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ABSTRACT The porcine reproductive and respiratory syndrome viruses (PRRSV) led to
a global panzootic and huge economical losses to the pork industry. PRRSV targets the
scavenger receptor CD163 for productive infection. However, currently no effective treat-
ment is available to control the spread of this disease. Using bimolecular fluorescence
complementation (BiFC) assays, we screened a set of small molecules potentially target-
ing the scavenger receptor cysteine-rich domain 5 (SRCR5) of CD163. We found that the
assay examining protein-protein interactions (PPI) between PRRSV glycoprotein 4 (GP4)
and the CD163-SRCR5 domain mainly identifies compounds that potently inhibit PRRSV
infection, while examining the PPl between PRRSV-GP2a and the SRCR5 domain maxi-
mized the identification of positive compounds, including additional ones with various
antiviral capabilities. These positive compounds significantly inhibited both types 1 and
2 PRRSV infection of porcine alveolar macrophages. We confirmed that the highly active
compounds physically bind to the CD163-SRCR5 protein, with dissociation constant (Kp)
values ranging from 28 to 39 uM. Structure-activity-relationship (SAR) analysis revealed
that although both the 3-(morpholinosulfonyl)anilino and benzenesulfonamide moieties
in these compounds are critical for the potency to inhibit PRRSV infection, the morpholi-
nosulfonyl group can be replaced by chlorine substituents without significant loss of
antiviral potency. Our study established a system for throughput screening of natural or
synthetic compounds highly effective on blocking of PRRSV infection and shed light on
further SAR modification of these compounds.

IMPORTANCE Porcine reproductive and respiratory syndrome virus (PRRSV) causes sig-
nificant economic losses to the swine industry worldwide. Current vaccines cannot pro-
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in growing pigs (4) and is frequently associated with secondary infections resulting in
severe clinical manifestations and mortality (5-7). The causative agent, PRRS virus
(PRRSV) is an enveloped, positive-sense, single-stranded RNA virus of the family
Arteriviridae within the order Nidovirales (8, 9). PRRS was initially detected in central
Europe and North America in the late 1980s (10-12), with two genotypes (types 1 and
2) of PRRSV isolated (9, 11, 13), which shared 60% genetic similarity (14). Unfortunately,
due to the high genetic, antigenic, and pathogenic heterogeneities, broadly effective
vaccines against PRRSV are still lacking (15-17). Novel antiviral approaches are needed
to help mitigate its devastating consequences.

PRRSV preferentially targets and replicates in well-differentiated cells of the mono-
cyte/macrophage lineages (4, 18-21). While productive viral infection by oronasal ex-
posure primarily occurs through porcine alveolar macrophages (PAMs) residing in pig
lungs (22), there are many other potential routes of viral transmission via bodily fluids
of infected pigs (23). Multiple studies including gene knockout pigs identified CD163, a
macrophage-specific membrane scavenger receptor as the key receptor for PRRSV
infection (24-30). The interactions between PRRSV minor envelope glycoproteins GP2
and GP4 with CD163 are necessary for successful infection (31, 32), while the scavenger
receptor cysteine-rich domain 5 (SRCR5) in CD163 is needed for the PRRSV-receptor
recognition (33-35). The evidence, thus, suggested that identification of drug com-
pounds that interfere with the PRRSV-CD163 recognition may have therapeutic poten-
tial in controlling PRRS.

Bimolecular fluorescence complementation (BiFC) assay recognizes protein-protein
interactions (PPI) via the reconstitution of two fragments of Venus yellow fluorescence
protein (YFP) (36). We previously used BiFC to screen for compounds interfering with the
interaction between CD163-SRCR5 and PRRSV glycoproteins GP2a or GP4 (37) and identi-
fied new compound B7 and its derivatives (B7-A1 to B7-A4) that can inhibit PRRSV infec-
tion by blocking its binding to CD163 (37). However, the structure-activity relationships
(SAR) for this scaffold are still unclear, and physical evidence is still lacking for specific
ligand-receptor association. Here, we conducted BiFC screening of a defined small mole-
cule library based on the B7 chemical structure. We report the identification of new com-
pounds with potent anti-PRRSV infection activity and confirmed their physical binding to
CD163-SRCR5 domain. We also compared the compound antiviral potency-predicting
power by BiFC assays utilizing different PRRSV glycoproteins-SRCR5 domain interactions
and characterized the SAR based on the positive hits identified.

RESULTS

Screening of new compounds that block PRRSV/CD163 interaction. In order to
identify SAR with respect to the anti-PRRSV activity of our scaffold, we utilized the arti-
ficial intelligence-based AtomNet platform (38) to design a chemically defined library
containing 94 compounds (see Table S1 in the supplemental material), within which
28 compounds were from a set of compounds with structural similarity to B7 and B7-
A4 identified previously (37), while the remaining 65 represented varying scaffolds and
were predicted to bind to CD163. We first screened the library using a BiFC assay inves-
tigating the PPl between PRRSV glycoprotein GP2a and CD163-SRCR5, with B7 and di-
methyl sulfoxide (DMSO) as the positive and negative inhibitory control (PC and NC),
respectively (Fig. TA). Overall, 20 positive hits were identified from the library, which
exerted at least 70% reduction of the YFP fluorescence signal compared with the NC
(Fig. 1B and C; see also Table S1). As expected, positive control B7 significantly inhib-
ited the PPl between PRRSV GP2a and CD163-SRCR5 (Fig. 1B and C). All hits identified
were analogs of B7, and no additional scaffolds were identified from the 65 additional
compounds screened.

Successful PRRSV infection requires the PPl between CD163 with both glycoproteins
GP2a and GP4 (31, 32). To determine if the candidate compounds identified above could
inhibit both interactions, we conducted another BiFC assay investigating the PPl between
PRRSV GP4 and CD163-SRCR5 domain (Fig. 1A). Out of the 20 positive hits identified above,
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FIG 1 Screen of new compounds that block PRRSV GP2a/GP4-CD163 interaction. (A) Scheme diagram for the BiFC assay constructs between CD163-SRCR5
or PRRSV envelope proteins GP2a/GP4 and the fragments of Venus protein VN155(1152L) or VC155, respectively. (B) BiFC screening images for select
positive compounds that inhibit the PPl between SRCR5-VN and GP2a-VC proteins. NC, DMSO Ctrl. Bar = 250 um. (C) Relative fluorescence intensity of the
SRCR5/GP2a BiFC screening results for all 20 positive compounds. Mean = SD; n = 3. (D) Comparison for the relative fluorescence intensity of the SRCR5/
GP2a and SRCR5/GP4 BiFC screening results for the 20 positive compounds. Mean *= SD; n = 3. (E) BiFC screening images for select positive compounds
that inhibit the PPl between SRCR5-VN and GP4-VC proteins. NC, DMSO Ctrl. Bar = 250 um. (F) Chemical structure of the 5 identified strong positive
compounds by both BiFC assay.

only 5 (D2, E10, F9, G4, and H5) exhibited more than 70% reduction of the YFP fluores-
cence signal compared with NC (Fig. 1D to F). Interestingly, these 5 compounds all exerted
more than 85% and 90% inhibition in GP2a/SRCR5 and GP4/SRCR5 BiFC assays, respec-
tively (Fig. 1D). Among them, compounds D2 and H5 (Fig. 1F) represented B7-A2 and B7,
respectively, as reported by us previously (37). The remaining three new positive hits—E10,
F9, and G4—all exerted more than 90% inhibition in both assays (Fig. 1D and E). To investi-
gate if the compounds with less than 70% inhibition in GP2a/SRCR5 BiFC assay may exhibit
significant potency in GP4/SRCR5 BiFC analysis, we screened the remaining 78 chemicals in
the library using GP4/SRCR5 BiFC assay. No additional compound was identified with more
than 70% reduction of the fluorescence signal compared to NC (Table S1). Therefore, both
GP2a/SRCR5 and GP4/SRCR5 BiFC screening of the library demonstrated a similar trend for
compound activities. However, assay screening using the PPl between GP4 and SRCR5 is
more productive for identifying compounds with high inhibitory activity.

The combined GP2a/SRCR5 and GP4/SRCR5 BiFC assays accurately predict
potent PRRSV-inhibitory compounds. MTT [3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-
2H-tetrazolium bromide] analysis of the inhibitory compounds identified above
revealed no obvious cytotoxicity in 48 h for PAMs incubated with the 20 small chemi-
cals at a 15 uM level (Fig. 2A). We then inoculated fresh PAMs with different PRRSV
strains including NADC30, VR-2332 (type 2), and Lelystad (type 1) followed by the addi-
tion of each compound at 15 uM in culture medium immediately after infection (H5
was excluded, as it is structurally identical to B7). At 24 h postinfection, viral RNAs were
extracted from PAMs for the evaluation of viral loads, and cell supernatants were col-
lected to measure the viral titer. Quantitative reverse transcription-PCR (qRT-PCR)
revealed that 8 out of the 19 compounds tested showed more than 70% inhibition of
viral RNA loads for the average of three viral strains (Fig. 2B). Among these, five com-
pounds, A7, E10, F9, F12, and G4, appeared to have the strongest inhibitory effect
against infection with more than 85% deduction and seconded by three other
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FIG 2 The Combined GP2a/SRCR5 and GP4/SRCR5 BiFC assays accurately predict potent PRRSV-inhibitory compounds. (A) MTT analysis to the 20 positive
compounds in PAMs. NC, DMSO Ctrl. Mean = SD; n = 3. (B) gqRT-PCR for PRRSV in total RNAs extracted from infected PAMs treated with various
compounds. Values are normalized with GAPDH of PAMs, and the average of three strains (NADC30, VR-2332, and Lelystad) are plotted. Bars = mean = SD;
n=3.% P <005 *, P < 0.01; *** P < 0.001. (C) Titration assay results for PRRSV in the culture media of PAMs treated as described in panel B. Bars =
mean = SD; n = 3. % P < 0.05 **, P < 0.01; ***, P < 0.001. (D) Relative fluorescence intensity of the SRCR5/GP2a BiFC assay for B7, B7-A4, E10, F9, and F12
at different concentrations. Mean = SD; n = 3. P values are calculated by one-way ANOVA and letters on the top of bars indicate significant differences in
Tukey post hoc test. (E) MTT analysis to B7, B7-A4, E10, F9, and F12 at different concentrations in PAMs. NC, DMSO Ctrl. Mean = SD; n = 3. (F) Titration for
PRRSV in the culture media from infected PAMs treated with B7, B7-A4, E10, F9, and F12 at different concentrations. Bars = mean = SD; n = 3. P values are
calculated by one-way ANOVA and letters on the top of bars indicate significant differences in Tukey post hoc test.

compounds, A3, C6, and D2, with a 70% to 80% decrease (Fig. 2B). This included all of
the highly positive compounds identified by the GP4/SRCR5 BiFC analysis—D2, E10,
F9, and G4 (Fig. 2B). The remaining four compounds (A3, A7, C6, and F12) that exhib-
ited over 70% inhibition of GP2a/SRCR5 but not GP4/SRCR5 BiFC screening (Fig. 1D)
also showed mild (A3 and C6) or strong (A7 and F12) inhibitory effect against PRRSV
infection, respectively (Fig. 2B).

The antiviral effects of selected positive compounds were further confirmed by viral ti-
tration assay of culture medium harvested from infected PAMs. Similar to the qRT-PCR
analysis, treatment by compounds E10, F9, and F12 exhibited strong reduction in the viral
titer across different PRRSV strains (3.1 to 3.3 logs for NADC30, 3.6 to 3.8 logs for VR-2332,
and 3.6 to 3.9 logs for Lelystad), while compounds A3, A7, D2, and G4 also reduced the vi-
ral titer of three strains (1.8 to 2 logs for NADC30, 1 to 2.6 logs for VR-2332, and 1.4 to 2.5
logs for Lelystad) (Fig. 2C). Therefore, compounds that effectively interfered with the
GP4/SRCR5 PPI all exerted strong inhibitory potency against PRRSV infection. Of note,
although not all compounds effectively interfering with the GP2a/SRCR5 PPI exhibited
high potency against viral infection, this BiFC screening identified additional compounds
not detected by the GP4/SRCR5 BiFC assay, including F12. Taken together, a combined
interrogation to the PPIs of GP4/SRCR5 and GP2a/SRCR5 can facilitate the identification
of highly effective compounds against both types 1 and 2 PRRSV strains.

To further evaluate these highly positive compounds, we compared the 50% inhibi-
tory concentration (ICs,) values for B7, B7-A4, E10, F9, and F12. The GP2a/SRCR5 BiFC
assay was performed for each compound with concentrations ranging from 1 to
10 uM. The results showed that the IC;, values of compounds B7, B7-A4, E10, F9 and
F12 against the GP2a/SRCR5 PPl are 2.38 uM, 3.2 uM, 2.19 uM, 1.74 uM, and 2.90 uM,
respectively (Fig. 2D). We further performed toxicity analysis for these compounds
from 5 to 100 uM in PAMs. MTT assay revealed that treatment with compound F9 for
48 h still maintained 86% PAM cell viability at 100 uM, and treatment with B7 and E10
maintained 85% and 92% cell viability at 50 M, while B7-A4 and F12 slightly reduced
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FIG 3 Validating of physical interactions between the compounds and SRCR5. (A) Molecular docking (left) and PLIP (right) analyses depicting two potential
interaction sites between compounds B7 and CD163-SRCR5 domain. (B) Residues in CD163-SRCR5 with potential interactions with B7 (yellow highlighted),
residues forming potential hydrogen bonds with B7 are marked with green. The amino acids in the LBP and loop 5-6 regions are underlined. (C) Two-
dimensional ligand-protein interaction diagram by LigPlot+ showing the hydrogen bond and hydrophobic interactions of B7 with SRCR5. (D) Molecular
docking analyses by ZDOCK depicting the potential conformation of PPls between SRCR5 with GP4 (left) or GP2a (right). B7 was placed in position 1
(boxes) to show the potential disturbing of both conformations. (E) Molecular docking analyses by ZDOCK depicting the PPl conformation between SRCR5
with both GP4 and GP2a. B7 was placed in position 2 (box) to show the potential disturbing of this conformation. (F) MST analysis of GFP-fused SRCR5
thermal dynamic association with ligand B7. Values represent Mean * SD; n = 3. (G) MST analysis of GFP-fused SRCR5 thermal dynamic association with
ligand B7-A4, E10, and F9. Values represent Mean * SD; n = 3. (H) MST analysis of GFP-fused SRCR5 thermal dynamic association with ligand E3. Values
represent Mean = SD; n = 3.

cell viability to 73% and 88% at 15 uM, respectively (Fig. 2E). We then examined the
90% effective concentration (EC,,) values of these compounds against PRRSV infection.
PAMs were inoculated with VR-2332 at a multiplicity of infection (MOI) of 0.1 and then
treated by each compound with concentrations ranging from 5 to 20 ©M. Viral titration
for supernatants at 24 h revealed that the ECy, values for B7, B7-A4, E10, F9, and F12
are 5.75 uM, 1.66 uM, 2.67 uM, 1.55 uM, and 4.4 uM, respectively (Fig. 2F). The 1Cy,
and EC,, values of these compounds correlated well with each other, and among them
compound F9 exhibited the lowest combination of 1C;,/EC,, values with minimum cy-
totoxicity, indicating the identification of a new compound with superior property
over B7.

Validation of the positive compounds—SRCR5 molecular interaction. In order
to confirm the ligand-receptor physical binding between the small chemicals and
CD163, we first performed molecular docking analysis using the prototypical inhibitory
compound B7 and the resolved CD163-SRCR5 protein crystal structure (39). The dock-
ing and protein-ligand interaction profiler (PLIP) (40) analyses indicate that B7 poten-
tially binds to two positions of SRCR5 (Fig. 3A). At position 1, B7 forms a hydrogen
bond with residue L479 located in the first B-turn, and hydrophobic interactions with
V480, P485, and L518 of SRCR5 (Fig. 3A, top, and Fig. 3B). At position 2, B7 forms a
hydrogen bond with residue H494, and hydrophobic interactions with V492 within the
ligand-binding pocket (LBP) (41), W540, and L553 within the conserved loop 5-6
region (42) as well as a salt bridge with E542 of SRCR5 (Fig. 3A, bottom, and Fig. 3B).
Similar association analysis results were obtained by using LigPlot+ (43) for the B7
ligand-SRCR5 docking (Fig. 3C). As no crystal structure information is available for
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PRRSV GP2a and GP4, we applied ColabFold (44) to estimate their 3-dimerntional struc-
tures and performed protein-protein docking between SRCR5 and GP2a or GP4,
respectively, using the ZDOCK platform (45). The results indicate that both GP2a and
GP4 could interact with SRCR5 (Fig. 3D), consistent with our BiFC data. Furthermore,
we found that the B7-SRCR5 interaction predicted at position 1 disturbs both protein-
protein docking conformations by interfering with the association of SRCR5 with the
second a-helix of GP2a or the fifth a-helix and its surrounding region of GP4, respec-
tively (Fig. 3D). Similarly, multiprotein docking analysis revealed that SRCR5, GP4, and
GP2a could form a protein complex (Fig. 3E). However, the B7-SRCR5 interaction pre-
dicted at position 2 disturbs this docking conformation by interfering with the associa-
tion between SRCR5 and the sixth a-helix of GP4 (Fig. 3E).

To determine whether there was physical association between the chemicals and
CD163, we expressed green fluorescent protein (GFP)-fusion CD163-SRCR5 recombinant
protein, with GFP and GFP-fusion CD163-SRCR2 as a control because they do not interact
with GP2a and GP4 (37) or bind to B7 (see Fig. S1 in the supplemental material). We then
used the microscale thermophoresis (MST) assay (46) to evaluate the direct association
between B7 and the GFP-fusion proteins. The MST analysis demonstrated a physical bind-
ing between B7 and the GFP-SRCR5 with a dissociation constant (K,) value of 32 uM (Fig.
3F). However, little or no association was detected between B7 and GFP-SRCR2 or GFP
(see Fig. S2 in the supplemental material). Similar ligand-protein interactions were identi-
fied between GFP-SRCR5 and compounds B7-A4, E10, and F9, with K, values similar as B7
(Fig. 3G). The K, values of these small molecules correlate well with their demonstrated
potency against PRRSV infection (Fig. 2B and C; see also the previous report [37]). On the
contrary, compound E3 which showed low activity against PRRSV infection (Fig. 2B)
exhibited a K, value 10 times greater than B7 (Fig. 3H). Therefore, these data indicate that
the positive compounds including B7 and its analogs physically target the CD163-SRCR5
domain to exert their function against PRRSV infection.

As PRRSV escapes the endosome upon cell entry through a low pH-dependent
endocytic pathway (47), the inhibitory effect of B7 analogues at pH = 6.0 was assessed
using the GP2a/SRCR5 BiFC assay. Although HEK293T cells grew slow at this low pH
and could not survive after treatment with compounds B7, B7-A4, E10, or F9 at the
5 uM level, the cells did survive upon treatment with 5 uM F12, and the YFP fluores-
cence intensity was reduced to 25% compared with the DMSO control (see Fig. S3A
and B in the supplemental material). This indicates that the B7 analogue can inhibit
the GP2a/CD163 PPl under an acidic environment similar as the endosomes.

SAR evaluation of the compounds for anti-PRRSV function. It is important to
understand the structure-activity relationship for better design of ligands with improved po-
tency. We therefore asked how the structural changes in different moieties of these com-
pounds may affect their property of anti-PRRSV infection. We organized these chemicals
into 2 different groups based on the chemical structure similarities and compared their po-
tency on inhibiting the infection by different strains of PRRSV. In the first group (Fig. 4A), a
near complete loss of antiviral potency was observed for compound E3 (Fig. 4B and C), with
the 3-morpholin in B7 replaced by the 4-methoxyphenyl group. Interestingly, however, the
antiviral potency did not change at all for compound F9 (Fig. 4B and C), which has the 3-
morpholin replaced by the 2-methoxyphenyl group (Fig. 4A). Other changes, including the
reposition of 3-morpholinosulfonyl in B7 to 4-morpholinosulfonyl group in compound D2
(Fig. 4A) and the removal of 4-fluoro and 2-methyl groups from the benzenesulfonamide
moiety in G10 (Fig. 4A) also mildly but significantly decreased the PRRSV infection inhibitory
effect for these compounds (Fig. 4B and C). Therefore, in the B7 molecule, a moiety topolog-
ically similar to the 3-(morpholinosulfonyl)anilino is critical, while side group modifications
to the benzenesulfonamide moiety also exert some effects on the antiviral potency.

The analog B7-A4 has the replacement of the 3-morpholinosulfonyl group in B7 by the
3-piperidinylsulfonyl group and shared similar anti-PRRSV potency as B7 (37) (Fig. 4A to Q).
We used it as a control to evaluate the impact to antiviral effect by modification of the ben-
zenesulfonamide moiety. Compared with B7-A4, compound E10 with the reposition of
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FIG 4 Evaluating compound structure-activity relationship for anti-PRRSV infection. (A) Molecular structures of B7 and B7-A4 analogues. (B) qRT-PCR for
PRRSV in total RNAs extracted from infected PAMs treated with B7 and B7-A4 analogues. Values are normalized with GAPDH of PAMs. Bars = mean *+ SD;
n = 3. P values are calculated by one-way ANOVA, and letters on the top of bars indicate significant differences in Tukey post hoc test. (C) Titration assay
results for PRRSV in the culture media of PAMs treated as described in panel B. Bars = mean * SD; n = 3. P values are calculated by one-way ANOVA, and

letters on the top of bars indicate significant differences in Tukey post hoc test.

4-methyl group to 3-methyl on the benzenesulfonamide moiety (Fig. 4A) showed no
change in antiviral potency (Fig. 4B and C). However, complete removal of the methyl
group in compound G4 (Fig. 4A) significantly decreased its antiviral potency (Fig. 4B and
Q). Therefore, these data confirmed that 2- or 3-methyl modification of the benzenesulfo-
namide moiety is also important for the antiviral effect of B7. Furthermore, similar to that
observed above for the importance of 3-(morpholinosulfonyl)anilino moiety, the replace-
ment of piperidin by the pyrrolidine group in compound A7 (Fig. 4A) caused a significant
drop of antiviral potency (Fig. 4B and C).

We further asked whether in these compounds, the 3-morpholinosulfonyl group could
be replaced by other modifications without a significant decline in the anti-PRRSV potency.
Compound G7, which does not have a 3-morpholinosulfonyl group, showed a much lower
antiviral effect compared with B7 (Fig. 5B and C). Compounds F7, H1, E4, E7, F12, C10, A1,
and A3 have either an additional methyl, chloro, fluoro, or methoxymethyl group in the
place of 3-morpholinosulfonyl group (Fig. 5A). Among these compounds, only F12 with
two chloro group substitutions and A3 with one chloro and one methoxymethane group
substitutions exhibited a significantly increased antiviral effect, while all nonpolar modifica-
tions, single chloro, or single methoxymethyl substitution showed no effect on improving
the antiviral potency compared with G7 (Fig. 5B and C). Noticeably, compound F12 exerted
an antiviral potency nearly identical to B7 (Fig. 5B and C). Therefore, these data demon-
strate that the 3-morpholinosulfonyl group of the B7 compound can be replaced by other
chemical modifications, including multiple chloro substituents without affecting its inhibi-
tory potency.

DISCUSSION

PRRS is one of the most economically significant porcine diseases affecting the
swine industry globally. While there are vaccines to control the disease, these are not
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FIG 5 Evaluating compound structure-activity relationship for anti-PRRSV infection (2). (A) Molecular structures of additional compounds with similarity to B7.
(B) gRT-PCR for PRRSV in total RNAs extracted from infected PAMs treated with B7 analogues. Values are normalized with GAPDH of PAMs. Bars = mean =
SD; n = 3. P values are calculated by one-way ANOVA, and letters on the top of bars indicate significant differences in Tukey post hoc test. (C) Titration assay
results for PRRSV treated by selected compounds as described in panel B. Bars = mean = SD; n = 3. P values are calculated by one-way ANOVA, and letters

on the top of bars indicate significant differences in Tukey post hoc test.

widely protective due to the constant evolution of the virus. There are no other effec-
tive antivirals that can be utilized to aid in the control of PRRS. The interactions
between PRRSV minor envelope glycoproteins with CD163 are necessary for successful
infection (31, 32), while the CD163-SRCR5 domain is needed for receptor recognition
by PRRSV (33-35). However, it is unclear how each of the glycoprotein-CD163 interac-
tions contributes to efficient PRRSV infection. Combining the BiFC and viral infection
assays, we found here that compounds that inhibit the PPl between PRRSV-GP4 and
CD163-SRCR5 can efficiently block the PRRSV infection. Also, compared with the GP4/
SRCR5 BiFC, which is highly selective on compound with potent activity, the GP2a/
SRCR5 BiFC analysis identified a wider range of compounds with various efficiencies
against PRRSV infection. This includes compound F12 that does not effectively interfere
with the PPl between GP4/SRCR5 (Fig. 1D). These data thus confirm that GP4 and GP2a
are both critical for their respective interaction with CD163 in order to establish pro-
ductive viral infection to host cells. Further investigation of the PPls between PRRSV
glycoproteins and CD163 would be highly relevant to better understand the mecha-
nism and importance of these PPIs for PRRSV infection and to identify targeting sites
or develop more effective assays for drug screening.

Although we previously reported the interference of the PPl between PRRSV glyco-
proteins and porcine CD163-SRCR5 domain by B7 and B7-A4 small molecules, no direct
evidence was provided for the specific ligand-protein interaction by those compounds.
In this study, we demonstrated that the CD163-SRCR5 domain can interact directly
with B7, B7-A4, and the other newly identified compounds that potently inhibit PRRSV
infection. We also found that B7 did not interact with SRCR2, highlighting the SRCR5-
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targeting specificity of B7. Molecular docking further indicates that the B7 molecule
interacts directly with SRCR5 and may form hydrogen bonds with either L479 or H494,
residues next to or within the LBP region. The LBP is a potential PRRSV binding site
based on the ligand-binding role of homologous regions in SRCR superfamily members
(41). Recently, it was found that LBP-deletion pigs confer resistance to type 2 PRRSV
infection (48), which was also confirmed by cell infection assay with CD163 mutants
disturbing this region (49). Docking analysis also found that B7 could form hydropho-
bic interactions with residues located in other regions of SRCR5, including the loop 5-6
region. The loop 5-6 region in CD163 SRCR5 remains highly conserved across species
from humans, monkeys, swine, and dogs to mice (42), consistent with the fact that the
CD163 of multiple species could mediate PRRSV infection (24). Expressing a mutant pig
CD163 with R561 changed to alanine in the loop 5-6 region of SRCR5 significantly
inhibited PRRSV infection compared with wild-type CD163 (39). Further investigation
of the small molecule ligand- SRCR5 associations, and how they may disturb the PPIs
between SRCR5 and PRRSV glycoproteins would be critical to refine the protein target-
ing area for development of highly specific drugs, and for complete elucidation of the
molecular mechanism of PRRSV-CD163 receptor recognition.

Our SAR study provided evidence that the inhibitory function of B7 and its ana-
logues is correlated with the topology of 3-(morpholinosulfonyl)anilino moiety and
additional side group modifications to the benzenesulfonamide moiety in B7. More
interestingly, we found that although complete removal of the 3-morpholinosulfonyl
group in compound G7 resulted in obvious loss of the antiviral activity compared with
B7, this can be rescued by two chloro substituents as demonstrated by compound F12.
The addition of chloro groups may rescue the antiviral potency of the compound by
changing the topology of anilino moiety or simply by improving its polarity. Overall,
our SAR analysis provided useful functional information and clues for downstream
modification of these compounds to further improve the antiviral potency and
bioavailability.

To find out other possible mechanisms for the inhibitory effect of B7 analogues, we
tested CD163 expression in PAMs with treatment of B7. The result showed that B7
treatment from 5 to 20 uM for 24 h could reduce the transcription of CD163, which
might be caused by an undefined negative-feedback signal stimulated by B7-CD163
ligand-protein interaction (see Fig. S4 in the supplemental material). However, unlike
the dosage-response curves observed for the inhibition of GP2a/SRCR5 PPl and PRRSV
infection by B7 (Fig. 2D and F), the CD163 transcription inhibition by B7 exhibited no
dosage-response across the same concentration range (Fig. S4). Since all B7 antiviral
treatments reported here were performed after 1 h viral inoculation when the CD163-
PRRSV association shall not be affected by later change of CD163 transcription upon
B7 administration, and our previous study demonstrated that pretreatment of PAMs
with B7 exerted no significant inhibition on PRRSV infection, and that B7 does not
affect viral-host cell binding and cell internalization (37), we conclude that the main in-
hibitory function of B7 is mediated through direct interruption of the PPIs between
SRCR5-GP2a/GP4 proteins that may be the key for PRRSV uncoating as previously
reported (50), while the inhibition of CD163 transcription may provide some additional
benefits.

Currently, there is no broadly effective vaccine developed to prevent PRRS and con-
trol the huge economic losses for the global pork industry (17). This study, together
with a better understanding of the PPIs in PRRSV glycoprotein-CD163 recognition, will
facilitate the identification of effective antivirals against PRRS. The B7 compound and
the potent new derivatives identified here have the potential to serve as veterinary
antiviral drugs if they pass in vivo efficacy tests against PRRSV infection and other
safety measures. These antivirals have promising activities with the potential to be
applied as means to control the disease. In conclusion, our study provided powerful
screening tools and structure-functional information for the development and optimi-
zation of veterinary antivirals to prevent/treat PRRSV infection in pigs.
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MATERIALS AND METHODS

Chemicals, cells, plasmids, and virus. All chemicals (dissolved in 10 mM in DMSO) were designed
and provided by Atomwise Inc. (CA, USA). Compounds were further diluted in phosphate-buffered saline
(PBS) (137 mM Nacl, 2.7 mM KCI, 8 mM Na,HPO,, and 2 mM KH,PO,, pH 7.4) (Gibco, MA, USA) to 200 uM
as the working solution. PAMs were harvested from healthy 4- to 6-month Landrace/Yorkshire pigs.
Briefly, pig lungs were removed from euthanized pigs during necropsy and transferred on ice to the lab.
Two hundred milliliters warm PBS with 200 U/mL penicillin and 200 wg/mL streptomycin was injected
into the trachea and reached major bronchi of both sides of the lungs. Lungs were then massaged, and
bronchoalveolar lavage fluid (BALF) was collected. PAMs were harvested from the BALF by centrifuga-
tion at 400 x g for 15 min and washed in PBS twice. Fresh PAMs were counted and frozen in 90% fetal
bovine serum (FBS) and 10% DMSO (Sigma-Aldrich, MO) in liquid nitrogen. PAMs were cultivated in
RPMI 1640 (Gibco, MA) supplemented with 10% FBS, 2 mM GlutaMAX, 0.1 mM minimal essential me-
dium (MEM) nonessential amino acids, 1 mM sodium pyruvate, 100 U/mL penicillin and 100 xg/mL
streptomycin, and 0.5 wg/mL amphotericin B. SRCR5 domain of porcine CD163 receptor was amplified
from cDNA of pig cells and inserted into pBiFC-VN155 (1152L). GP2a and GP4 were amplified from the
reverse-transcribed genome of the PRRSV VR-2332 strain (GenBank accession number EF536003.1) and
cloned into the pBiFC-VC155 vector as previously described (37). Porcine CD163 was cloned into pMXs
vector (Cell Biolabs, CA, USA). For protein purification, PRRSV GP2a and GP4 were cloned into pET28b-
GFP (Addgene, MA, USA).

For CD163-expressing retroviral packaging, pMXs-CD163 was cotransfected with pUMVC and pCMV-
VSV-G (Addgene, MA, USA) packaging plasmids into HEK293T cells using Fugene 6 (Promega, WI, USA).
Supernatants containing viruses were collected at 48 h and 72 h after transfection. To established the
CD163 expression Marc145 cell line (CD163-Marc145), Marc145 cells were cultivated in FP medium
(Dulbecco modified Eagle medium [DMEM] containing 10% FBS, 2 mM GlutaMAX supplement, 0.1 mM
MEM nonessential amino acids, 50 U/mL and 50 wg/mL penicillin-streptomycin) and were incubated
with CD163-expressing retrovirus at 32°C while centrifuging at 650 x g for 45 min. The infection was
repeated after 24 h. Cells were stained with CD163 monoclonal antibody (2A10/11) conjugated with
Phycoerythrin (PE) (1:10; Thermo Fisher Scientific, MA, USA) at 24 h after the second infection, and fluo-
rescence-positive cells were sorted using the FACSAria Il cell sorter (BD, NJ, USA). Genotype | PRRSV
strain Lelystad and genotype Il PRRSV strain NADC30 were propagated in PAMs and titrated in CD163-
Marc145 cells.

AIMS screen. Virtual screening was performed using the AtomNet model, the first deep neural net-
work for structure-based drug design trained to predict protein-ligand binding affinity (38). For targeting
the interaction between the porcine CD163 and PRRSV glycoprotein (GP2a or GP4), the X-ray structure
of CD163-SRCR5 domain (PDB accession number 5HRJ) was used to define a screening site centered
around R561 comprising residues C502, S503, D505, W540, A541, E543, A559, P560, R561, P562, D563,
G564, and C566. The Mcule library of commercially available organic small molecule compounds (~5 M;
v20171018) was prepared and screened, as described previously (51), using an ensemble of protein-
ligand conformations. Similar to that previously described (37), a set of 69 chemically diverse com-
pounds was obtained for experimental testing to identify new scaffolds targeting the CD163-SRCR5
interaction. In addition, analogs of B7 sampled from the Mcule library were screened using the AtomNet
models, and 29 compounds were selected for testing.

Bimolecular fluorescence complementation assay. HEK293T cells were cultivated in 6-well plates
in FP medium and transfected with 1 ug pBiFC-VN155 (I152L)-SRCR5 and 1 ug pBiFC-VC155-GP2/GP4
using Fugene 6. After 4 h, cells were digested with 0.05% Typsin-EDTA (Thermo Fisher Scientific, MA,
USA) and passaged to 48-well plates, which were coated with EmbryoMax 0.1% gelatin solution (Sigma-
Aldrich, MO, USA) and preloaded with 1 to 10 uM B7 analogues. Fluorescence images were taken at
24 h after transfection, and fluorescence intensity was measured by ImageJ (52).

Cytotoxicity assay. PAMs were cultivated in 48-well plates and incubated with 5 to 100 uM B7 ana-
logues for 48 h. PAMs treated with 20% DMSO in PBS served as controls. The viability of cells was measured
using an in vitro toxicology assay kit (MTT based; Sigma-Aldrich, MO, USA) following the manufacturer’s
instruction. Briefly, 20 uL labeling reagent was added to the cells and incubated at 37°C for 4 h. And then,
200 wL solubilization solution was added and incubated at 37°C overnight. Absorbance at 550 nm was meas-
ured using the CLARIOstar Plus plate reader (BMG LABTECH, NC, USA). The cell viability was calculated from
the percentage of absorbance of experimental groups to the control groups.

PRRSV infection assay. PAMs were cultivated in 12-well plates and infected with the PRRSV NADC30
strain, VR-2332 strain, or Lelystad strain at an MOI of 0.05 or 0.1 for 1 h. Cells were then incubated with 5 to
20 M B7 analogues for 24 h at 37°C. RNAs were extracted from the PAMs for quantitative reverse transcrip-
tion-PCR (gRT-PCR) using RNeasy minikits (Qiagen, MD, USA), and supernatants of cells were collected with
PRRSV titration assay.

Quantitative reverse transcription-PCR. RNAs isolated from infected PAMs were reverse transcribed
to ¢cDNA using iScript cDNA synthesis kit (Bio-Rad Laboratories, CA, USA). Specific qRT-PCR primers for
ORF7 gene of PRRSV NADC30, VR-2332, and Lelystad strains and for porcine glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) are shown in Table S2 in the supplemental material. QRT-PCR was conducted
with SYBR green supermix (Bimake, TX, USA) using the ABI 7500 fast platform (Thermo Fisher Scientific,
MA, USA). GAPDH served as the housekeeping gene for normalization.

PRRSV titration assay. CD163-Marc145 cells were cultivated in 48-well plates and were inoculated
with 10-fold serially diluted supernatants from PRRSV infection assay (6 wells for each dilution) at 37°C
for 2 h. The inoculum was replaced by DMEM supplemented with 2% FBS, 2 mM GlutaMAX supplement,
0.1 mM MEM nonessential amino acids, 50 U/mL and 50 wg/mL penicillin-streptomycin. Cells with
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cytopathic effect were recorded, and the median tissue culture infectious does (TCID,,/mL) was calcu-
lated using the Reed and Muench method.

Protein expression and purification. The recombinant pET28b-GFP/GFP-SRCR2/SRCR5 constructs
were transformed into Escherichia coli strain BL21(DE3) (New England Biolabs, MA, USA). The trans-
formed clones were cultured at 37°C in LB broth with 50 mg/mL kanamycin, induced by adding 1 mM
isopropyl- B-p-1-thiogalactopyranoside at an optical density of 0.6 to 0.8 and then incubated at 37°C for
3 h. For protein purification, cells were pelleted and resuspended in xTractor buffer containing DNase |,
lysozyme solution, and protease inhibitor cocktail (TaKaRa Bio USA, Inc., CA). The suspension was soni-
cated and centrifuged. The supernatant was incubated with equilibrated TALON metal affinity resin
(TaKaRa Bio USA, Inc., CA, USA) and then eluted from resin with the elution buffer (pH 7.0, 150 mM imid-
azole, 50 mM NaH,PO,, and 300 mM NaCl). The eluted proteins were concentrated and with buffer
exchanged to phosphate-buffered saline (pH 7.4) containing 0.05% Tween 20 (PBST) using protein con-
centrator PES, 10K MWCO (Pierce Biotechnology, PA, USA).

Microscale thermophoresis and docking analyses. The purified GFP, GFP-fused SRCR2, or SRCR5
proteins were mixed with serially diluted compounds. The mixtures were loaded to capillaries, and the af-
finity was measured by Monolith NT.115 (NanoTemper Technologies, Inc., CA, USA) at corresponding MST
power with the blue channel. Molecular docking was performed via AutoDock MGL tools version 1.5.6.
(53) for preparation of CD163-SRCR5 PDB structure 5JFB (39) and small molecule compounds for docking.
AutoDock Vina version 1.2.3 (54) was used for docking analysis with comparative analysis of the obtained
binding energy (kilocalorie per mole). PyMol version 2.5.2 was used to visualize the top-rated ligand-pro-
tein docking conformation. LigPlot+ version 2.2.5 and PLIP 2021 were used to visualize the two-dimen-
sional structure of ligand-protein docking results (40, 43). The three-dimensional structures of GP4 or GP2a
were resolved by the ColabFold, which offers accelerated prediction of protein structures and complexes
by combining the fast homology search of MMseqs2 with AlphaFold2 or RoseTTAFold (44). ZDOCK version
3.0.4 was used for docking analysis between CD163-SRCR5 and GP4 or GP2a (45).

Statistics analysis. Data were analyzed by one-way analysis of variance (ANOVA) with Tukey's post
hoc comparison or 2 sample Student's t tests. The figures were presented as mean = standard deviation
(SD) and a P value of <0.05 was considered statistically significant.

Ethics statement. Porcine alveolar macrophages (PAMs) used in this study were harvested from
pigs based on a protocol (A17-004) approved by the institutional animal care and use committee
(IACUCQ) at the University of Connecticut.

Availability of data and materials. The data sets used and/or analyzed during the current study are
available from the corresponding author on reasonable request.
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