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Aims

1. Our study defines that plant derived saponin (peruvoside) metabolite triggers the
pleotropic cellular pathway of Src kinase signalling downstream regulation of the novel
CDK1 signalling that phosphorylates GBF1 and in-turn causing Golgi vesiculation which

disrupts viral replication.

2. Our study identifies peruvoside as broad-spectrum antiviral against 4 families of
viruses and demonstrates antiviral activity against SARS-CoV-2 with minimal in vitro

and in vivo cytotoxicity.

3. Our findings pave the way for consideration of host-directed antivirals for current
virus-mediated disease, in the interim where no vaccine is available. These findings
would be of considerable interest to scientists, clinicians, public health officials, and

policy makers globally.

Lessons Learnt

Positive-sense RNA viruses modify intracellular calcium stores, endoplasmic reticulum
and Golgi apparatus (Golgi) to generate membranous replication organelles known as
viral factories. Viral factories provide a conducive and substantial enclave for essential
virus replication via concentrating necessary cellular factors and viral proteins in
proximity. Here, we identified the vital role of a broad-spectrum antiviral, peruvoside
in limiting the formation of viral factories. Mechanistically, we revealed the pleiotropic
cellular effect of Src and PLC kinase signaling via cyclin-dependent kinase 1 signaling
leads to Golgi-specific brefeldin A-resistance guanine nucleotide exchange factor 1
(GBF1) phosphorylation and Golgi vesiculation by peruvoside treatment. The
ramification of GBF1 phosphorylation fosters GBF1 deprivation consequentially
activating downstream antiviral signaling by dampening viral factories formation.
These findings highlight the importance of dissecting the broad-spectrum antiviral
therapeutics mechanism and pave the way for consideration of peruvoside, host-
directed antivirals for positive-sense RNA virus-mediated disease, in the interim where

no vaccine is available.
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current approach to understanding the role of Peruvoside in positive-strand RNA virus
replication inhibition lies in the conjecture of a direct role in viral replication inhibition
via the viral replication factory formation, it was a challenge to look at various RNA
viruses that use different cells lines, different pathways for infection. It is crucial to
look for similarities between these virus infections and replication to identify a broad-

spectrum inhibitor.
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Host target therapeutics as a broad-spectrum antiviral for medically

important positive-sense RNA viruses.

National University Kan Xing Wu*!, Thinesshwary Yogarajah*?, Marcus Wing Choy Loe?, Parveen Kaur?, Regina Ching Hua Lee?, Chee Keng Mok?, Patchara Phuektes*, Li Sze Yeo?, Vincent T.K. Chow?, Yong Wah Tan’, Justin Jang Hann Chu?>-
of Singapore Lee Kong Chian School of Medicine, Nanyang Technological University; 2Department of Microbiology and Immunology, Yong Loo Lin School of Medicine, NUS; SNUS Medicine Biosafety Level 3 Core Facility, NUS; *Khonkaen University, Thailand; *Institute of Molecular
and Cell Biology (IMCB), A*STAR, Singapore

Introduction: Positive-sense RNA viruses 3. ERK1/2 pathway via CDK1 leads to GBF1l phosphorylation

Single-stranded RNA genome (+ssRNA) acts as messenger RNA in host cells for transcription and translation during replication. All +ssRNA viruses have similar life cycles involving
ER and Golgi apparatus for protein post-translation modification and/or for the formation of viral replication factories '.

A) EV-A71-infected RD cells

: ZIKV-infected Huh7 cells
EV-A71- lnfected, PhosphO-GBFl C) ! ZlKV'infeCted, PhosphO'GBFl

50nM Per 0.1% DMSO 3 35 . S0nM Per 0.1% DMSO 12 o
Below are examples of +ssRNA genome; Hourspost-infection: 2 4 6 12 2 4 6 12 gg } e mOTRONEO Hours post-infection: 12 24 36 48 12 24 36 48 ) ié : SHRSOTM Per = =o1N0MY
Dengue virus genome Enterovirus genome GEF1 | (. - — - . | 206 iD: 520 Gor1 [ IR S - &% | ~206 kDa gé . .
5' UTR SUTR 7,400 bases - Phospho-GBF1 | 19 S8 I8 B B 88 B8 &% | 206 kDa é"? 1; Phospho-GBF1 L!_._i_- - ‘~206 kDa E pa g. : _
RaZ R>A \ P1 | P2 | P3 | EV-A71 VPO protein SR e | 35kDa £ 3 1 ZIKA Envelope proteinl o —— ‘ 53kDa 3 5 2
(NSRS ] NS5 ] : ! : ' _ Egos -.g.% 3 1
— o UTR VPg wP4| VP2 | VP3 | VP1 | 2A |2B| 2¢ [ 3A| 3B | 3C | 3D [—AAAn BTubulin | SHED D N SN S el SHDENS | 50iD: z ° B-Tubulin | wem e o s w— - —— 50kD2 S £ 2|
NS28 NS4B IRES 0 "2 1 MW
Human pathogens that positive-sense RNA viruses: Hours post m’eﬂm (he) = . = ‘ = - =
. L . . . B) CHIKV-infected SICRH30 cells ours postinfection (bl
SARS-CoV; Dengue virus; Zika virus; Chikungunya virus; Enterovirus SonM Per 0.1% DMSO CHIKV-infected, Phospho-GBF1 D)) DENV2-infected Huh7 cells
. 4.5 5 .
. . . - - . - . . Hours post-infection: 6 12 18 24 6 12 18 24 gg 4 ] ™=mS0nMPer = =0.1%DMSO 50nM Per 0.1% DMSO . DENV2-infected, Phospho-GBF1
These viruses are medically important as they cause hundreds of millions of life-threatening diseases yearly, including dengue haemorrhagic fever, Hand, Foot, and Mouth Disease, GBF1 | S S g gy g gy g = | 20GkDa : 3 Hours post-infection: 12 24 36 48 12 24 36 48 g7 SERBORM Far < =0:13DMSO
and COVID19. Phospho-GBF1 Lm —— ‘~206 kDa ‘_:’% 23 4 cer1 [T~ U0 ~206kDa g g °:
S5 21 - SR 53
. . . . . CHIKV capsid protein ] — — —--\ 35kDa s E 15§ _ I Phospho-GBF1 m 206 kDa S 4
Introduction: Peruvoside and its origin T P— T § P lli DENV Envelope protein =l 150 I
. ) - ) ) ) ; - T o0 v v . B-Tubulin -------150}@&1 4 ___ _
Peruvoside 1s a plant-derived saponin glycoside undergone clinical trials for the treatment of cardiac failure and arrhythmia. Similar compounds eg. o et (o R .
digitoxigenin and ouabain are currently FDA-approved for the treatment of cardiac conditions. RSP
E) , EV-A71 VPO protein F) , CHIKV capsid protein G) . ZIKV E protein H)ﬁ . DENV2 E protein
. . . . . . . e . . . — _ - =0.1% ] SOnM P = =0.1% DMSO o - =0.1%
These compounds function by exerting a positive inotropic effect on cardiac muscle cells, raising intracellular calcium concentration. They are >3 S S0nM Per = =0.1% DMSO -3 m—oniper = =0 OO g ] ooomihe g ] (MeoOnMPer = —OIROMO
oo . . - S . 23 15 %215 ] %15 ] €0 ¢ ]
specific inhibitors of the sodium potassium pump (Na+/K+ ATPase) ? located at the plasma membrane. In the classical Src ‘ionic’ pathway, glycoside §2 ° §2 25 ] £x1°]
. . . . . . . B . £~ £ T = : - © 1
binds at the extracellular of the Na+/K+ ATPase a-subunit and results in a complete loss of pump activity and an eventual increase in cytosolic sodium. 2S 1 -———- 29 1] —--mmmmm--- 359 1] mem-mme- 52 1] eeeeeo--
v * 23 ¥ $3 ] g
Coe oy . Y . . . . : £3 0S £350s 235051 3 Eos .
Digitoxin exhibits antiviral activities against RNA virus (influenza virus) and DNA viruses such as herpes IE - 3 § . I B §E . T €3 1 i
. . . . . . = —_— i ]
simplex virus (HSV1) and human cytomegalovirus (CMV). However, the mechanism of action of peruvoside  cascabela Thevetia. The plant that s 0 » 2 le e T = | = 5 . = a —— L48 A g L48
VA : : id btained from. TR
as an antiviral remains largely unknown and should be deliberated. rdaptod from wanprojectnoah.org M4 Hours post-infection (hpi) Hours post-infection (hpi) Hours post-infection (hpi) Hours post-infection (hpi)
Figure 3:

Western blotting on total cell lysates of (A) EV-A71-infected RD cells, (B) CHIKV-infected SJICRH30 cells, (C) ZIKV-infected and (D) DENV2-infected Huh7 cells treated with peruvoside (Per) and
0.1% DMSO. All bar graph shows phospho-GBF1 expression normalized to 0.1% DMSO treated cells.

Legend . . . .. . . . . .
Peruv03|de Quantification of band intensities was performed with Image Studio (LI-COR) for (E) EV-A71 VPO, (F) CHIKV capsid, (G) ZIKV envelope (E) protein, and (H) DENV2 E protein.
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Approach: A schematic presentation of hypotheses that peruvoside inhibits viral replication via Src/ERK kinase cascade activation of CDK1 and GBF1 phosphorylation and phosphorylated GFB1 05 -
successively causes direct / indirect Golgi vesiculation which curtails viral replication factories formation.
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Table 1: IC,, EC;, and SI for all tested virus upon Peruvoside treatment. )
Virus Family Species IC,, ECS Sl Virus Family Species IC,, EC,, Sl Figure 4:
(A) Immunofluorescence staining of Golgi marker (GM130) and granularity of Golgi revealed Golgi vesiculation and significantly enhanced granularity following treatment with
EV-A71(HFM41) Picornaviridae  Enterovirus A 18.63 3118 167.36  DENV2 Flaviviridae Dengue virus 18.01 234 12.99 peruvoside, BFA, and m-3M3FBS (PLC activator), while the rescue of granularity upon Ros treatment (CDK1 inhibitor) and Neo treatment (PLC kinase inhibitor) was noted. BFA was
: included as a positive control as it is known to cause Golgi dispersal. *p<0.05, **p<0.01.
CV-A16 Picornaviridae ~ Enterovirus A 24.52 3118 127.16 . Severe acute respiratory : o : - - : -
SARS-COV-2 Coronaviridae 14.09 1734 123.07 (B) RD cells, (C) SICRH30 cells, (D) Huh7 cells, and (E) H2.35 cells showed extensive colocalization of GBF1 and GM130 (Golgi marker) in the perinuclear region upon peruvoside
syndrome—related coronavirus treatment
CV-A6 Picornaviridae Enterovirus A 4.79 3118 650.94 |
MHV Coronaviridae Murine Coronavirus 20.83 5222 250.69 . . . . . .
Echovirus 7 Picornaviridae e e e s * Taken together, these results portray GBF1 phosphorylation leads to Golgi vesiculation in peruvoside-treated cells.
HSV Herpesviridae Herpes simplex virus 1 19.25 3118 161.97 . . . . . . .
CHIkV Togaviridae  Chikungunyavirus 1014 5563 54361 5. Disruption of viral replication factories formation
HIN1 Orthomyxoviridae Human influenza A 51.39 367 7.14
ZIKV Flaviviridae Zikavirus 14.55 234 16.08 A) f
: ; . : e . . 0.1% DMSO, EV-A71 Infected ' ;
 1Cy,, ECy, and SI for all tested viruses were determined by cell viability assay using alamarBlue® and viral titration via plaque assay. All virus infections were performed ahbi 6hoi IOOnM Peruvoside, EV-A71 Infet;ted
: ) : : I
at 6 different peruvoside concentration (ranging from 10nM to 100nM). P ) p

* Peruvoside showed broad-spectrum antiviral activity across four families of positive-sense RNA viruses, Picornaviridae, Coronaviridae, Togaviridae and Flaviviridae,
one family of DNA virus, Herpesviridae, one family of negative—sense single-stranded RNA virus, Orthomyxoviridae.

2. Positive ionotropic effect with rising intracellular calcium concentration

upon peruvoside treatment
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* Taken together, peruvoside demonstrated high potency of EV-A71 inhibition in in vivo model with no observable adverse effects.

Figure 2: m
(A) Total cell lysates were probed for pERK1/2 levels relative to total ERK1/2 and B-tubulin in mock RD cells and EV-A71-infected cells, and mock SICRH30 cells and CHIK V-infected cells. Con C 1u S10n

) o : : : : : . ) . .
8 Gl vty Lttt wonit (L Y DI (st e annioroll), eliilodivsrt uiionns sietaionts (LB (e A (B, Tpanivali's () 2 GRLIn (Constal o, o SLI SIS a0 el sl This study highlights the importance of GBF1 in viral replication. GBF1 plays a role for many viruses from remodeling the intracellular membranes to forming viral replication factories, host

(Ros) or in combinations and observed for GBF1 phosphorylation. . : . . : . . . e :
. et e : : oy : ) fi 3 1 1 4 BF1 phosphoryl ERK1/2 f the CDK1 path .
(C) Immunofluorescence was performed to determine the extent of inhibition of EV-A71 (H) infection by peruvoside in RD cells stably expressing GBF1 (wildtype, WT), non-phosphorylatable mutant environment modification * and viral assembly/maturation processes °. We depictured G phosphorylated via /2 activation of the C pathway upon peruvoside treatment

(T1337A) or phosphomimetic mutant (T1337E).

We showed GBF1 functions could be made inaccessible to viral factors by activation of its phosphorylation triggered by peruvoside and the after effect of vesiculation of Golgi may impair viral
replication or maturation of viral protein. By targeting host factors/processes shared by many viruses, peruvoside exhibited inhibitory activity on a broad array of RNA viruses. Peruvoside
also showed potent inhibition in in vivo mouse model. These pave the way for further consideration of peruvoside as host-directed antivirals.
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* These results revealed ERK1/2 pathway via CDK1 activation leads to GBF1 phosphorylation at Threonine 1337 (T1337A).
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