%) data and the inhibition
rate (%) data yielded the 50 % cytotoxic dose (CCsp) and 50 % effective
dose (ECsg), respectively. The therapeutic index (SI) was computed
using the formula: SI = EC50/CCs for distinct cells.

2.4. Immunofluorescence assay

2.5 x10° IPI-2I cells seeded in 24-well plates for 24 h. PDCoV NH
P10 was pre-incubated with 10, 1, 0.1, 0.01, 0 pg/mL GRFT for 2 h at
37°C, then infected the cells. Non-infected cells were served as a nega-
tive control. At 24 hpi, the cells were fixed with 4% paraformaldehyde,
permeabilized with 0.1 % (w/v) Triton X-100, and blocked with 5% (w/
v) skimmed milk. Then, the cells were incubated with anti-PDCoV-N
mouse monoclonal antibody (Su et al., 2016) for 1 h at 37°C, after
washed with PBS and stained with donkey anti-mouse 1gG(H + L)
antibody (Invitrogen, USA) for 40 min at 37°C, followed by DAPI nu-
clear staining. The cells were counted by Image J and infected cells (%)
were calculated by GFP cells/DAPI cells.

2.5. Effect of GRFT on viral production

1.0 x 10° IPI-2I cells were seeded in 6-well plates for 24 h. The
methods of virus infection and GRFT administration were described
above. At 18 hpi, cell pellets were harvested and stored at -20°C. To
identify the expression of PDCoV nucleocapsid (N) protein, cell pellets
were lysed by RIPA (Sigma, USA) for 30 min at room temperature and
then detected with an anti-PDCoV-N mouse monoclonal antibody. Gray
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value was analyzed using Image J.

Viral RNA was extracted by RNAiso Plus (Takara) from cell pellets,
and cDNA was synthesized by PrimeScript IV 1st strand cDNA Synthesis
Mix (Takara, China). The forward primer and reverse primer for PDCoV
N and p-actin were as follows: PDCoV-N-F, 5’- AGCAACCACTCGTGT-
TACTTG-3"; PDCoV-N-R, 5-CAACTCTGAAACCTTGAGCTG-3"; p-actin-
F, 5-CTTCCTGGGCATGGAGTCC-3"; p-actin-R:  5’-GGCGCGAT-
GATCTTGATCTTC-3". RT-qPCR was performed with the TB Green Pre-
mix Ex Taq II (Takara, China). Data were analyzed using the 2744t
method.

2.6. Effect of GRFT on viral entry steps

2.5 x 10° IPI-2I cells seeded in 24-well plates for 24-28 h. GRFT was
added in five different stages: (1) virus at a MOI = 1 attached to the pre-
cooled cells for 1 h at 4°C, (2) DMEM washed to remove unbound virus,
further binding for 1 h at 4°C, (3) internalization for 1 h at 37°C, (4) 1 h
post internalization at 37°C, (5) 2 h post internalization at 37°C. After 24
hpi, the cells were fixed and processed for immunofluorescence assay as
described previously.

2.7. Mannose competitive inhibition

GRFT at 1 pg/mL was either pre-incubated with 1 M G-(+)-Mannose
(Sigma, USA) for 1 h at 37°C or not. The cells were infected with PDCoV
NH P10 of MOI = 1 and then placed in DMEM, mannose pre-incubated
GRFT, and GRFT. Cultured for 36 h, the supernatant was harvested for
TCIDs( assay, and viral RNA was extracted from lysed cells and quan-
tified the relative amount of N mRNA by RT-qPCR as previously
mentioned.

2.8. Interaction of GRFT and PDCoV spike protein

PDCoV virions were treated with 1 pg/mL GRFT or DMEM for 1 h at
37°C. Virus particles were observed by electron microscopy.

The interaction between GRFT and PDCoV spike (S) protein was
verified by ELISA. Purified S, S1, and S2 protein were immobilized to a
96-well plate (50 ng per well) by incubation at 4°C overnight and
blocked with 5% skimmed milk at 37°C for 2 h. After washed with PBS,
the wells were incubated with log;g serial dilutions of GRFT for 2 h at
37°C. The plates were washed and incubated with HRP-conjugated
rabbit anti-6xHis-tag polyclonal antibodies (Abcam, UK) for 1 h at
37°C. After incubated with 3,3’,5,5'-Tetramethylbenzidine (Sigma, USA)
for 10 min, the reactions were stopped by the addition of 2 M HySO4, and
the absorbance was measured at 450 nm.

2.9. Statistical analyses

Analysis of experimental data, calculations of standard deviations (s.
d.) and graph plotting were performed using GraphPad Prism 7.0. Sta-
tistical analyses were performed using Nonlinear regression (dose-
response for cell viability and viral infection) and two-tailed Student’s t-
test (virus titer assays, competition with Mannose and RT-qPCR assay).
For p-value significance, the following convention was used: not sig-
nificant (n.s.) p > 0.05, significant (*) p < 0.05, highly significant (**) p
< 0.01, very highly significant (***) p < 0.001.

3. Results
3.1. Expression and purification of GRFT

Purified GRFT was identified by SDS-PAGE (Fig. 1A) and western
blot (Fig. 1B) using mouse anti-His monoclonal antibody (Abcam, UK).
The results showed that GRFT was successfully expressed and purified,
and its molecular weight was about 15 kD. The purified protein was
dialyzed, following by filter sterilization prior to use.
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Fig. 1. Purification, effect of GRFT on cells

3 viability and PDCoV infectivity. (A-B) SDS-
PAGE and western blot analysis of purified
GRFT. Lane M protein size markers, Lane 1
elution of GRFT, Lane 2 wash buffer through
the resin, Lane 3 supernatant of lysed suspen-
sion. The molecular weight is about 15 kD. (C)
ST and IPI-2I cell viability after 24 h incubation
with different concentrations of GRFT by CCK-8
Kit. CCsp (50 % cytotoxic dose) was figured by
cell viability (%). (D) ST and IPI-2I cell viability
after 24 h incubation with different concentra-
tions of GRFT and PDCoV at MOI = 1. ECs, (50
% effective dose) was figured by inhibition rate
(%). (E) The therapeutic index (SI) was figured
by CCs¢/ECso. The SI showed GRFT had good
safety and anti-infection activity.
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3.2. Dose-response inhibition of GRFT on PDCoV infection

The cytotoxic of GRFT on cell viability was assessed by treating ST
cells and IPI-2I cells with a range of GRFT concentrations from 27° to 2°
pg/mL. As illustrated in Fig. 1C, GRFT showed minimal cytotoxicity to
IPI-2I and ST cells (IPI-2I CCsp = 167.034 pg/mL, ST CCso = 38.240 pg/
mL). Based on its security range, the inhibition rate of GRFT against
PDCoV infection was calculated with the cell viability, the values of ECsg
on IPI-2I cells and ST cells were 0.263 pg/mL and 0.297 pg/mL,
respectively (Fig. 1D). Therapeutic indexes on IPI-2I and ST cells
reached 635.11 and 141.62 (Fig. 1E) respectively, indicating that GRFT
was safe and effective against PDCoV.

Immunofluorescence assay revealed that GRFT inhibited PDCoV
infection on IPI-2I cells (Fig. 2A), with the increase of GRFT concen-
tration, the cell infection rate declined gradually from 20.92 % to 0.077

% (Fig. 2B). There was a marked declined trend on the expression of
PDCoV N protein with the increase of GRFT doses detected by western-
blot (Fig. 2C) accompanied by gray value analysis (Fig. 2D), and the
same trend occurred on the relative PDCoV N mRNA level determined
by RT-qPCR (Fig. 2E). All the results showed that the antiviral effect was
highly significant above a dose of 1 pg/mL (p < 0.001).

To investigate the effect of GRFT on PDCoV production, IPI-21 cells
were infected with PDCoV in the presence or not of 1 pg/mL GRFT.
TCIDsy assay showed that virus titers significantly decreased from 10*38
to 1012 TCIDso/mL after GRFT treatment (p < 0.05) (Fig. 2F).

3.3. Mannose competitive inhibition the effect of GRFT

A mannose competition assay was performed to confirm that the
inhibition observed was unique to the characteristics of GRFT. In TCIDsq
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Fig. 2. Dose-response of GRFT inhibition against PDCoV infection and mannose competitive inhibition. (A) Immunofluorescence assay of PDCoV-infected IPI-2I cells
in presence of increasing concentrations of GRFT. (B) For each condition, three 20x objective fields were randomly acquired and analyzed for a total number of cells
(DAPI nuclei stain) and N-positive cells (infected cells). Results are expressed as percentage infected cells. (C) Western-blot assay of PDCoV N protein. (D) A gray
value analysis of western-blot result. (E) Relative N mRNA amount was measured by RT-qPCR. The results showed that GRFT had a remarkable inhibition against
PDCoV infection at concentrations above 1 pg/mL. The orange column indicated that relative N mRNA level rose after mannose treatment. (F) Virus titers decreased
markedly with treatment of 1 pg/mL GRFT at the infection process. However, pre-incubation of GRFT with mannose could significantly antagonize the antiviral effect

of GRFT and increase the virus titer.

assay, compared with not pre-incubated GRFT, the virus titer of GRFT
pre-incubated with mannose group rose markedly from 10%% to 10%%2
TCIDsp/mL, but it still retained antiviral effect compared with DMEM
positive control. The relative N mRNA level was increased about 67
times after treatment of mannose (p < 0.001) (Fig. 2E), showing that
mannose could antagonize GRFT’s antiviral activity.

3.4. GRFT acts on viral entry stages

To define which stage in the virus life cycle GRFT played role in, IPI-
2I cells were infected by PDCoV with GRFT 1 pg/mL present at different
points during viral entrance steps (Fig. 3A). Viral entry steps were
divided into attachment at 4°C, binding at 4°C, internalization at 37°C.
GRFT was also added 1 hpi and 2 hpi to see if it affected the internalized
virus. Immunofluorescence observations illustrated GRFT is primarily
involved in the attachment stage and has effects on viruses that have
been bind on the cell surface and their internalization process, never-
theless, GRFT is little effective for viruses that have been internalized

into the cell. Infectivity decreased significantly from 24.73 % to 0.08 %,
0.51 % and 0.65 % in conditions (b), (c) and (d), respectively (Fig. 3C),
while conditions (c) and (d) had slightly more infected cells than con-
dition (b) (Fig. 3B), revealing that GRFT might focus on the attachment
stage. However, after virus internalization, the infected rates of condi-
tions (e) and (f) rose to 5.09 % and 10.12 % indicating that GRFT could
not effectively prevent cell infection from internalized PDCoV and that
the later GRFT was added, the weaker the antiviral activity was
(Fig. 3Q).

3.5. Binding ability of GRFT with S and its subunits

The untreated PDCoV presented a typical coronavirus pattern
(Fig. 4A). PDCoV virions were surrounded with floccule when treated by
1 pg/mL GRFT, and the viral spike was no longer visible (Fig. 4B).

To further confirm interactions between GRFT with PDCoV S protein
and its subunits, ELISA assays were performed. As shown in Fig. 4C, with
the increase of GRFT concentration, the absorbance value (OD4sp) also
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Fig. 3. Antiviral activity of GRFT at initial
stages of PDCoV infection. (A) Schematic of the
additional time course. GRFT was administered
at different stages of PDCoV infection including
(b) attachment at 4°C, (c) further binding at
4°C, (d) internalization at 37°C, (e) 1 hpi, and
() 2 hpi, each step lasted for 1 h. (B) Immu-
nofluorescence assay of PDCoV infected IPI-21
cells with GRFT present at different stages of
infection. (C) Infected cells (%) was analysed by
Image J. Infected cells (%) of conditions (b), (c)
and (d) significantly decreased (p < 0.05),
conditions (e) and (f) were not significantly
different with condition (a) without medication
(p > 0.05).

Binding with GRFT

4
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-= S1
- S2
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Fig. 4. Interaction between GRFT and PDCoV S protein. (A) Untreated PDCoV virus particles (B) After being treated by 1 pg/mL GRFT, PDCoV virus particles were
wrapped in a floccule. Through the interaction of GRFT and S protein, viruses were encapsulated and the spikes of PDCoV were sealed, thus preventing virus entry.
(C) GRFT binds directly to PDCoV S protein (@), S1 protein (M), and S2 protein (a). PBS control was indicated by the dotted line. The combination ability of GRFT

with S1, S, S2 is from strong to weak.
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increased and reached 3.385 in S, 3.677 in S1 and 1.931 in S2, respec-
tively (Fig. 4C). GRFT has stronger binding ability with S1 compared to
S2, which might depend not only on the glycosylation of S1 and S2
subunits, but also on the modification of mannose.

4. Discussion

In recent years, particularly with the outbreak of COVID-19, there
have been increasing researches on antiviral medications against coro-
naviruses. Various molecular compounds against PDCoV in vitro and in
vivo through different pathways were reported successively including
Remdesivir (Brown et al., 2019), ergosterol peroxide (Duan et al., 2021),
bile acids (Kong et al., 2021) for the past several years. Until now, there
have been no clinical records of effective antiviral drugs for the treat-
ment of infection. Therefore, medication discovery for the prevention
and treatment of PDCoV infection remains critical and urgent. GRFT, as
a potential broad-spectrum antiviral drug, has high application value
but its antiviral effect on PDCoV is unknown.

In this study, we provided evidences that GRFT exhibits antiviral
activity against PDCoV and security in vitro. Moreover, we explained the
basic mechanism of GRFT function in viral entrance through its inter-
action with S protein. GRFT may be a promising tool in the prevention
and treatment of PDCoV infection.

The effective concentration of GRFT against PDCoV at MOI = 1 was 1
pg/mL according to our results. Immunofluorescence, western-blot, and
RT-qPCR data indicated that the infected cells (%), grayscale value, and
relative N mRNA level were significantly decreased respectively (p <
0.0001) when GRFT concentration was 1 pg/mL or higher. GRFT also
displayed antiviral activity against other coronaviruses at similar dos-
ages including SARS-CoV (O’Keefe et al., 2010), MERS-CoV (Millet
et al., 2016), PEDV (Li et al., 2019). The concentration of GRFT against
HCV was comparable to that of coronaviruses (Meuleman et al., 2011).
However, the effective concentration of GRFT against other enveloped
viruses varies greatly. GRFT can be used to prevent HIV infection at a
low concentration of 1 mM (Lee, 2019), while the effective concentra-
tion against Hantavirus infection is higher, reaching more than 25
pg/mL (Shrivastava-Ranjan et al., 2020). This diversity may be attrib-
uted to different degrees of glycosylation of each viral membrane pro-
tein and densities of glycosylated protein.

As a novel coronavirus, the structure and function of the PDCoV S
protein is semblable to the other coronaviruses. PDCoV S protein is
highly glycosylated and divided into S1 and S2 domains, which is major
determinants of virus entry and tropism. The S1 domain is responsible
for receptor binding and viral attachment to the host cell surface,
whereas S2 contains the fusion machinery. We demonstrated that GRFT
can bind to S, S1, and S2 proteins and the binding capacity of S1 and S2
subunits are related to the degree of glycosylation of the subunits. The
reports of Cryo-Electron microscopy structure of PDCoV S protein sug-
gested that both S1 and S2 had abundant glycosylation sites (Shang
et al., 2018), and above half of the glycosylation sites were highly
mannose modified (Xiong et al., 2018). Meanwhile, based on the
analytical and predicted glycosylation sites, S1 has more glycosylation
sites than S2, and 11 of 15 glycosylation sites in S1 have mannose
modification, while only 5 of 11 glycosylation sites in S2 have mannose
modification. These observations further prove that GRFT plays a role in
the virus entry stage, with a stronger role in the attachment step.
Mannose can also prevent the antiviral effect of GRFT by antagonizing
the GRFT interaction with S protein. The molecular mechanism of the
GREFT antiviral effect is revealed preliminary.

We found that GRFT plays a role in both viral adsorption and
internalization, but the effect was slightly stronger in the adsorption
stage. Barry R. O’Keefe and his colleagues found that GRFT could not
prevent the SARS-CoV S from binding with cellular receptor ACE2,
suggesting that GRFT may block subsequent steps for viral entry
(O’Keefe et al., 2010). For MERS-CoV, GRFT works only in the viral
attachment phase, likely by preventing interaction between S protein
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and DPP4 (Millet et al., 2016). The discrepancy might be related to
differences in viral receptors and the viral invasion process. Unfortu-
nately, the PDCoV receptor has yet been defined (Belouzard et al.,
2012). However, the current consensus is that GRFT works only during
the virus entry phase, but is useless when the virus has already entered
the cells.

5. Conclusion

In conclusion, we confirmed that GRFT has anti-PDCoV activity by
inhibition of viral attachment and internalization. GRFT prevents virus
invasion by interacting with PDCoV S protein. Based on these charac-
teristics, GRFT may be utilized to prevent and treat PDCoV and other
porcine enteric coronaviruses.
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