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Abstract
Il Virus della Sindrome Riproduttiva e Respiratoria Suina (PRRSV) rappre-
senta una grave minaccia per la zootecnia e la sicurezza alimentare globale.
A causa dell’elevata variabilità genetica del virus e della limitata protezione
offerta dagli attuali vaccini, emerge la necessità urgente di sviluppare nuovi e
più efficaci trattamenti antivirali.
Il presente studio propone un’analisi approfondita sull’efficacia del composto
2-[(2,4diidrossifenil)solfonil]isoindolina-4,6-diolo (noto come PS10) come inibi-
tore della replicazione virale [1]. Gli autori hanno indagato il duplice mec-
canismo d’azione del PS10: da un lato, è stata analizzata la sua capacità di
sopprimere l’espressione della proteina da shock termico 90 (HSP90) indotta
dal virus, ostacolando così la diffusione virale e attenuando la produzione di
citochine pro-infiammatorie; dall’altro, è stata esaminata l’interazione diret-
ta di PS10 con specifiche proteine virali non strutturali (nsp2, nsp3, nsp10
e nsp11), supportata da test di docking molecolare e Cellular Thermal Shift
Assay (CETSA).
I risultati evidenziano come la modulazione dei fattori dell’ospite e il targeting
delle proteine virali rappresentino una combinazione sinergica altamente effi-
cace in ambito terapeutico. Inoltre, l’analisi sottolinea il notevole potenziale
del PS10 nello sviluppo di terapie antivirali ad ampio spettro, aprendo nuove
prospettive per il controllo delle infezioni da PRRSV.





1 Stato dell’arte: introduzione al problema bio-
logico

1.1 PRRSV: il Virus della Sindrome Riproduttiva e Re-
spiratoria Suina

Il Virus della Sindrome Riproduttiva e Respiratoria Suina (PRRSV), agente
eziologico della PRRS, causa una delle patologie suinicole a maggior impatto
globale. Questo patogeno persistente mostra uno stretto tropismo tissutale,
infettando preferenzialmente la linea monocitica suina e in particolare i macro-
fagi alveolari (PAMs), sebbene in vitro replichi anche su linee renali di scimmia
verde africana (MA-104 e la derivata Marc-145).
Emersa tra Europa e Nord America a fine anni ’80 come malattia ”misteriosa”
[2], la PRRS si manifesta clinicamente con un grave distress respiratorio nei
suinetti e un severo fallimento riproduttivo nelle scrofe gravide, caratterizzato
da aborti e feti mummificati o nati morti.

Le analisi molecolari hanno identificato due genotipi di PRRSV: europeo (Tipo
1) e nordamericano (Tipo 2). Pur condividendo fenotipo clinico, genomica e
periodo di comparsa, essi presentano una divergenza nucleotidica del 40% [2],
suggerendo una prolungata evoluzione indipendente. L’orologio molecolare sti-
ma infatti che la separazione da un antenato comune (tramite un probabile
salto di specie) sia avvenuta da decenni a oltre un secolo prima dell’esordio
clinico [3].
Sebbene l’esatta origine e gli eventuali vettori restino tuttora ignoti, l’elevata
frequenza di mutazione del virus e ricombinazione del genoma virale ha tra-
sformato l’infezione in una pandemia persistente, caratterizzata dalla continua
insorgenza di ceppi emergenti e riemergenti.

1.1.1 Classificazione e genoma

Appartenente all’ordine Nidovirales (famiglia Arteriviridae, assieme a Coro-
naviridae e Roniviridae), il PRRSV è un virus con envelope per il quale, a
differenza di alcuni coronavirus, non è documentata trasmissione interspecifi-
ca [2]. Il suo genoma a RNA a singolo filamento positivo (+ssRNA), lungo
14,9-15,5 kb, comprende almeno 11 open reading frames (ORF). Attraverso
due distinti meccanismi di trascrizione, queste ORF codificano diverse protei-
ne accessorie, 16 proteine non strutturali (nsp) essenziali per la replicazione e
8 proteine strutturali necessarie per l’assemblaggio del virione.

Le regioni non tradotte (5’ e 3’ UTR) fiancheggiano il genoma e regolano
replicazione e traduzione tramite strutture secondarie a RNA. Il 5’ UTR (con
Cap putativo di tipo 1) e il 3’ UTR presentano un’elevata conservazione intra-
genotipo (~96%), ma una limitata omologia tra i Tipi 1 e 2 (rispettivamente
~50% e 70%). La porzione prossimale al 5’ (~12 kb) ospita le ORF1a e ORF1b
sovrapposte, tradotte direttamente dall’RNA genomico tramite frameshift ri-
bosomiale. Le grandi poliproteine risultanti (pp1a, pp1a-nsp2N, pp1a-nsp2TF
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e pp1ab) subiscono clivaggi co- e post-traduzionali da parte di quattro proteina-
si virali (PLP1α, PLP1β, PLP2 e la serina-proteinasi principale) [2], generando
le 16 proteine non strutturali (nsp1-nsp12) fondamentali per il complesso di
replicazione.

Le proteine strutturali sono codificate dalle ORF al 3’ (ORF2-7) ed espresse
tramite RNA subgenomici (sgRNA2-7) derivati da un intermedio a filamento
negativo. Pur essendo geneticamente policistronici, tali sgRNA agiscono come
trascritti mono/bicistronici traducendo solo la ORF all’estremità 5’.
Il virione si articola in tre strutture: il complesso glicoproteico minore (GP2,
GP3, GP4 dagli sgRNA 2-4), estensivamente N-glicosilato e vitale per l’in-
gresso cellulare; il complesso glicoproteico maggiore, un eterodimero legato da
ponti disolfuro tra GP5 (sgRNA5) e proteina di membrana M (sgRNA6); e
il nucleocapside, formato da omodimeri della proteina N (sgRNA7) per l’im-
pacchettamento dell’RNA (unica proteina strutturale priva di domini tran-
smembrana) [2]. Considerando anche la recente scoperta di isoforme di nsp2
incorporate nel virione [4], questa complessa architettura espone al sistema
immunitario oltre dieci diverse proteine, evidenziando la profonda plasticità
del PRRSV.

Figura 1: Genoma di PRRSV, trascrizione e traduzione [2]

1.1.2 Replicazione

Il ciclo replicativo del PRRSV associa il riarrangiamento delle membrane cellu-
lari dell’ospite (per stabilire i complessi di replicazione virale) alla sintesi degli
acidi nucleici. Dopo l’ingresso, l’RNA genomico positivo funge direttamente
da mRNA per la sintesi della replicasi. Le subunità nsp2 e nsp3 (codificate
dall’ORF1a) sfruttano i propri domini transmembrana per riarrangiare il re-
ticolo endoplasmatico (ER), inducendo vescicole a doppia membrana (DMV)
perinucleari che proteggono e ancorano i complessi replicativi. Il core enzima-
tico, derivato dall’ORF1b tramite frameshift ribosomiale, comprende l’RdRp
(nsp9), l’elicasi (nsp10) e l’endoribonucleasi NendoU (nsp11). Poiché la RdRp

2



virale è priva di attività di proofreading in direzione 3’ [2], la sintesi dell’RNA
avviene con un altissimo tasso di errore, guidando la rapida evoluzione e l’e-
strema variabilità genetica dei ceppi di campo.

Mentre il gRNA intero viene sintetizzato per l’incapsidamento nei nuovi vi-
rioni, le proteine strutturali sono espresse tramite trascrizione discontinua [2].
Questo meccanismo genera un set annidato di RNA subgenomici (sgRNA) me-
diante il ”salto” e la ricongiunzione del macchinario trascrizionale, una flessibi-
lità che favorisce intrinsecamente frequenti eventi di ricombinazione genomica.
L’efficienza dell’intero processo richiede l’interazione coordinata tra complessi
elementi regolatori secondari (cis-acting elements), situati nelle estremità 5’ e
3’ UTR, e diverse proteine virali strutturali e non strutturali.

1.2 PS10 come composto antivirale
Il PS10 (2-[(2,4-diidrossifenil) sulfonil] isoindolina-4,6-diolo), noto inibitore del-
la piruvato deidrogenasi chinasi (PDK) per la cardiomiopatia diabetica [5], è
emerso da recenti screening come potente inibitore del PRRSV. Dotato di bassa
citotossicità, abbatte l’infezione in modo dose-dipendente sia su linee permis-
sive (Marc-145) sia sui bersagli primari (PAMs). La sua robusta attività ad
ampio spettro su ceppi PRRSV-1 e PRRSV-2 supera le criticità legate all’ele-
vata variabilità genetica che limita gli attuali vaccini vivi attenuati (MLV). A
differenza dei MLV, che possono persistere, ricombinare con ceppi di campo
e generare varianti virulente [6], l’uso di una piccola molecola come il PS10
azzera il rischio di ricombinazione e ripristino della virulenza. Infine, espri-
mendo la massima efficacia in pre-trattamento, il composto si profila come un
eccellente agente profilattico per il controllo in allevamento.

Gli studi meccanicistici escludono un’azione virucida diretta sulla particella
virale, confermando che il PS10 inibisce specificamente la replicazione intra-
cellulare tramite un duplice meccanismo. Da un lato, agisce sull’ospite soppri-
mendo l’up-regolazione di HSP90 (chaperone essenziale per il PRRSV) indotta
dall’infezione; questo blocca la diffusione del virus e mitiga l’immunopatologia
attenuando le citochine pro-infiammatorie (IL-6, IL-8, TNF-α). Dall’altro, col-
pisce direttamente il macchinario replicativo virale: simulazioni di docking e
saggi CETSA dimostrano infatti che il PS10 si lega fisicamente alle proteine
nsp2, nsp3, nsp10 e nsp11, destabilizzandole e inducendone la degradazione
selettiva.
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Figura 2: Modello schematico che illustra il meccanismo di inibizione della
replicazione del PRRSV mediata da PS10

2 Approccio sperimentale: materiali e metodi
2.1 Cellule e virus
In questo studio sono state utilizzate quattro linee cellulari: HEK293T (cellu-
le renali embrionali umane), Marc-145 (cellule epiteliali renali di scimmia) e
cellule HeLa sono state coltivate in terreno DMEM (Dulbecco’s modified Ea-
gle’s medium) integrato con il 10% di siero fetale bovino (FBS); i macrofagi
alveolari suini primari (PAMs), che rappresentano le cellule bersaglio naturali
per l’infezione da PRRSV, sono stati isolati da suinetti di 4 settimane negativi
al PRRSV seguendo protocolli consolidati, per poi essere coltivati in terreno
RPMI 1640 (Gibco) contenente il 10% di FBS.
Sono stati impiegati i ceppi PRRSV-2 JXA1, SD16, TA-12, WUH3, NADC30
e CH-1a, oltre al ceppo PRRSV-1 BJEU06-1. Tutti gli stock virali utilizzati
sono stati propagati e titolati in cellule Marc-145.

2.2 Reagenti e anticorpi
I reagenti chimici e gli inibitori utilizzati comprendono la piccola molecola
PS10, l’MG132, la clorochina (CQ), lo Z-VAD, la tanespimicina (17-AAG) e
l’inibitore di NF-κB BAY 11-7082. Per le colture e i saggi cellulari si è fatto
uso di TNF-α umano ricombinante, DAPI (1:1000) e polietilenimmina (PEI).
Per quanto riguarda l’analisi proteica, sono stati utilizzati l’anticorpo mo-
noclonale primario anti-N del PRRSV (1:3000) e gli anticorpi anti-GAPDH
(1:5000), anti-tag mCherry (1:2000), nonché gli anticorpi diretti contro HSP90,
HSP90AA1 e HSP90AB1 (tutti impiegati ad una diluizione 1:1000). Infine,
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per la rilevazione sono stati adoperati anticorpi secondari anti-topo (1:10000)
e anti-coniglio (1:10000) coniugati con HRP, insieme ad anticorpi di capra anti-
topo coniugati con i fluorocromi Alexa Fluor 488 (1:1000) e Alexa Fluor 555
(1:1000).

2.3 Saggio di citotossicità
Per determinare gli effetti dei trattamenti sulla vitalità cellulare è stato impie-
gato il saggio colorimetrico CCK-8 (Cell Counting Kit-8). Le linee cellulari
Marc-145 o PAMs sono state seminate in piastre da 96 pozzetti. A seguito del-
l’esposizione ai vari composti per un periodo di 24 ore, il terreno di coltura è
stato supplementato con 10 µL/pozzetto di soluzione CCK-8. Dopo un’ulterio-
re incubazione di 1 ora, necessaria per lo sviluppo della reazione colorimetrica,
i valori di assorbanza sono stati quantificati a 450 nm tramite l’utilizzo di uno
spettrofotometro per micropiastre.

2.4 Estrazione di RNA e RT-qPCR
L’RNA totale è stato isolato dalle colture cellulari (Marc-145, HeLa o PAMs)
impiegando il reagente TRIeasy, e successivamente retrotrascritto in cDNA
avvalendosi del kit ABScript Neo RT Master Mix per qPCR con gDNA Remo-
ver. Le reazioni di amplificazione mediante Real-Time PCR sono state allestite
utilizzando il BrightCycle Blue Universal SYBR Green qPCR Mix con UDG
ed eseguite sul sistema termociclatore QuantStudio 3.
I livelli di espressione genica relativa sono stati calcolati applicando il metodo
2−∆∆CT . I dati sono stati normalizzati utilizzando come geni housekeeping di
riferimento GAPDH per le linee cellulari Marc-145 e HeLa, e HPRT1 per i
macrofagi alveolari suini (PAMs).

2.5 Western blotting
L’estrazione delle proteine totali è stata effettuata lisando le cellule in tampone
RIPA supplementato con l’inibitore delle proteasi PMSF 1 mM, mantenendo
i campioni in ghiaccio per 30 minuti. I lisati proteici sono stati separati me-
diante elettroforesi su gel di poliacrilammide in presenza di SDS (SDS-PAGE)
e successivamente trasferiti su membrane in PVDF.
Per prevenire i legami aspecifici, le membrane sono state saturate per 2 ore
a temperatura ambiente utilizzando una soluzione al 5% di latte scremato in
polvere. È seguita l’incubazione con gli anticorpi primari specifici overnight
a 4°C. Dopo tre lavaggi, le membrane sono state incubate per 1 ora a tem-
peratura ambiente con i rispettivi anticorpi secondari coniugati con l’enzima
perossidasi di rafano (HRP). Infine, i segnali proteici sono stati visualizzati
impiegando un kit ECL per la rilevazione in chemiluminescenza amplificata.

2.6 Immunofluorescenza indiretta (IFA)
Le cellule sono state fissate impiegando una soluzione di paraformaldeide (PFA)
al 4% per 15 minuti a temperatura ambiente. Successivamente, è stata indotta
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la permeabilizzazione delle membrane cellulari mediante un trattamento di 5
minuti con Triton X-100 allo 0,5%.
A seguito di tre lavaggi in soluzione salina tamponata con fosfato (PBS), i siti di
legame aspecifici sono stati saturati incubando i campioni con albumina di siero
di bovino (BSA) all’1% per 1 ora a temperatura ambiente. Le cellule sono state
quindi incubate overnight a 4°C con gli anticorpi primari specifici. Il giorno
seguente, dopo ulteriori tre lavaggi in PBS, è stata condotta un’incubazione di 1
ora a temperatura ambiente con anticorpi secondari coniugati con fluorocromi.
Per l’identificazione dei nuclei cellulari, i campioni sono stati controcolorati con
DAPI per 5 minuti. Le immagini finali sono state acquisite avvalendosi di un
microscopio a fluorescenza invertito (Nikon ECLIPSE Ti2).

2.7 Titolazione virale mediante saggio delle placche
Le cellule Marc-145, seminate in piastre da sei pozzetti, sono state infettate con
diluizioni seriali 1:10 di PRRSV e incubate per 1 ora, prevedendo una blanda
agitazione delle piastre ogni 15 minuti per favorire l’assorbimento virale. Ter-
minato il periodo di infezione, l’inoculo è stato rimosso e i monostrati cellulari
sono stati lavati con PBS. Successivamente, le cellule sono state ricoperte con
un terreno semisolido costituito da DMEM addizionato con l’1% di agarosio a
basso punto di fusione e il 2% di FBS.
A seguito della solidificazione dell’agarosio, le piastre sono state incubate a
37°C in un’atmosfera al 5% di CO2 per 72 ore. Al termine dell’incubazione, pre-
via rimozione dello strato di agarosio, le placche di lisi sono state visualizzate
al microscopio ottico mediante colorazione con cristal violetto.

2.8 Interazione diretta PRRSV - PS10
Al fine di valutare l’interazione diretta con i virioni, il PRRSV è stato incubato
con concentrazioni crescenti di PS10 per 2 ore a 37°C. Successivamente, i
complessi virus-composto sono stati isolati mediante dispositivi di filtrazione
centrifuga. A seguito di tre lavaggi con terreno basale, effettuati per rimuovere
il composto PS10 non legato, i virioni purificati sono stati risospesi e inoculati
su cellule Marc-145 per la successiva analisi dell’infettività a 24 ore dall’inoculo.

2.9 Trasfezione
I plasmidi codificanti le proteine non strutturali (nsp) del PRRSV sono stati
impiegati per gli esperimenti di trasfezione. Le cellule HEK-293T sono sta-
te seminate in piastre da 12 pozzetti e, al raggiungimento di una confluenza
cellulare pari a circa l’80%, sono state trasfettate con i suddetti plasmidi uti-
lizzando la polietilenimmina (PEI) come agente trasfettante.
Sei ore post-trasfezione, le colture cellulari sono state trattate in presenza o
in assenza del composto PS10. Infine, a 24 ore dall’avvenuta trasfezione, i
campioni cellulari sono stati raccolti per la successiva analisi dell’espressione
proteica mediante Western blot.
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2.10 Cellular Thermal Shift Assay (CETSA)
Le cellule HEK293, a 24 ore dalla trasfezione con i rispettivi plasmidi, sono
state lisate utilizzando un tampone di lisi NP-40. Aliquote da 50 µL di lisato
sono state incubate in presenza o in assenza del composto PS10 (40 µM) a
37°C per 30 minuti. I campioni sono stati successivamente suddivisi in frazioni
e riscaldati per 3 minuti a diverse temperature (45°C, 50°C, 55°C, 60°C, 65°C
e 70°C). A questo passaggio sono seguiti tre cicli di congelamento in azoto
liquido e scongelamento a 25°C.
Dopo una centrifugazione a 12.000 × g per 20 minuti a 4°C, i surnatanti
sono stati trasferiti in nuove provette, miscelati con il tampone di caricamento,
denaturati mediante ebollizione a 100°C per 10 minuti e, infine, analizzati
tramite Western blot.

2.11 Docking molecolare
Al fine di indagare le interazioni proteina-piccola molecola, sono state condotte
analisi di docking molecolare. Le strutture dei ligandi sono state acquisite
dal database PubChem, mentre i modelli strutturali delle proteine sono stati
predetti avvalendosi del server AlphaFold 3. Le simulazioni di docking sono
state infine eseguite utilizzando la piattaforma web CB-Dock2.

2.12 Analisi statistica
I dati ottenuti sono stati analizzati utilizzando il software GraphPad Prism 8. I
confronti a coppie sono stati eseguiti mediante il test t di Student, mentre per i
confronti tra gruppi multipli è stata applicata l’analisi della varianza (ANOVA)
a una o a due vie. La soglia di significatività statistica è stata fissata per un
valore di P < 0.05, con i livelli di significatività denotati come *P < 0,05, **P
< 0,01 e ***P < 0,001. Le differenze non significative sono contrassegnate
come “ns”.

3 Risultati e discussione
3.1 PS10 inibisce la replicazione di PRRSV in cellule

epiteliali renali di scimmia (Marc-145) e in macrofa-
gi alveolari suini (PAMs)

Al fine di identificare specifici inibitori del PRRSV tramite screening di picco-
le molecole, monostrati di cellule Marc-145 sono stati pre-incubati per 2 ore
con vari composti (alla concentrazione di 10 µM) ed esposti successivamente
ad un ceppo di PRRSV esprimente la luciferasi, impiegando una molteplicità
di infezione (MOI) pari a 0.5. A 24 ore dall’infezione, la molecola PS10 ha
indotto una drastica riduzione dell’attività luciferasica (Gluc), dimostrando
una forte efficacia antivirale (Figura 3). Tali risultati non sono attribuibili a
citotossicità aspecifica: il test di vitalità CCK-8 ha infatti escluso effetti tossici
per concentrazioni di PS10 fino a 40 µM (Figura 4).
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Figura 3: Quantificazione dell’at-
tività luciferasica (Gluc) in cellule
Marc-145 a 24 ore dall’infezione

Figura 4: Vitalità cellulare di cellu-
le Marc-145 saggiata mediante test
CCK-8

Valutando l’efficacia sul ceppo PRRSV CH-1a, PS10 ha indotto una riduzio-
ne dose-dipendente dell’mRNA del gene N virale (Figura 5). Poiché i primer
iniziali non discriminavano tra RNA genomico (gRNA) e mRNA subgenomici
(sgmRNA), saggi di amplificazione specifici hanno confermato che la molecola
sopprime entrambe le specie, compromettendo sia la replicazione che la tra-
scrizione del genoma virale (Figura 6). Parallelamente, si è osservato un calo
dose-dipendente della proteina N e dei titoli virali.
L’analisi cinetica ha infine evidenziato un’azione prolungata: PS10 ha soppres-
so stabilmente l’espressione di mRNA e proteina N, oltre alla produzione di
progenie infettante (quantificata tramite saggio delle placche), in tutti i punti
temporali analizzati (Figura 7).

Figura 5: Quantificazione tramite RT-qPCR del livello di mRNA del gene
virale N in cellule Marc-145
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Figura 6: Quantificazione tramite RT-qPCR dei livelli di gRNA e sgRNA virali
in cellule Marc-145

Figura 7: Saggio delle placche e titolo virale in cellule Marc-145

L’efficacia inibitoria di PS10 è stata testata anche sui macrofagi alveolari suini
(PAMs), bersagli primari dell’infezione naturale da PRRSV. Saggi preliminari
hanno escluso effetti citotossici su queste cellule per concentrazioni fino a 40 µM
(Figura 8). Infettando le colture primarie con il ceppo PRRSV JXA1, il PS10
ha ridotto in modo dose-dipendente l’mRNA virale (Figura 9), l’abbondanza
della proteina N (Figura 10) e la produzione di progenie virale (Figura 11),
confermando una potente azione antivirale anche nei PAMs.

Figura 8: Vitalità cellulare di cel-
lule PAMs saggiata mediante test
CCK-8

Figura 9: Quantificazione tramite
RT-qPCR del livello di mRNA del
gene virale N in cellule PAMs
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Figura 10: Quantificazione del livel-
lo della proteina virale N in cellule
PAMs tramite Western Blotting

Figura 11: Titolo virale determina-
to mediante saggio delle placche in
cellule PAMs

3.2 Attività anti-PRRSV di PS10 in condizioni di diver-
si regimi di trattamento

La finestra terapeutica del PS10 è stata delineata tramite saggi time-of-addition
(Figura 12) articolati in tre fasi: pre-trattamento (2 ore prima dell’infezione),
co-trattamento (in concomitanza con l’inoculo virale) e post-trattamento (2
ore dopo l’infezione). Sebbene tutti gli approcci abbiano inibito efficacemen-
te mRNA (Figura 14), proteina N (Figura 13), titoli virali (Figura 15) e la
relativa fluorescenza della proteina N (Figura 16), si è osservato un preciso
gradiente di attività inibitoria. Il pre-trattamento è infatti risultato il proto-
collo più drastico nel bloccare la replicazione virale, risultando superiore sia al
co-trattamento che al post-trattamento.

Figura 12: Diagramma schematico
dei tre protocolli operativi

Figura 13: Quantificazione del livel-
lo della proteina virale N tramite
Western Blotting nei tre regimi di
trattamento
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Figura 14: Quantificazione tramite
RT-qPCR del livello di mRNA del
gene virale N nei tre regimi di trat-
tamento

Figura 15: Titolo virale nei tre re-
gimi di trattamento

Figura 16: Intensità di fluorescenza della proteina virale N analizzata tramite
IFA

3.3 PS10 non stabilisce una interazione diretta con la
particella virale

Per escludere un’azione virucida diretta, sospensioni di PRRSV sono state co-
incubate con diverse concentrazioni di PS10 (2 ore a 37°C). Dopo aver rimosso
il composto non legato tramite ultrafiltrazione, i virioni sono stati impiegati per
infettare cellule Marc-145. A 24 ore post-infezione (hpi), le analisi dell’mRNA
(Figura 17), della proteina N (Figura 18) e dei titoli virali (Figura 19), non
hanno mostrato riduzioni dell’infettività rispetto ai controlli. Ciò dimostra che
il PS10 non inattiva o destabilizza direttamente il virione, ma agisce in una
fase post-ingresso, colpendo bersagli replicativi virali o dell’ospite.

11



Figura 17: Quantificazione tramite
RT-qPCR del livello di mRNA del
gene virale N

Figura 18: Quantificazione del livel-
lo della proteina virale N tramite
Western Blotting

Figura 19: Saggio delle placche e titolo virale

3.4 Attività anti-PRRSV di PS10 nei confronti di diver-
si ceppi virali

Data l’alta variabilità genetica del PRRSV che compromette l’efficacia dei vac-
cini attuali [6] è stata indagata l’attività ad ampio spettro del PS10 su un
pannello eterogeneo di isolati. L’esposizione dose-dipendente al composto ha
abbattuto i livelli della proteina N e il relativo segnale di fluorescenza (Figu-
ra 20) in molteplici ceppi di PRRSV-2 (JXA1, SD16, TA-12, WUH3, NADC30).
Questa forte efficacia inibitoria è stata confermata anche contro il genotipo 1
(PRRSV-1, ceppo BJEU06-1). Tali evidenze dimostrano che il PS10 possie-
de una robusta attività antivirale ad ampio spettro, in grado di contrastare
efficacemente la diversità genetica del patogeno.
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Figura 20: Quantificazione del livello della proteina virale N tramite Western
Blotting per ogni ceppo virale saggiato e relativa visualizzazione tramite IFA

3.5 Inibizione specifica di PS10 a livello della fase di
replicazione virale

Per definire il meccanismo d’azione del PS10, il composto è stato valutato
nelle quattro fasi del ciclo vitale del PRRSV (adsorbimento, internalizzazione,
replicazione e rilascio di progenie virale). La quantificazione dell’mRNA per
l’antigene N ha escluso qualsiasi interferenza del farmaco con le fasi precoci
di attacco recettoriale ed endocitosi (Figura 21). Analogamente, l’analisi dei
titoli virali non ha evidenziato inibizioni sugli eventi tardivi di esocitosi e dif-
fusione (Figura 22). Al contrario, la quantificazione dell’RNA ha dimostrato
che il PS10 inibisce in modo drastico e specifico la sola fase di replicazione del
PRRSV.
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Figura 21: Quantificazione tramite RT-qPCR del livello di mRNA del gene
virale N nelle fasi di adsorbimento (sx), internalizzazione (centro) e replicazione
(dx)

Figura 22: Quantificazione tramite RT-qPCR del livello di mRNA del gene
virale N e saggio delle placche nella fase di rilascio

3.6 PS10 riduce la produzione di citochine pro-infiam-
matorie mediante down-regolazione dell’espressione
di HSP90

È noto che il PS10 si leghi direttamente allo chaperone HSP90 [7], indispen-
sabile per la replicazione del PRRSV. Valutando i livelli di questa proteina
cellulare, si è prima osservato che l’infezione virale innesca una severa sti-
molazione (mRNA e accumulo proteico) dell’HSP90 totale e delle isoforme
HSP90AA1 e HSP90AB1 (Figura 23). L’intervento farmacologico si è rivelato
efficace nel bloccare questo processo: il trattamento con PS10 annulla signifi-
cativamente l’aumento dei trascritti di HSP90AA1, HSP90AB1 e dell’HSP90
totale originariamente indotto dal virus (Figura 24).

Figura 23: Quantificazione del livello degli mRNA di HSP90AA1 e HSP90AB1
post-infezione con PRRSV tramite RT-qPCR e delle proteine associate tramite
Western Blotting
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Figura 24: Quantificazione del livello degli mRNA di HSP90AA1 e HSP90AB1
post-infezione con PRRSV e trattamento con PS10 tramite RT-qPCR e delle
proteine associate tramite Western Blotting

Per verificare se l’azione anti-PRRSV del PS10 sia mediata dalla modulazione
dell’HSP90, è stato utilizzato il 17-AAG come inibitore di riferimento. Sul-
le cellule Marc-145 (dosi<10 µM, Figura 25), il 17-AAG abbatte in maniera
dose-dipendente le copie genomiche (Figura 26), la proteina N e l’espressio-
ne di HSP90 totale e delle isoforme AA1/AB1 (Figura 27). Confrontando le
due molecole, è emerso che la loro co-somministrazione genera un forte effetto
additivo: pur preservando la vitalità cellulare (Figura 28), l’approccio combi-
nato determina la massima soppressione di HSP90, HSP90AA1 e HSP90AB1
(Figura 30) e, di conseguenza, la più potente inibizione della replicazione virale.

Figura 25: Vitalità cellulare post-
trattamento con 17-AAG saggiata
mediante test CCK-8

Figura 26: Quantificazione tramite
RT-qPCR del livello di mRNA del
gene virale N post-trattamento con
17-AAG
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Figura 27: Quantificazione trami-
te Western Blotting dei livelli di
proteina N, HSP90, HSP90AA1 e
HSP90AB1 post-trattamento con
17-AAG

Figura 28: Vitalità cellulare dopo
co-trattamento con 17-AAG e PS10
saggiata mediante test CKK-8

Figura 29: Quantificazione tramite
RT-qPCR del livello di mRNA del
gene virale N dopo co-trattamento
con 17-AAG e PS10

Figura 30: Quantificazione tra-
mite Western Blotting dei livelli
di proteina N, HSP90, HSP90AA1
e HSP90AB1 dopo co-trattamento
con 17-AAG e PS10

Considerando il ruolo dell’HSP90 nell’infiammazione [8] e la ”tempesta cito-
chinica” indotta dal PRRSV, è stata indagata l’azione antinfiammatoria del
PS10. Il trattamento abbatte in modo dose-dipendente l’espressione di IL-6,
IL-8 e TNF-α innescata dal virus (Figura 31), effetto che risulta drasticamen-
te potenziato dalla co-somministrazione con 17-AAG (Figura 32). Testando le
molecole su cellule HeLa non infettate, ma stimolate con TNF-α esogeno, si è
osservata un’analoga repressione citochinica (Figura 33).
Queste evidenze certificano che l’abbattimento dell’infiammazione da parte
del PS10 è un meccanismo intrinseco legato all’inibizione dell’HSP90, e non
un mero effetto secondario della ridotta replicazione virale.
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Figura 31: Quantificazione tramite RT-qPCR degli mRNA di IL-6, IL-8 e
TNF-α post-trattamento con PS10

Figura 32: Quantificazione tramite RT-qPCR degli mRNA di IL-6, IL-8 e
TNF-α dopo co-trattamento con 17-AAG e PS10

Figura 33: Quantificazione tramite RT-qPCR degli mRNA di IL-6, IL-8 e
TNF-α su cellule HeLa non infettate

Per confermare l’interconnessione tra infiammazione e replicazione virale, l’u-
so dell’inibitore di NF-κB BAY 11-7082 ha evidenziato un calo dose-dipendente
della proteina N (Figura 34). Questo risultato dimostra che la down-regolazione
di HSP90 mediata dal PS10 abbatte la sintesi citochinica, innescando una for-
te azione immunomodulatoria che lavora in perfetta sinergia con i meccanismi
antivirali per sopprimere drasticamente l’infezione.

Figura 34: Quantificazione tramite Western Blotting della proteina N post-
trattamento con BAY 11-7082
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3.7 PS10 riduce l’espressione delle proteine virali nsp2,
nsp3, nsp10 e nsp11

Poiché il PS10 colpisce la fase replicativa del PRRSV, ne è stato valutato l’im-
patto sulle proteine non strutturali (nsp). Su cellule HEK293T (la cui vitalità
è risultata totalmente preservata fino a 40 µM, Figura 35), l’esposizione al
composto ha innescato una significativa riduzione dose-dipendente dei livelli
proteici di nsp2, nsp3, nsp10 e nsp11. Tale repressione risulta altamente selet-
tiva, in quanto l’espressione di tutte le altre subunità nsp non ha subito alcuna
alterazione (Figura 36).

Figura 35: Vitalità cellulare saggiata mediante test CKK-8

Figura 36: Quantificazione tramite Western Blotting di nsp2, nsp3, nsp10 e
nsp11 a concentrazioni crescenti di PS10

Per verificare se il degrado delle nsp mediato dal PS10 dipendesse dai path-
way catabolici cellulari, sono stati impiegati tre inibitori: CQ per l’autofagia,
MG132 per il sistema ubiquitina-proteasoma e Z-VAD per l’apoptosi caspasi-
dipendente. Nessuno di essi ha bloccato il calo di nsp2 indotto dal composto,
mentre tutti hanno garantito un recupero parziale di nsp3, nsp10 e nsp11 (Figu-
ra 37). L’efficacia del PS10 su nsp2 e nsp10 è stata confermata anche durante
l’infezione attiva.
Il recupero di nsp10 tramite Z-VAD è coerente con il suo ruolo di induttore
apoptotico (via caspasi-8) nelle infezioni avanzate [9]. Il parziale recupero di
nsp3 con CQ si allinea al ruolo di questa proteina nel blocco virale della fusione
autofagosoma-lisosoma. Al contrario, il mancato ripristino di nsp2 da parte
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della CQ suggerisce che il suo degrado indotto da PS10 si verifichi a monte
o eludendo il blocco lisosomiale, nonostante la nsp2 interagisca normalmente
con marcatori autofagici (es. LC3) per favorire la replicazione virale [9].

Figura 37: Quantificazione tramite Western Blotting dei livelli di nsp2, nsp3,
nsp10 e nsp11 in presenza di CQ, MG132 e Z-VAD

Dato che il PS10 destabilizza irreversibilmente nsp2 e nsp3 (fondamentali per
il complesso di replicazione-trascrizione, RTC), si è indagato il suo impatto
diretto sulla replicazione virale quantificando l’RNA a doppio filamento (dsR-
NA). Coerentemente con l’ipotesi di partenza, il trattamento ha inibito in
modo drastico la sintesi di questo intermedio replicativo obbligato del PRRSV
(Figura 38).

Figura 38: Rilevazione del dsRNA post-trattamento con PS10 tramite IFA

3.8 Interazione tra PS10 e le proteine virali nsp1, nsp3,
nsp10 e nsp11

Per verificare se il PS10 interagisse direttamente con nsp2, nsp3, nsp10 e nsp11,
analisi iniziali di docking molecolare hanno confermato la formazione di com-
plessi termodinamicamente favorevoli. Tali dati sono stati validati in vitro
tramite saggio di stabilità termica cellulare (CETSA) su estratti di HEK293T
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esprimenti le nsp. Sotto stress termico, l’esposizione a PS10 (40 µM, vs vei-
colo DMSO) ha incrementato drasticamente la stabilità delle quattro proteine
ritardandone la degradazione (Figura 39).
L’integrazione di queste evidenze prova in modo conclusivo il legame fisico
diretto tra il composto PS10 e le proteine virali nsp2, nsp3, nsp10 e nsp11.

Figura 39: Cellular Thermal Shift Assay (CETSA)

4 Considerazioni e conclusione
La minaccia del PRRSV per la zootecnia è esacerbata dall’estrema variabi-
lità genetica e dalle frequenti ricombinazioni che vanificano i vaccini attuali
[6], rendendo cruciale lo sviluppo di nuovi farmaci. Oltre a composti già noti
come fangchinolina e cefarantina (target CD163) [10], iperoside (modulatore
di TLR4/NF-κB e p62-Nrf2-Keap1) [11], matrina e acido glicirrizico [12], un
recente screening ha identificato il PS10. Questo inibitore unisce bassi costi di
sintesi ad una potente attività antivirale in vitro e alta tollerabilità su cellule
Marc-145 e macrofagi alveolari suini (PAMs). Sebbene nei PAMs l’efficacia sia
lievemente ridotta (probabilmente per differenze cellulari e di ceppo virale) e
si noti un’eterogeneità nelle placche di lisi, il PS10 rimane un eccellente can-
didato terapeutico. Infine, il sequenziamento ha rivelato una mutazione virale
indotta dal PS10 (dati non mostrati), che potrebbe comportare un’attenuazio-
ne della fitness o l’insorgenza di resistenza.

I saggi di somministrazione indicano che l’efficacia del PS10 è massima in
pre-trattamento e cala nelle fasi tardive, suggerendone un impiego d’elezione
come profilassi.
Pur privo di azione virucida diretta sui virioni, il composto garantisce una
potente inibizione ad ampio spettro capace di superare l’elevata plasticità ge-
netica del PRRSV.
A livello meccanicistico, il PS10 blocca selettivamente la replicazione prenden-
do di mira lo chaperone dell’ospite HSP90: sopprimendo la sua iper-espressione
indotta dal virus, la molecola priva il macchinario replicativo di un fattore es-
senziale per la stabilizzazione delle proteine virali. Questa dinamica inibitoria
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è coerente con il noto ruolo provirale dell’HSP90 già accertato per altri pato-
geni come ASFV, HSV-1 e BTV.

Durante l’infezione, il PRRSV attiva NF-κB per up-regolare le citochine pro-
infiammatorie. In tale processo l’HSP90 è cruciale, poiché stabilizza IKK-β
(mantenendo attivo NF-κB) e facilita l’attivazione dell’inflammasoma NLRP3.
I dati confermano che il PS10, analogamente all’inibitore canonico 17-AAG,
mitiga drasticamente questa tempesta citochinica reprimendo l’HSP90. Te-
stando le due molecole su cellule non infettate ma stimolate con TNF-α esoge-
no, entrambe hanno depresso la risposta citochinica: ciò certifica che l’azione
antinfiammatoria del PS10 è un meccanismo intrinseco mediato dalla down-
regolazione di HSP90, e non un mero effetto secondario del calo della carica
virale. Tale dinamica suggerisce la potenziale efficacia del composto anche
contro altri patogeni che sfruttano il medesimo asse.

Indagando l’azione del PS10 sulla replicazione del PRRSV, si è osservata una
drastica riduzione intracellulare di specifiche proteine non strutturali. Men-
tre l’impiego degli inibitori CQ, MG132 o Z-VAD ha garantito un parziale
ripristino di nsp3, nsp10 e nsp11, la deplezione di nsp2 è risultata totalmente
refrattaria, suggerendo un meccanismo degradativo distinto (con soppressione
di nsp2 e nsp10 confermata anche in infezione attiva). Tali proteine sono vitali
per il patogeno: nsp2 agisce da proteasi PLP2, nsp3 è un elemento transmem-
brana del complesso di replicazione-trascrizione, nsp10 funge da elicasi e nsp11
da endoribonucleasi [2].
Saggi CETSA e docking molecolare hanno infine accertato un legame fisico
diretto tra il PS10 e queste subunità, interazione sterica che giustifica la sop-
pressione della loro espressione.

È stato inoltre osservato che l’esposizione al PS10 incrementa sensibilmente la
vitalità cellulare nei monostrati HEK-293T, mantenendo invece un profilo neu-
trale su Marc-145 e PAM. Questo specifico effetto pro-sopravvivenza suggerisce
una dipendenza dalle differenze nel metabolismo basale o nell’omeostasi del-
lo stress tra le diverse linee cellulari, ponendo le basi per future indagini mirate.

In conclusione, questo studio dimostra per la prima volta l’efficacia del PS10
contro il PRRSV attraverso un duplice meccanismo d’azione. Da un lato,
la molecola down-regola l’espressione di HSP90, inibendo così la proliferazio-
ne virale e mitigando l’infiammazione; dall’altro, instaura un legame fisico
diretto con nsp2, nsp3, nsp10 e nsp11, inducendone la degradazione mirata.
Tali evidenze elevano il PS10 a promettente molecola lead per nuove terapie
anti-PRRSV, suggerendone inoltre un impiego come antivirale ad ampio spet-
tro grazie alla capacità di colpire simultaneamente fattori patogeni e bersagli
dell’ospite.
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Small-molecule PS10 inhibits PRRSV replication by targeting 
HSP90 and multiple viral non-structural proteins
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ABSTRACT Livestock production is vital to global food security but faces major threats 
from pathogens such as porcine reproductive and respiratory syndrome virus (PRRSV), 
which causes substantial economic losses. The genetic diversity of PRRSV and limi­
ted cross-protection among strains complicate vaccination strategies, highlighting the 
urgent need for effective antiviral treatments. In this study, we screened a compound 
library and identified 2-[(2,4-dihydroxyphenyl) sulfonyl] isoindoline-4,6-diol (designated 
PS10) as a potent inhibitor of PRRSV replication. PS10 exhibited dose-dependent antiviral 
effects in both Marc-145 cells and primary porcine alveolar macrophages, with efficacy 
independent of the viral strain. Further mechanistic studies revealed that PS10 acts 
specifically during the replication phase of the viral life cycle. Notably, PS10 significantly 
suppressed PRRSV infection-induced heat shock protein 90 (HSP90) expression, a critical 
host factor for viral replication. This suppression not only impaired viral propagation 
but also attenuated the production of pro-inflammatory cytokines. Furthermore, PS10 
selectively reduced the abundance of multiple viral non-structural proteins (nsp2, nsp3, 
nsp10, and nsp11). The binding of PS10 to these proteins was confirmed by molecular 
docking and cellular thermal shift assays, which underlie the observed inhibition. This 
study not only expands our understanding of PS10’s antiviral mechanisms but also 
provides new insights into host factor regulation of viral replication, offering potential 
avenues for developing broad-spectrum antiviral therapies.

IMPORTANCE Porcine reproductive and respiratory syndrome virus (PRRSV) causes 
substantial economic losses to the global swine industry. Current vaccines often lack 
cross-protection against heterologous strains, underscoring the need for broad-spec­
trum alternatives. We identified PS10 through compound screening as a potent inhibitor 
of PRRSV replication with low cytotoxicity. Mechanistically, PS10 significantly suppressed 
virus-induced expression of heat shock protein 90 (HSP90). This suppression not only 
inhibited viral propagation but also reduced pro-inflammatory cytokine production. 
Furthermore, PS10 reduced the levels of multiple viral non-structural proteins (nsp2, 
nsp3, nsp10, and nsp11). The binding of PS10 to these proteins was confirmed by 
molecular docking and cellular thermal shift assays. Taken together, our results suggest 
that PS10 is a promising candidate for controlling PRRSV infection and may provide a 
foundation for developing broad-spectrum antiviral agents.

KEYWORDS PRRSV, PS10, HSP90, viral non-structural proteins

A s a primary source of meat in China, pork plays a vital role in the national diet 
and agricultural economy. However, the emergence and re-emergence of infectious 

diseases have posed serious challenges to the global swine industry. Viral diseases, in 
particular, threaten the sustainable development of pig farming and food security due to 
their high contagiousness and potential for widespread transmission (1, 2). Among these, 
porcine reproductive and respiratory syndrome (PRRS), caused by the PRRS virus (PRRSV), 
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is one of the most significant viral threats (3, 4). First identified in the United States in 
1987, PRRS has spread worldwide, severely constraining pig production and causing 
substantial economic losses (5–7). PRRSV is an enveloped virus containing a single-stran­
ded, positive-sense RNA genome approximately 15 kb in length. The genome comprises 
at least 11 open reading frames that encode 12 non-structural proteins (nsps) essential 
for viral replication, along with eight structural proteins required for virion assembly (8). 
Although pigs of all ages are susceptible to PRRSV infection, the most severe clinical 
outcomes are observed in pregnant sows and neonatal piglets (9). The virus exhibits 
specific tropism for macrophages, particularly porcine alveolar macrophages (PAMs), 
where it replicates before disseminating to lymphatic tissues and the lungs, thereby 
inducing respiratory symptoms. In vitro, it is capable of infecting the African green 
monkey kidney cell line (MA-104) and its derivative cell lines, such as Marc-145 (10).

PRRSV, as an RNA virus, exhibits characteristically high mutation rates due to the 
absence of proofreading mechanisms in its RNA-dependent RNA polymerase (11). This 
enables the virus to evolve rapidly, creating numerous genetic variants and resulting in 
extensive genetic and antigenic diversity among strains and leading to poor cross-pro­
tection between heterologous strains. Coupled with its immune evasion ability, current 
vaccines often fail to provide broad and lasting protection (12, 13). Given the limita­
tions of these vaccines, small-molecule antiviral compounds are gaining attention as 
potential therapeutic alternatives for PRRSV control. These compounds can be specifi-
cally designed to target critical viral proteins or host factors. For example, small-molecule 
inhibitors can bind to the viral protease, blocking the processing of the viral polyprotein 
and inhibiting replication (14–16). Alternatively, other inhibitors may target essential 
host proteins involved in viral replication pathways (17, 18). Importantly, as long as target 
sites remain conserved across strains, these compounds can overcome viral variability. 
Therefore, screening for such compounds offers a promising strategy against PRRSV. 
Our experimental data demonstrate that the small-molecule 2-[(2,4-dihydroxyphenyl) 
sulfonyl] isoindoline-4,6-diol (PS10) significantly inhibits PRRSV replication, although its 
antiviral mechanism remains to be elucidated. Interestingly, PS10 has been previously 
identified as a novel ATP-competitive broad-spectrum pyruvate dehydrogenase kinase 
(PDK) inhibitor with demonstrated therapeutic potential for diabetic cardiomyopathy 
(19). Recent studies have also identified heat shock protein 90 (HSP90) as a binding 
target of PS10 (20). However, the function of PS10 in viral infection processes, particu­
larly its antiviral mechanisms against PRRSV, remains unexplored. Further exploration 
of PS10’s inhibitory effects on PRRSV replication may not only reveal novel antiviral 
mechanisms but also provide valuable insights for developing effective PRRSV control 
strategies.

In our research, through compound library screening, we identified PS10 as a potent 
inhibitor of PRRSV infection. Our mechanistic investigation revealed that PS10 inhibits 
PRRSV-induced HSP90 expression, which interferes with viral replication and reduces 
pro-inflammatory cytokine production. Additionally, PS10 was shown to selectively 
target and decrease the protein abundance of several viral nsps (nsp2, nsp3, nsp10, 
and nsp11). Furthermore, the interaction between PS10 and these nsps may contribute 
to their inhibition. These results highlight the potential of targeting both host HSP90 and 
viral nsps as a novel antiviral approach against PRRSV.

RESULTS

PS10 significantly inhibits PRRSV infection in Marc-145 cells

Small-molecule compound screening has been widely employed to identify inhibitors 
and therapeutic candidates for the prevention and treatment of diverse viral infections. 
To identify PRRSV inhibitors, Marc-145 cells were pretreated with compounds (10 μM) 
for 2 h before infection with luciferase-expressing PRRSV at a multiplicity of infection 
(MOI) of 0.5. Measurement of Gluc activity at 24 h post-infection (hpi) showed that PS10 
significantly reduced Gluc expression, indicating strong anti-PRRSV activity (Fig. 1A). To 
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exclude potential cytotoxic effects on viral infection, we first evaluated the impact of 
PS10 on Marc-145 cell viability using a CCK-8 assay (Fig. 1B). No significant cytotoxicity 
was observed at PS10 concentrations ≤ 40 µM (Fig. 1C). We next examined the antiviral 

FIG 1 PS10 inhibits PRRSV infection in Marc-145 cells in a dose-dependent manner. (A) Design schematic 

of the compound screening experiment against PRRSV infection. Marc-145 cells were pre-incubated with 

the compound for 2 h and then infected with rTA-Gluc2 for 24 h. Culture supernatants were collected, 

and viral load was quantified using a microplate reader. (B) Chemical structure of PS10. (C) After 24 h 

of treatment with PS10 at the indicated concentrations, the cytotoxicity of PS10 on Marc-145 cells was 

assessed using a CCK-8 assay. (D-I) Marc-145 cells were treated with PS10 for 2 h and then infected 

with PRRSV CH-1a (MOI = 0.5). After 24 h, cells and supernatants were harvested. Viral RNA levels were 

measured by RT-qPCR (D and E). Viral N protein expression was analyzed by Western blotting (F) or 

immunofluorescence assay (IFA) (G). Virus titers in the supernatants were determined by plaque assay on 

Marc-145 cells (H and I). ***P < 0.001; **P < 0.01; *P < 0.05; ns: not significant.
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activity of PS10 against the PRRSV CH-1a strain. Although PS10 inhibited the mRNA 
levels of PRRSV N in a dose-dependent manner (Fig. 1D), the primers used targeted 
the N gene sequence and thus could not distinguish between genomic RNA (gRNA) 
and nested subgenomic mRNAs (sgmRNAs). To dissect its specific effect, we employed 
targeted assays for viral RNA synthesis and found that PS10 significantly suppressed the 
levels of both gRNA and sgmRNA (Fig. 1E). These results demonstrate that PS10 inhibits 
not only viral genomic replication but also subgenomic transcription. PS10 also reduced 
the level of the PRRSV N protein (Fig. 1F and G). Correspondingly, viral titers were 
significantly reduced in a dose-dependent manner compared to the control group (Fig. 
1H and I). We further investigated the antiviral efficacy of PS10 at different time points 
during PRRSV infection. The results demonstrated that PS10 consistently suppressed 
both mRNA and protein levels of the PRRSV N across all tested time points (Fig. 2A 
through C). Furthermore, plaque assays confirmed that PS10 significantly reduced viral 
titers at each infection time point examined (Fig. 2D and E). Collectively, these data 
demonstrate that PS10 significantly inhibits PRRSV replication in Marc-145 cells.

PS10 suppresses PRRSV infection in PAMs

Since PAMs are the primary target cells for PRRSV infection, we investigated whether 
PS10 could also inhibit PRRSV replication in PAMs. Initial cytotoxicity assessment revealed 
no significant cytotoxic effects of PS10 on PAMs at concentrations ≤ 40 µM (Fig. 3A). 
Subsequently, we assessed the antiviral effect of PS10 against PRRSV JXA1 infection 
in PAMs. The results demonstrated that PS10 treatment significantly reduced the viral 
mRNA levels (Fig. 3B), N protein abundance (Fig. 3C), and progeny virus production 
(Fig. 3D and E) in a dose-dependent manner, indicating that PS10 can effectively inhibit 
PRRSV infection in PAMs as well.

Antiviral efficacy of PS10 against PRRSV infection under different treatment 
regimens

To evaluate the therapeutic potential of PS10 against PRRSV under different treatment 
modalities, we performed time-of-addition experiments by administering PS10 at three 
distinct stages: pre-treatment (2 h prior to viral infection), co-treatment (simultaneous 
with viral inoculation), and post-treatment (2 h after infection) (Fig. 4A). The results 
demonstrated that all three treatment modalities significantly suppressed both mRNA 
and protein expression levels of the PRRSV N (Fig. 4B and C), as well as a reduction in 
viral titers (Fig. 4D) and N protein fluorescence intensity (Fig. 4E). Notably, pre-treatment 
exhibited the strongest suppression of PRRSV, followed by co-treatment, with post-treat­
ment showing the least effectiveness (Fig. 4B through E). These results demonstrate that 
PS10 achieves maximal antiviral activity when administered prior to viral infection.

PS10 does not directly interact with PRRSV virions

Some antiviral drugs inactivate viruses by disrupting virion integrity, thereby reducing 
the number of infectious particles and impairing viral entry (21). To investigate whether 
PS10 directly targets PRRSV particles, we incubated the virus with varying concentrations 
of PS10 in basal medium at 37°C for 2 h. After ultrafiltration to remove unbound PS10, 
the treated virions were resuspended in fresh medium and used to infect Marc-145 cells 
(Fig. 5A). Infection efficiency was quantified by measuring viral N protein expression and 
progeny virus production at 24 hpi. Notably, PRRSV pre-incubated with PS10 showed no 
significant reduction in infectivity compared to the control group (Fig. 5B through F), 
indicating that PS10 does not directly interact with or destabilize PRRSV virions. These 
results suggest that PS10’s antiviral mechanism targets host or viral replication factors 
rather than structural components of the virus particle.
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PS10 broadly suppresses the replication of diverse PRRSV strains

The substantial genetic diversity among PRRSV strains severely compromises the efficacy 
of current vaccines and poses significant challenges for disease control. To evaluate 
whether PS10 broadly inhibits the replication of diverse PRRSV strains, cells were treated 
with varying doses of PS10 followed by infection with multiple PRRSV-2 isolates (JXA1, 
SD16, TA-12, WUH3, and NADC30). The results demonstrated that PS10 treatment 
induced dose-dependent reductions in viral N protein levels across all strains tested 
(Fig. 6A through E). Consistent with these findings, quantitative fluorescence intensity 
analysis revealed significantly diminished PRRSV N protein signals (Fig. 6F through J). 
Furthermore, we evaluated PS10 against the PRRSV-1 strain BJEU06-1. Notably, PS10 also 
exhibited significant inhibitory activity, markedly reducing the N protein expression of 

FIG 2 Time-dependent inhibition of PRRSV replication by PS10 in Marc-145 cells. (A–E) Marc-145 cells were treated with PS10 (10 μM) for 2 h and then infected 

with PRRSV CH-1a (MOI = 0.5) at the indicated time points, after which cells and supernatants were harvested for analysis. Viral RNA levels were measured by 

RT-qPCR (A). Viral N protein expression was analyzed by Western blotting (B) or IFA (C). Virus titers in the supernatants were determined by plaque assay on 

Marc-145 cells (D and E). ***P < 0.001; **P < 0.01; *P < 0.05; ns: not significant.
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this strain (Fig. 6K and L). Collectively, these results indicate that PS10 exhibits broad-
spectrum antiviral activity against diverse PRRSV strains.

PS10 specifically inhibits the replication stage of the PRRSV life cycle

The PRRSV life cycle primarily consists of four stages: adsorption, internalization, 
replication, and release. To investigate the mechanism of PS10 against PRRSV, we 
systematically examined its effects on each phase of the viral life cycle (Fig. 7A). 
Quantification of PRRSV N mRNA indicated that PS10 affected neither viral adsorption 
nor internalization (Fig. 7B and C). Plaque assays further confirmed that PS10 had no 
impact on the viral release process (Fig. 7E and F). In contrast, viral RNA quantifica-
tion revealed that PS10 significantly inhibited the replication stage of PRRSV (Fig. 7D). 
These findings demonstrate that PS10 specifically inhibits the replication stage of PRRSV 
without affecting viral adsorption, internalization, or release.

PS10 suppresses PRRSV-induced HSP90 expression

Small-molecule compounds can modulate target protein expression through direct 
binding (17). Previous studies have indicated that PS10 binds to HSP90 (20). Given 
this binding relationship, it is crucial to explore whether there are other connections 
between PS10 and HSP90, as these potential connections might have implications for 
the biological processes involved. Additionally, previous studies have reported that 

FIG 3 PS10 suppresses PRRSV infection in PAMs. (A) The viability of PAMs treated with the indicated concentrations of PS10 for 24 h was assessed using a CCK-8 

assay. (B–E) PAMs were treated with PS10 for 2 h and then infected with PRRSV JXA1 (MOI = 0.5) for 24 h, after which cells and supernatants were harvested 

for analysis. Viral N mRNA and protein levels were quantified by RT-qPCR and Western blotting, respectively (B and C). Virus titers in the supernatants were 

determined by plaque assay on Marc-145 cells (D and E). ***P < 0.001; **P < 0.01; *P < 0.05; ns: not significant.
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HSP90 is essential for PRRSV replication (22). In light of this, we first examined the 
effect of PRRSV infection on HSP90 expression. The results demonstrated that PRRSV 
infection significantly enhanced the transcription of both HSP90AA1 and HSP90AB1 (Fig. 
8A and B). Consistent with this, PRRSV infection also markedly upregulated the protein 
expression levels of total HSP90, HSP90AA1, and HSP90AB1 (Fig. 8C). We further assessed 

FIG 4 Antiviral efficacy of PS10 against PRRSV infection under different treatment regimens. (A) Schematic diagram of the three PS10 treatment protocols. 

(B–E) Marc‐145 cells were treated with PS10 (10 μM) before (pre‐treatment), during (co‐treatment), or after (post‐treatment) infection with PRRSV CH‐1a 

(MOI = 0.5). Cells and supernatants were harvested 24 hpi for analysis. Viral RNA levels were quantified by RT-qPCR (B). Viral N protein expression was assessed by 

Western blotting (C). Virus titers in the supernatants were determined by plaque assay on Marc-145 cells (D). Viral N protein fluorescence intensity was analyzed 

by IFA (E). ***P < 0.001; **P < 0.01; *P < 0.05; ns: not significant.
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whether PS10 influences PRRSV-induced HSP90 expression. The results indicated that 
PS10 significantly suppressed the mRNA levels of HSP90AA1 and HSP90AB1 induced 
by PRRSV infection (Fig. 8D and E). Correspondingly, PS10 also markedly inhibited the 
PRRSV-induced protein expression of total HSP90, HSP90AA1, and HSP90AB1 (Fig. 8F). 
These results indicate that PS10 inhibits the up-regulation of HSP90 expression caused 
by PRRSV.

FIG 5 PS10 does not directly interact with PRRSV virions. (A) PRRSV CH‐1a virions were incubated with the indicated concentrations of PS10 in basal medium at 

37°C for 2 h. The unbound compound was subsequently removed by ultrafiltration. (B–F) The recovered virions were resuspended and used to infect Marc‐145 

cells. At 24 hpi, cells and supernatants were harvested. Viral N mRNA levels were quantified by RT-qPCR (B), and N protein expression was assessed by Western 

blotting (C) and IFA (D). Virus titers in the supernatants were determined by plaque assay on Marc-145 cells (E and F). ***P < 0.001; **P < 0.01; *P < 0.05; ns: not 

significant.
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PS10 significantly restricts PRRSV proliferation by targeting and suppressing 
HSP90 function

Given the critical role of HSP90 in the life cycle of various viruses, we investigated 
whether PS10 affects viral replication by modulating HSP90 expression. We first assessed 
the impact of 17-AAG, a known HSP90 inhibitor, on the viability of Marc-145 cells. The 
results showed that 17-AAG concentrations below 10 μM had no significant effect on 
cell viability (Fig. 9A). We further evaluated the effect of 17-AAG on PRRSV replication. 
As the concentration of 17-AAG increased, both the PRRSV genomic copy number and 
the level of the viral N protein decreased in a dose-dependent manner (Fig. 9B through 
D). Concurrently, the protein levels of total HSP90, HSP90AA1, and HSP90AB1 were 

FIG 6 PS10 broadly suppresses the replication of diverse PRRSV strains. (A–J) Marc-145 cells were treated with PS10 for 2 h and then infected with PRRSV-2 

strains (JXA1, SD16, TA-12, WUH3, and NADC30) at an MOI of 0.5 for 24 h. Samples were subsequently collected and analyzed by Western blotting (A–E) and IFA 

(F–J). (K and L) Marc-145 cells were treated with PS10 for 2 h and then infected with PRRSV-1 strain BJEU06-1 at an MOI of 0.5. After 24 h, samples were collected 

and analyzed by Western blotting (K) and IFA (L).
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also reduced dose-dependently (Fig. 9C). To determine whether PS10 acts similarly, we 
compared its effects with 17-AAG, alone and in combination. Co-treatment did not affect 
cell viability (Fig. 9E). Notably, combined treatment with 17-AAG and PS10 led to the 
most substantial suppression of HSP90, HSP90AA1, and HSP90AB1 protein expression, 
and accordingly, the strongest inhibition of PRRSV replication (Fig. 9F through H). These 
results demonstrate that PS10 inhibits PRRSV replication by downregulating HSP90 
expression.

FIG 7 PS10 specifically inhibits the replication stage of the PRRSV life cycle. (A) Schematic of the viral binding, entry, 

replication, and release assays. (B) For the binding assay, Marc-145 cells were treated with PS10 (10 μM) at 4°C for 2 h and 

then infected with the PRRSV CH-1a (MOI = 10) at 4°C for 2 h. Viral N mRNA expression was quantified by RT-qPCR. (C) For the 

internalization assay, Marc-145 cells were infected with the PRRSV CH-1a (MOI = 10) at 4°C for 2 h and then treated with PS10 

(10 μM) at 37°C for 2 h. Viral N mRNA expression was quantified by RT-qPCR. (D) For the replication assay, Marc-145 cells were 

infected with the PRRSV CH-1a (MOI = 0.5) at 37°C for 2 h and then treated with PS10 (10 μM) for the indicated durations. Viral 

N mRNA expression was quantified by RT-qPCR. (E and F) For the release assay, Marc-145 cells were infected with the PRRSV 

CH-1a (MOI = 0.5) at 37°C for 22 h and then treated with PS10 (10 μM) at 37°C for 2 h. Virus titers in the supernatants were 

determined by plaque assay on Marc-145 cells. ***P < 0.001; **P < 0.01; *P < 0.05; ns: not significant.
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PS10 suppresses the production of pro-inflammatory cytokines by downre­
gulating HSP90 expression

HSP90 modulates inflammatory responses through multiple mechanisms (23). Given 
that PRRSV infection induces a storm of inflammatory cytokines in the lungs, contribu­
ting to respiratory symptoms, we investigated whether PS10 affects the production of 
inflammatory cytokines by regulating HSP90 expression. We first examined the effect 
of PS10 on PRRSV-induced expression of inflammatory factors. The results showed that 
PS10 significantly suppressed the mRNA expression of IL-6, IL-8, and TNF-α (Fig. 10A 
through C). Moreover, with increasing doses of PS10, the expression of IL-6, IL-8, and 
TNF-α mRNA also significantly decreased (Fig. 10D through F). Notably, the combined 
use of 17-AAG and PS10 inhibited the mRNA levels of IL-6, IL-8, and TNF-α more 
effectively than either compound alone (Fig. 10G through I). To rule out the possibility 
that the reduction in pro-inflammatory cytokines was secondary to decreased PRRSV 
infection, we tested PS10 and 17-AAG in uninfected HeLa cells stimulated with TNF-
α. At a non-cytotoxic concentration, TNF-α induced cytokine production, which was 
significantly suppressed by both compounds (Fig. 10J through M). These results indicate 
that PS10 can inhibit inflammatory factors by suppressing HSP90 expression, rather than 
solely as a consequence of reduced PRRSV infection. We then asked whether suppressing 
inflammation itself affects PRRSV replication. Using the NF-κB inhibitor BAY 11-7082, we 
observed a dose-dependent reduction in PRRSV N-protein expression (Fig. 10N and O). 
Together, these findings demonstrate that PS10 inhibits the production of pro-inflamma-
tory cytokines by downregulating HSP90 expression. This immunomodulatory action 
cooperates with direct antiviral mechanisms to suppress PRRSV infection.

FIG 8 PS10 suppresses PRRSV-induced HSP90 expression. (A–C) Marc-145 cells were infected with PRRSV CH-1a (MOI = 0.5) for 24 h and 36 h. HSP90AA1 

and HSP90AB1 mRNA levels were quantified by RT-qPCR (A and B), and HSP90, HSP90AA1, and HSP90AB1 protein levels were analyzed by Western blotting 

(C). (D–F) Marc-145 cells were pretreated with or without PS10 (10 μM) for 2 h and then infected with or without the PRRSV CH-1a (MOI = 0.5) for 24 h. HSP90AA1 

and HSP90AB1 mRNA levels were measured by RT-qPCR (D and E), and HSP90, HSP90AA1, and HSP90AB1 protein levels were assessed by Western blotting 

(F). ***P < 0.001; **P < 0.01; *P < 0.05; ns: not significant.
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PS10 specifically decreases the abundance of PRRSV nsp2, nsp3, nsp10, and 
nsp11

Our study demonstrates that PS10 inhibits the replication stage of the PRRSV life 
cycle. Given the crucial roles played by PRRSV nsps in viral replication, we investigated 
whether PS10 affects PRRSV replication by influencing the stability of these nsps. To 
rule out potential cytotoxic effects of PS10 on HEK293T cells, we first assessed its 
impact on cell viability. The results showed that PS10 at concentrations up to 40 μM 
did not affect HEK293T cell viability (Fig. 11A). Further investigation revealed that PS10 
treatment specifically and significantly reduced the abundance of nsp2, nsp3, nsp10, 
and nsp11 proteins without affecting the expression of other nsps (Fig. 11B). More­
over, the inhibitory effect of PS10 on these proteins exhibited a clear dose-dependent 
manner, with higher concentrations leading to more pronounced suppression (Fig. 11C 
through F). In eukaryotic cells, protein degradation occurs primarily through three major 
pathways: the proteasome, autophagy, and apoptosis. To examine whether PS10-medi­
ated reduction of nsps involves these mechanisms, we treated cells with specific 

FIG 9 PS10 significantly restricts PRRSV proliferation by targeting and suppressing HSP90 function. (A) Viability of Marc-145 cells treated with the indicated 

concentrations of 17-AAG for 24 h was assessed using a CCK-8 assay. (B–D) Marc-145 cells were treated with 17-AAG for 2 h and then infected with PRRSV CH-1a 

(MOI = 0.5) for 24 h. Subsequently, samples were collected and analyzed by RT-qPCR (B), Western blotting (C), and IFA (D). (E) Viability of Marc-145 cells treated 

with PS10 (5 μM), 17-AAG (2.5 μM), or their combination for 24 h was assessed by CCK-8 assay. (F–H) Marc-145 cells were treated with PS10 (5 μM), 17-AAG 

(2.5 μM), or their combination for 2 h, and then infected with PRRSV CH-1a (MOI = 0.5) for 24 h. Mock-infected cells served as a control. Samples were collected 

and analyzed by RT-qPCR (F), IFA (G), and Western blotting (H). ***P < 0.001; **P < 0.01; *P < 0.05; ns: not significant.
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inhibitors targeting the macroautophagy-lysosomal pathway (CQ), the ubiquitin-protea­
some system (MG132), or caspase-mediated apoptotic (Z-VAD). We found that none 
of the inhibitors prevented PS10-induced reduction of nsp2 (Fig. 11G). In contrast, the 
reduced abundance of nsp3, nsp10, and nsp11 was partially rescued by these inhibitors 
(Fig. 11H through J). PS10 also reduced nsp2 and nsp10 levels during PRRSV infection 

FIG 10 PS10 suppresses the production of pro-inflammatory cytokines by downregulating HSP90 expression. (A–C) Marc-145 cells were pretreated with or 

without PS10 (10 μM) for 2 h and then infected with or without the PRRSV CH-1a (MOI = 0.5) for 24 h. IL-6, IL-8, and TNF-α mRNA levels were measured by 

RT-qPCR. (D–F) Marc-145 cells were treated with different concentrations of PS10 for 2 h and then infected with the PRRSV CH-1a (MOI = 0.5) for 24 h. IL-6, IL-8, 

and TNF-α mRNA levels were measured by RT-qPCR. (G–I) Marc-145 cells were treated with PS10 (5 μM), 17-AAG (2.5 μM), or their combination for 2 h and then 

infected with PRRSV CH-1a (MOI = 0.5) for 24 h. IL-6, IL-8, and TNF-α mRNA levels were measured by RT-qPCR. (J) Viability of HeLa cells treated with indicated 

concentrations of TNF-α for 24 h was assessed by CCK-8 assay. (K–M) HeLa cells were treated with PS10 (40 μM) or 17-AAG (1 μM) for 12 h, followed by stimulation 

with TNF-α (10 ng/mL) for an additional 12 h. mRNA levels of IL-6, IL-8, and TNF-α were quantified by RT-qPCR. (N) Viability of Marc-145 cells treated with 

indicated concentrations of BAY 11-7082 for 24 h was assessed by CCK-8 assay. (O) Marc-145 cells were treated with different concentrations of BAY 11-7082 for 

2 h and then infected with the PRRSV CH-1a (MOI = 0.5) for 24 h. N protein expression was analyzed by Western blotting. ***P < 0.001; **P < 0.01; *P < 0.05; ns: not 

significant.
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FIG 11 PS10 specifically reduces the abundance of PRRSV nsp2, nsp3, nsp10, and nsp11. (A) Viability of HEK-293T cells treated with the indicated concentrations 

of PS10 for 24 h was assessed using a CCK-8 assay. (B) HEK293T cells were transfected with plasmids encoding PRRSV nsps-mCherry. At 6 h post-transfection, cells 

were treated with PS10 (40 μM) or DMSO and harvested at 24 h for Western blot analysis of nsp protein levels. (C–F) HEK293T cells transfected with plasmids 

encoding individual nsp2, nsp3, nsp10, or nsp11 were treated with the indicated concentrations of PS10 at 6 h post-transfection. Cells were harvested at 24 h for 

Western blot analysis. (G–J) HEK293T cells were transfected with plasmids encoding individual nsp2, nsp3, nsp10, or nsp11. Cells were treated with PS10 (40 μM) 

or DMSO at 6 h and with corresponding inhibitors at 12 h post-transfection. All cells were harvested at 24 h for Western blot analysis. (K and L) Marc-145 cells 

were treated with PS10 for 2 h and then infected with PRRSV CH-1a (MOI = 0.5). After 24 h, samples were collected and analyzed by Western blotting (K) and IFA 

(L). (M) Marc-145 cells were pretreated with PS10 (10 μM) for 2 h and then infected with the PRRSV CH-1a (MOI = 0.5) for 12 h. Viral dsRNA was detected by IFA. 

***P < 0.001; **P < 0.01; *P < 0.05; ns: not significant.
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(Fig. 11K and L). Given that PS10 compromises the stability of key replicase subunits, 
including the essential replication-transcription complex (RTC) components nsp2 and 
nsp3, we hypothesized that it would interfere with the replication phase of the PRRSV 
life cycle. As double-stranded RNA (dsRNA) serves as a replication intermediate and 
is indicative of active viral replication, we investigated the impact of PS10 on dsRNA 
synthesis. Our results showed that treatment with PS10 significantly suppressed the 
formation of PRRSV dsRNA (Fig. 11M). Taken together, these results indicate that PS10 
inhibits PRRSV replication by reducing the abundance of key nsps (nsp2, nsp3, nsp10, 
and nsp11).

FIG 12 PS10 binds to PRRSV nsp2, nsp3, nsp10, and nsp11. (A–D) Ligand structures and protein structures were obtained from PubChem and AlphaFold3, 

respectively. Molecular docking was performed using CB-Dock2, and the results were visualized with Discovery Studio and PyMOL. (E–H) The cells were 

transfected with plasmids encoding viral proteins for 24 h, followed by lysis. Subsequently, the lysate was incubated with PS10 (40 μM) at 37°C for 30 min. The 

mixture was then transferred to a PCR machine and heated at different temperature gradients for 3 min, followed by three cycles of freeze-thawing in liquid 

nitrogen. After centrifugation, the supernatant was collected for SDS-PAGE analysis.
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PS10 binds to PRRSV nsp2, nsp3, nsp10, and nsp11

Given that PS10 affects the stability of nsp2, nsp3, nsp10, and nsp11, we hypothe­
sized that PS10 might interact with these nsps. To evaluate this possibility, we first 
performed computational molecular docking to analyze potential interactions between 
PS10 and each target protein. The docking results indicated favorable binding inter­
actions between PS10 and nsp2, nsp3, nsp10, and nsp11 (Fig. 12A through D). We 
further validated these interactions using cellular thermal shift assay (CETSA). Protein 
extracts from HEK293T cells expressing individual nsps were treated with PS10 (40 μM) 
or DMSO and subjected to a heat pulse. The results demonstrated that PS10 significantly 
enhanced the thermal stability of exogenously expressed nsp2, nsp3, nsp10, and nsp11 
and delayed their heat-induced degradation (Fig. 12E through H). Collectively, these 
findings provide direct evidence that PS10 can physically bind to nsp2, nsp3, nsp10, and 
nsp11.

DISCUSSION

The increasing threat of emerging and re-emerging animal infectious diseases jeopard­
izes global livestock production, food security, and the sustainability of animal-sourced 
food systems (24). In China, pork plays a vital role in national food security (25). Porcine 
viral diseases persistently challenge swine industry development, and among these, 
PRRSV has become particularly detrimental due to its high genetic diversity, frequent 
mutations, and recombination events, which undermine current vaccine efficacy (26). 
Thus, effective therapeutic interventions against PRRSV infection are urgently needed. 
While vaccination remains a primary strategy, its limitations highlight the critical need 
for drug therapy (27, 28). Previous studies have identified several compounds with 
anti-PRRSV activity in vitro and in vivo (29–31). To expand the antiviral candidate pool, we 
performed systematic screening and identified PS10 as a novel inhibitor. PS10 showed 
low cytotoxicity in Marc-145 cells and PAMs and displayed potent anti-PRRSV activity in 
vitro. Given its low-cost profile and potent efficacy at low doses, PS10 is a promising 
candidate for targeted anti-PRRSV therapy. We observed that its inhibitory efficacy 
was somewhat lower in PAMs than in Marc-145 cells, likely due to inherent biological 
differences between cell types and the use of distinct PRRSV strains. Following PS10 
treatment, we noted heterogeneous plaque sizes. High-throughput sequencing revealed 
a PS10-induced mutation in the PRRSV genome, which may attenuate viral replication or 
represent an adaptive, resistance-conferring change (data not shown). Certain antiviral 
agents can suppress replication by increasing viral mutagenesis (32).

Treatment regimen studies indicated that pre-treatment with PS10 had the stron­
gest antiviral effect, while post-treatment was least effective. Time-course experiments 
further showed that PS10’s inhibitory capacity diminished during later infection stages, 
suggesting prophylactic administration may be the optimal strategy for PRRSV control. 
Although some antiviral compounds act by directly inactivating viral particles (33), 
we found that PS10 does not directly interact with the virion. Given PRRSV’s genetic 
diversity, we evaluated PS10 against multiple strains and observed broad-spectrum 
inhibitory activity. As an enveloped virus, PRRSV progresses through attachment, 
internalization, replication, and release (34, 35). Our mechanistic studies revealed that 
PS10 specifically disrupts the replication stage, likely by modulating host factors required 
for viral replication. Previous studies indicate HSP90 is a binding target of PS10 (20). 
HSP90 is a key molecular chaperone that supports the folding, stabilization, and nuclear 
transport of multiple viral proteins (36). It has been demonstrated that Carrimycin 
interacts with transmembrane protein B (TMEM41B) and induces its degradation via 
the proteasomal pathway (17). Based on this precedent, we investigated whether PS10 
similarly modulates HSP90 expression. Our results showed that PS10 suppressed the 
PRRSV-induced expression of HSP90 and thereby inhibited viral replication. This aligns 
with the established role of HSP90 in the replication of diverse viruses, including PRRSV 
(22), African swine fever virus (ASFV) (37), herpes simplex virus type I (HSV-1) (38), and 
bluetongue virus (BTV) (39).
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During PRRSV infection, the virus activates NF-κB to upregulate pro-inflammatory 
cytokines, contributing to the systemic hyperinflammatory response characteristic of 
PRRSV pathogenesis (40). Notably, HSP90 stabilizes IKK-β to sustain NF-κB signaling 
(41) and facilitates NLRP3 inflammasome activation (42). Consistent with this, the 
HSP90 inhibitor 17-AAG suppresses inflammatory cytokine production (43). We therefore 
hypothesized that PS10 might attenuate PRRSV-induced inflammation by suppress­
ing HSP90 expression. Indeed, PS10 significantly inhibits pro-inflammatory cytokine 
production during PRRSV infection. In uninfected cells stimulated with TNF-α, both PS10 
and 17-AAG reduced cytokine expression, confirming that the anti-inflammatory effect 
of PS10 is mediated, at least in part, through HSP90 downregulation and is not merely 
due to reduced viral infection. These results suggest that PS10 may also exert antiviral 
activity against other viruses by downregulating HSP90 expression.

Previous studies have established that multiple antiviral compounds inhibit viral 
replication by directly targeting viral proteins (44–46). In PRRSV, nsps play critical 
roles in viral replication and pathogenesis (47, 48). Since PS10 was found to specifi-
cally block the replication stage of PRRSV, we investigated its effects on nsps expres­
sion. PS10 significantly reduced levels of nsp2, nsp3, nsp10, and nsp11. Notably, the 
decrease in nsp3, nsp10, and nsp11 could be rescued by CQ, MG132, or Z-VAD, whereas 
nsp2 degradation was not reversed by any of these treatments, suggesting a distinct 
degradation mechanism. PS10 also suppressed nsp2 and nsp10 protein expression 

FIG 13 Schematic model illustrating the mechanism of PS10-mediated inhibition of PRRSV replication. Following receptor binding and entry into the host 

cell, PS10 inhibits the replication phase of the PRRSV life cycle. Specifically, (ⅰ) PS10 significantly suppresses PRRSV infection-induced expression of HSP90, 

thereby impairing viral propagation and attenuating pro-inflammatory cytokine production. (ⅱ) PS10 can also selectively target and degrade multiple viral nsps, 

including nsp2, nsp3, nsp10, and nsp11. This targeted degradation constitutes the key mechanism underlying its antiviral activity. (ⅲ) Furthermore, PS10 binds 

to these viral proteins, which may contribute to its inhibition of PRRSV replication.
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during infection. These nsps perform key functions: nsp2 possesses PLP2 protease 
activity (49), nsp3 is a transmembrane protein essential for the replication-transcription 
complex (50), nsp10 functions as a helicase (11), and nsp11 exhibits endoribonuclease 
activity (14). Furthermore, CETSA confirmed interactions between PS10 and these nsps, 
a finding that was corroborated by molecular docking analysis. This binding may explain 
PS10’s ability to suppress the expression of these proteins. These findings align with prior 
reports demonstrating that small molecules can exert antiviral effects through interac­
tions with viral proteins (51–53). Interestingly, we also observed that PS10 treatment 
enhanced the viability of HEK-293T cells without affecting Marc-145 cells or PAMs. This 
cell type-specific pro-survival effect may be related to differences in basal metabolic or 
stress states and warrants further investigation.

In conclusion, our study demonstrates for the first time that PS10 functions as a 
critical antiviral agent, specifically against PRRSV. Its mechanism involves suppressing 
viral proliferation and mitigating inflammatory responses by downregulating HSP90 
expression. Furthermore, PS10 interacts with PRRSV nsp2, nsp3, nsp10, and nsp11, 
which may contribute to its specific inhibition of these proteins (Fig. 13). These findings 
highlight PS10 as a promising lead compound for anti-PRRSV therapy. Moreover, its dual 
targeting of host and viral factors suggests potential broad-spectrum antiviral applica­
tions.

MATERIALS AND METHODS

Cells and viruses

HEK293T cells, Marc-145 cells, and HeLa cells were maintained in Dulbecco’s modified 
Eagle’s medium (DMEM; Bio-Channel, BC20250708) supplemented with 10% fetal bovine 
serum (FBS; ExCell Bio, FSP500). Primary porcine alveolar macrophages, the natural target 
cells for PRRSV infection, were isolated from 4-week-old PRRSV-negative piglets using 
established protocols and cultured in RPMI 1640 medium (Gibco) containing 10% FBS. 
The PRRSV-2 strains JXA1 (FJ548855.1), SD16 (JX087437.1), TA-12 (HQ416720.1), WUH3 
(HM853673.2), NADC30 (MH500776), and CH-1a (AY032626.1), and the PRRSV-1 strain 
BJEU06-1 (GU047344.1) were used in this study. All viral stocks were propagated and 
titrated in Marc-145 cells.

Reagents and antibodies

The small-molecule PS10 (HY-121744), MG132 (HY-13259), chloroquine (CQ; HY-17589A), 
Z-VAD (HY-164388), and the NF-κB inhibitor BAY 11-7082 (HY-13453) were purchased 
from MedChemExpress. Tanespimycin (17-AAG; A220462) was obtained from AmBeed. 
Recombinant human TNF-α (300-01A) was purchased from Thermo Fisher Scientific. 
4ʹ,6-diamidino-2-phenylindole, dihydrochloride (DAPI; C0065, 1:1,000) was acquired from 
Solarbio, and polyethylenimine (PEI; G1802) was purchased from Servicebio. Anti-PRRSV 
N monoclonal antibody (JN0401, 1:3,000) was sourced from MEDIAN Diagnostics (Korea). 
Anti-GAPDH (60004-1-Ig, 1:5,000), Anti-mCherry-tag (26765-1-AP, 1:2,000), HRP-conjuga­
ted anti-mouse (SA00001-1, 1:10,000), and anti-rabbit (SA00001-2, 1:10,000) antibodies 
were acquired from Proteintech Group. Alexa Fluor 488-conjugated goat anti-mouse 
(4408, 1:1,000) antibodies, as well as Alexa Fluor 555-conjugated goat anti-mouse 
(4409, 1:1,000) antibodies, were purchased from Cell Signaling Technology. Furthermore, 
anti-HSP90 (F0283, 1:1,000), anti-HSP90AA1 (F0889, 1:1,000), and anti-HSP90AB1 (F1132, 
1:1,000) were sourced from Selleck Chemicals.

Cytotoxicity assay

Cell viability was determined using the CCK-8 assay (GlpBio, GK10001). Marc-145 cells 
or PAMs were seeded in 96-well plates and treated with specified compounds for 24 h. 
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After treatment, 10 μL of CCK-8 reagent was added per well, followed by 1-h incubation. 
Absorbance was measured at 450 nm using a microplate reader.

RNA extraction and quantitative real-time PCR

Total RNA was extracted from Marc-145 cells or PAMs using TRIeasy Reagent (YEASEN, 
10,606ES60) and reverse transcribed into cDNA with ABScript Neo RT Master Mix 
for qPCR with gDNA Remover (ABclonal, RK20433). Quantitative real-time PCR was 
conducted using BrightCycle Blue Universal SYBR Green qPCR Mix with UDG (ABclonal, 
RK21220) on the QuantStudio 3 Real-Time PCR system (Thermo Fisher Scientific). Relative 
gene expression was normalized to GAPDH (for Marc-145 or HeLa cells) or HPRT1 (for 
PAMs) and calculated using the 2−ΔΔCT method. All primer sequences are listed in Table S1.

Western blotting

Cells were lysed in RIPA buffer (Beyotime, P0013B) containing 1 mM PMSF (Solarbio, 
P0100) on ice for 30 min. Lysates were separated by SDS-PAGE and transferred to PVDF 
membranes (Merck Millipore, ISEQ00010). After blocking with 5% skim milk (Beyotime, 
P0216) for 2 h at room temperature, membranes were incubated with primary antibodies 
overnight at 4°C. Following three washes, membranes were probed with HRP-conjugated 
secondary antibodies for 1 h at room temperature. Protein signals were detected using 
an ECL kit (MeilunBio, MA0186-3).

Indirect IFA

Cells were fixed with 4% paraformaldehyde (Beyotime, P0099) for 15 min at room 
temperature, followed by permeabilization with 0.5% Triton X-100 (Beyotime, P0096) for 
5 min. After three PBS washes, non-specific binding was blocked with 1% BSA (Beyotime, 
ST2249) for 1 h at room temperature. Primary antibody incubation was performed 
overnight at 4°C, followed by three PBS washes and 1-h incubation with fluorescent 
secondary antibodies at room temperature. Nuclei were counterstained with DAPI for 5 
min before imaging with an inverted fluorescence microscope (Nikon ECLIPSE Ti2).

Viral titration by plaque assay

Marc-145 cells in six-well plates were infected with 10-fold serially diluted PRRSV for 1 
h (with gentle agitation every 15 min). After removing the inoculum and washing with 
PBS, cells were overlaid with DMEM containing 1% low-melting agarose and 2% FBS. 
Following solidification, plates were incubated at 37°C with 5% CO₂ for 72 h. Plaques 
were visualized by crystal violet staining after agarose removal.

Direct PRRSV-PS10 interaction

PRRSV was incubated with increasing concentrations of PS10 for 2 h at 37°C to evaluate 
direct virion interaction. Virus-compound complexes were isolated by centrifugal filter 
devices (Pall, OD100C33). After three washes with basal medium to remove unbound 
PS10, purified virions were resuspended and inoculated onto Marc-145 cells for 24-h 
infectivity analysis.

Plasmid transfection and treatment

The plasmids expressing the nsps of PRRSV were stored in our laboratory. HEK-293T 
cells were seeded into 12-well plates. When the cell density reached approximately 80%, 
these plasmids were transfected into the cells using PEI. Six hours post-transfection, the 
cells were treated with or without PS10. Samples were collected at 24 h post-transfection 
for western blotting analysis.
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Cellular thermal shift assay

HEK293 cells transfected with the corresponding plasmids for 24 h were lysed in NP-40 
Lysis Buffer (Beyotime, P0013F). Aliquots (50 μL) of lysate were incubated with or without 
PS10 (40 μM) at 37°C for 30 min. Samples were then divided and heated at 45°C, 50°C, 
55°C, 60°C, 65°C, and 70°C for 3 min, followed by three cycles of freezing in liquid 
nitrogen and thawing at 25°C. After being centrifuged at 12,000 × g for 20 min at 4°C, 
supernatants were carefully transferred to new tubes, mixed with loading buffer, boiled 
at 100°C for 10 min, and finally analyzed by western blotting.

Molecular docking

To investigate protein-small molecule interactions, molecular docking was performed. 
Ligand structures were acquired from PubChem (https://pubchem.ncbi.nlm.nih.gov), 
and protein structures were predicted using AlphaFold 3 (https://alphafoldserver.com/). 
Docking simulations were conducted with CB-Dock2 (https://cadd.labshare.cn/cb-
dock2/), and resulting complexes were visualized using Discovery Studio and PyMOL.

Statistical analysis

Data were analyzed using GraphPad Prism 8. Pairwise comparisons were conducted 
using Student’s t-test, while multi-group comparisons employed one-way or two-way 
ANOVA. Significance was set at P < 0.05, with significance levels denoted as *P < 0.05, **P 
< 0.01, and ***P < 0.001. Non-significant differences are marked as “ns.”
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