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Summary 27 

Host factors that regulate cellular vesicular trafficking also contribute to progeny virions’ 28 

desDnaDon, thus represenDng as potenDal anDviral drug targets. Here we demonstrate that 29 

geneDc deleDon of ARF4, a regulator in vesicle transport, repressed mulDple pathogenic RNA 30 

viral infecDons including Zika virus (ZIKV), influenza A virus (IAV), SARS-CoV-2 and Vesicular 31 

StomaDDs virus (VSV). ARF4 acDvaDon was sDmulated upon viral infecDon, and viral 32 

producDon was rescued when reconsDtuted with the acDvated ARF4, but not the inacDvated 33 

mutants. Mechanically, ARF4 deleDon obstructed viral normal translocaDon into Golgi 34 

complex, but led to mis-sorDng for lysosomal degradaDon, consequently caused the blockage 35 

of final release. More importantly, ARF4 targeDng pepDdes achieved significant therapeuDc 36 

efficacy against ZIKV and IAV challenge in mice by blocking ARF4 acDvaDon. Hence, we clarify 37 

the criDcal role of ARF4 during viral infecDon, providing a broad-spectrum anDviral target and 38 

the basis for further pharmaceuDcal development.  39 

  40 
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Introduc&on 41 

Due to the lack of effecDve vaccines or anDviral medicaDons, pathogenic RNA viruses 42 

like flaviviruses, coronaviruses, and influenza viruses cause epidemics and pandemics 1-5. RNA 43 

viruses have a higher mutaDon rate than DNA viruses, which causes rapid evoluDon and drug 44 

resistance. Thus, tradiDonal anDviral approaches that target viral proteases/polymerases to 45 

inhibit the funcDon of viral proteins encounter difficulDes6,7. AnDviral medicaDons that target 46 

host dependency factors are therefore compelling subsDtute tacDcs. Viruses frequently 47 

exhibit overlap when it comes to manipulaDng host cellular funcDons. Thus, broad-spectrum 48 

anDviral potenDality is presented by inhibitors that target important host factors, such as 49 

previously published human Dihydroorotate dehydrogenase (DHODH) 8,9. Since selected host 50 

factors usually are indispensable in their own biological processes, a major limitaDon of this 51 

approach is  drug safety which make the drug selecDvity is difficulty.10-13. Therefore, ideal host 52 

targets should be sequestered in normal cellular processes or be replaceable with their highly 53 

homologous analogues. Lastly, limited knowledge on the mechanisms underlying viral 54 

manipulaDon of host cell biology and biochemical underpinnings of host-pathogens 55 

interacDons have conDnued to impede the development of novel anDviral approaches.   56 

The ADP-ribosylaDon factors (ARFs), which are small GTPases that belong to the Ras 57 

superfamily, are known to control intracellular vesicular transport and organelle structure 14. 58 

ARFs are acDvated upon GTP binding, which enables them to be recruited to intracellular 59 

membranes, such as the plasma membrane and other organelles 15. According to the idenDty 60 

of their amino acid sequences, mammalian ARFs are classified into three classes: Class I ARF 61 

proteins (ARF1-3), Class II (ARF4-5), and Class III (ARF6) 14. Previously, mouse hepaDDs 62 

coronavirus and the coxsackievirus were evidenced to hijack and manipulate the ARF1 63 

associated signalling pathway 16,17. With high sequence conserevDon,  ARF4 and ARF5 have 64 

confounded efforts to define the individual roles of these ARFs. By enlisDng coat components 65 

and packaging cargo for transport to post-Golgi compartments, they are expected to aid in 66 

early Golgi transport 14. Our previous study has shown that Class II ARFs are involved in 67 

secreDon of Dengue virus (DENV), a member of flaviviruses 18,19. However, the exact role of 68 

Class II ARFs during RNA viruses infecDon remains to be invesDgated. 69 
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In this study, we show that ARF4, but not ARF5, was essenDal for infecDon and 70 

pathogenesis of mulDple pathogenic RNA viruses, including ZIKV, IAV, SARS-CoV-2 and VSV. 71 

Mechanism studies revealed that the acDvaDon of ARF4  guided exact sorDng and intracellular 72 

transport of progeny virions. Most importantly, ARF4-targeDng pepDdes that were designed 73 

to block its acDvaDon showed a pan- anDviral effect in both in vitro and in vivo systems. Thus, 74 

the pivotal funcDon of ARF4 exposes a criDcal vulnerability in the infecDon of RNA viruses 75 

which provides the foundaDon for broad-spectrum anDvirals against human diseases.  76 

 77 

Results 78 

ARF4, not ARF5, is vital for in vitro and in vivo ZIKV infec&on 79 

To clarify the role of class II ADP-ribosylaDon factors (ARF4 and ARF5) in the infecDon of 80 

ZIKV, we generated CRISPR-Cas9 mediated knock-out of ARF4 and ARF5 in Vero cells 81 

respecDvely (Fig. 1a), and then challenged with ZIKV.  ARF4, but not ARF5 deleDon was found 82 

to protect cells from ZIKV induced cytopathic effect (CPE), implying a vital role of ARF4 in ZIKV 83 

infecDon (Fig. 1b). ProducDon of ZIKV progeny virions was dramaDcally reduced (~2-4 logs) in 84 

ARF4 knock-out (ARF4-/-), but not ARF5 knock-out (ARF5-/-) cells compared to wild type (WT) 85 

cells (Fig. 1c). In addiDon, ZIKV secreDon was stalled in ARF4-/- cells, emphasising the criDcal 86 

role of ARF4 in the ZIKV infecDous life cycle (Fig. 1c).  87 

To further invesDgate the importance of ARF4 in vivo, we uDlized Cre-loxP system to 88 

generate Dssue specific knock-out ARF4-flox/cre-Prok2 (fl+Prok2) mice. TranscripDon of ARF4, 89 

but not ARF5 was largely reduced in the two main ZIKV-targeDng Dssues-brain and tesDs (Fig. 90 

1d and Extended Data Fig.1). Mice were pre-treated with an anD-mouse IFNAR1 anDbody a 91 

day before ZIKV challenge, which suppressed type I IFN responses, facilitaDng successful ZIKV 92 

infecDon and associated pathogenesis (Fig. 1e) 20. Therefore, this ZIKV infecDon mouse model 93 

was used for subsequent animal infecDon experiments. Compared to ARF4-flox (fl) control 94 

mice, ZIKV induced viremia measured in serum samples at 2, 4, and 6 days p.i. was significantly 95 

restrained in fl+Prok2 mice (Fig. 1f). As expected, viral load in brain and tesDs of fl+Prok2 mice 96 

were measured to be substanDally reduced, parDcularly at day 6 post infecDon (Fig. 1g,h). 97 

Importantly, inflammatory cell infiltraDon in brain, typically associated with ZIKV induced 98 
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pathogenesis, was absent in fl+Prok2 mice (Fig. 1i leI panel). Moreover, necroDc seminiferous 99 

tubules, another ZIKV induced pathological abnormality, were observed in tesDs of ZIKV 100 

infected control mice, but not in fl+Prok2 mice (Fig. 1i right panel). CollecDvely, these data 101 

demonstrate that ARF4 is a vital host factor that facilitate its infecDon in vitro and in vivo.  102 

ZIKV ac&vates ARF4 to facilitate replica&on 103 

Subsequent invesDgaDons were aimed at determining the underpinnings of ARF4 104 

funcDon in ZIKV infecDon. ARF4 is known to switch between its acDve GTP-bound form and 105 

inacDve GDP-bound form. To ascertain the status of ARF4 during ZIKV infecDon, acDvated ARF4 106 

were pulled down and measured by using GST fused GGA3 VHS-GAT (Fig. 2a) 15. Results 107 

showed that ZIKV infecDon led to significant increase in acDvated ARF4 compared with the 108 

mock group(Fig. 2b,c). To test whether ZIKV infecDon relies on the acDvaDon of ARF4, we 109 

reconsDtuted and stably expressed wide type ARF4, as well as  two mutants-T31N and Q71I  110 

into the ARF4-/- cells which maintained ARF4 in inacDvated and acDvated states respecDvely 111 

(Fig. 2d) 15. All reconsDtuted ARF4 WT and mutants were expressed to similar levels in ARF4-/- 112 

cells (Fig. 2e). ZIKV infecDon was performed in these geneDcally modified cells together with 113 

their parental ARF4-/- and Vero cells as a negaDve and posiDve controls respecDvely. Plaque 114 

assay results showed that, compared to the viral Dter measured in WT and ARF4-/- samples, 115 

producDon of progeny virus was efficiently rescued in ARF4 WT and Q71I expressing cells, but 116 

not in T31N expressing cells (Fig. 2f), indicaDng that ZIKV infecDon relies on the acDvaDon of 117 

ARF4. To confirm it, ARF4 WT and T31N were stably overexpressed in Vero cells and then 118 

challenged by ZIKV (Fig. 2g,h). Vero ARF4-Q71I expressing cells were failed to be conducted 119 

which overexpressed acDvated ARF4 would be toxic to cells. As expected, the number of 120 

produced progeny virions was slightly escalated in ARF4 WT overexpressing cells, in contrary, 121 

significantly restrained in T31N overexpressing cells (Fig. 2i). Our data therefore demonstrates 122 

that ZIKV infecDon leads to the acDvaDon of endogenous ARF4, which in turn, facilitates its 123 

subsequent life cycle.  124 

ARF4 alone harmonizes intracellular transport and secre&on of progeny virions. 125 

Our previous studies clued that combinaDon of ARF4 and ARF5 might affecte the 126 

secreDon of another member of flavivirus-DENV 19. Therefore, we  tested whether ARF4 alone 127 
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would regulate the egress of ZIKV. We stably expressed ZIKV structural proteins-prM and E 128 

and isolated single clones in Vero WT and ARF4-/- cells respecDvely (Fig. 3a). Stably expressed 129 

ZIKV prM and E have been confirmed to form non-infecDous recombinant subviral parDcles 130 

(RSPs) which traffic along the same compartments as infecDous ZIKV 18,21. Although similar 131 

levels of ZIKV E proteins were expressed in both WT and ARF4-/- cell lysate (CL), E protein was 132 

rarely detected in supernatants (SN) collected from ARF4-/- cells (Fig. 3b). RSP secreDon were 133 

calculated as the percentage of secreted E in SN to total E proteins (CL+SN) indicaDng that 134 

release of ZIKV RSPs was almost completely blocked in the absence of ARF4 (Fig. 3c).  135 

To further invesDgate whether ARF4 deleDon interfered with viral assembly in ER 136 

membrane, we employed transmission electron microscopy (TEM) to visualize newly formed 137 

progeny virions. Compared to wild-type cells, ARF4-deficiency did not change the viral 138 

assembly. Viral parDcles measuring approximately 50nm electron-dense dots were observed 139 

either in the ER lumen, or packaged into a vesicle generated by ER invaginaDons (Fig. 3d and 140 

Extended Data Fig.2). we performed freeze-and-thaw (F&T) assay in the RSP-producing cells 141 

to quanDfy the abundance of RSP formaDon22. Soluble and membrane fracDons containing 142 

assembled virions and free viral structural proteins were separated using specific markers (Fig. 143 

3e). The percentage of E in cytosol fracDon to the total amount (cytosol + membrane) was 144 

used as an index of virion formaDon. Our data revealed that 64.2% of E protein was detected 145 

in assembled virions in ARF4-deficient cells, more than double that of wild-type cells (Fig. 3f). 146 

These data indicate that ARF4 does not parDcipate in viral assembly but in subsequent 147 

intracellular transport, arresDng newly formed viral parDcles in the deficient cell.  148 

Considering the rate-limiDng step in intracellular transport of progeny ZIKV is ER-to Golgi 149 

transport and trafficking across Golgi complex, we co-stained the viral E protein together with 150 

either trans-Golgi network marker-TGN46 or cis-Golgi marker-GM130 in ZIKV infected and 151 

RSP-producing cells respecDvely. E-stained condensed structures were observed, parDally co-152 

localizing with TGN46 or GM130 -stained Golgi complex, indicaDng arrival of newly assembled 153 

viral parDcles into the Golgi complex (Fig. 3g, i upper panel). In contrast, the E-stained 154 

membranes were fragmented and rarely localized to the Golgi in the ARF4-/- cells (Fig. 3g, i 155 

lower panel). Further image analysis demonstrated that the percentage of E protein co-156 

localized with Golgi apparatus was more than 50% reduced in ARF4-/- cells compared to WT 157 

cells (Fig3h, k). CollecDvely, these data indicates that ARF4 harmonizes sorDng newly formed 158 
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viral parDcles into the "correct" intracellular trafficking routes to achieve a successful viral 159 

maturaDon and egress.  160 

ARF4 deficiency leads to mis-sor&ng of progeny virions. 161 

 InteresDngly, our TME observaDons revealed that in ZIKV infected Vero cells, virion 162 

embedded vesicles accumulated as a clusters (pointed by blue star) either into early 163 

endosome (EE) like vesicles (Fig. 4a and Extended Data Fig.3 upper panel) or were being 164 

released from the cell surface (Fig. 4b and Extended Data Fig.4 upper panel). However, in 165 

ARF4-/- cells, similar clusters and free virions (pointed by red arrow) were more frequently in 166 

late endosome/mulDvesicular bodies (MVBs) like vesicles surrounded by lysosomes, an 167 

indicaDve of degradaDon. (Fig. 4a and Extended Data Fig.3 lower panel). Although similar 168 

membrane protrusions were observed in either ZIKV infected ARF4-/- or uninfected WT/ARF4-169 

/- cells, the laner were devoid of any virions (Figure 4b and Extended Data Fig.4). Moreover, 170 

transcriptome analysis by performing RNA-Seq using ZIKV infected WT or ARF4-/- cells also 171 

indicated that genes relaDve to lysosomal degradaDon were enriched by GO analysis (Fig. 4c) 172 

and up-regulated in ARF4 -/- cells (Extended Data Fig.5). Therefore, we speculated that ARF4-173 

deficiency results in mis-sorDng of virions into late endosomes/MVBs, for subsequent 174 

degradaDon in the lysosomes. To test this hypothesis, lysosomal degradaDon was inhibited in 175 

ARF4-/- cells by using lysosome inhibitor-chloroquine. Results showed that, comparing to ZIKV 176 

infected WT cells, viral egress was recovered in ARF4-/- cells upon chloroquine treatment to 177 

block lysosomal degradaDon but not with MG132 to block proteasome degradaDon (Fig. 4d). 178 

In addiDon, upon ZIKV infecDon, a higher expression of EEA1, as early endosome marker was 179 

specifically detected in WT cells, whereas an increased expression of LAMP2, as late 180 

endosome marker was detected in ARF4-/- cells (Fig. 4e). Then, we performed 181 

immunofluorescence imaging by co-staining viral E protein with EEA1 or LAMP2. DistribuDon 182 

of endogenous EEA1 was dispersed into smaller puncta throughout the cytoplasm in ZIKV 183 

infected WT cells, but not in ARF4-/- cells or mock infected cells where EEA1 was accumulated 184 

as cytosolic foci at perinuclear regions (Fig. 4f). In contrast, distribuDon of lysosomes as 185 

detected by LAMP2 was expanded throughout the cytoplasm in ZIKV infected ARF4-deficient, 186 

but not in WT cells (Fig. 4h). Moreover, image analysis indicated that more ZIKV E protein was 187 

co-stained with EEA1 in WT cells, whereas with LAMP-2 in ARF4-/- cells (Fig. 4g,i). These results 188 
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demonstrated that ARF4-deficiency resulted in aberrant intracellular sorDng and transport of 189 

virions, consequently triggering their lysosomal degradaDon instead of being released.  190 

ARF4 is vital for mul&ple pathogenic RNA viruses. 191 

To test whether ARF4 was also required by other pathogenic RNA viruses, we tested a 192 

range of pathogens. Our data showed that secreDon of chosen RNA viruses, including IAV, 193 

SARS-CoV-2 and VSV, was substanDally reduced in ARF4-deficient cells (Fig. 5a). To further 194 

invesDgate the importance of ARF4 in other RNA virus infecDons in vivo, we established 195 

heterozygous ARF4 knock-out (ARF4-/+) mice, with > 60% reducDon of ARF4 mRNA in the lung 196 

and trachea, for IAV challenge (Fig. 5b). As shown in Fig. 5c, a lethal dose of IAV was 197 

intranasally administrated into ARF4-/+ and its control wide-type (WT) mice. Although body 198 

weight loss were observed in both WT and ARF4-/+ mice post IAV infecDon, ARF4-/+ mice (6/8) 199 

started to regain weight at 9 days p.i. and recovered at 14 days p.i. in comparison to control 200 

WT mice (2/8) (Extended Data Fig.6). Survival analysis revealed that ARF4 reducDon resulted 201 

in significant increase from 25% in control to 75% in ARF4-/+ mice (Fig. 5d). Moreover, viral 202 

loads measured in tracheal and lung showed nearly 90% and 70% reducDon in ARF4-/+ mice 203 

(Fig. 5e,f). Besides, ARF4 depleDon also eliminated the typical IAV induced histopathological 204 

changes, such as thickness of alveolar septum and fluid exudaDon in alveolar caviDes, 205 

accompanied by inflammatory cell infiltraDon23,24 (Fig. 5g,h). CollecDvely, our invesDgaDon 206 

confirmed that ARF4 plays a vital role in mulDple RNA viruses infecDon and pathogenesis. 207 

ARF4 is a broad spectrum an&viral target 208 

Since data from our above studies indicated ARF4 as a potenDal anDviral target against 209 

pathogenic RNA viruses, we designed pepDdes targeDng human ARF4 to test their effect in 210 

viral infecDon. Previous studies have indicated that the C-terminal moDf, VXPX-COOH, of 211 

rhodopsin regulates its intracellular trafficking by binding to and acDvaDng endogenous 212 

ARF425, therefore five pepDdes, named ARF4 TargeDng PepDde 1-5 (ARF4TP 1-5) basing on 213 

the VXPX sequence, were designed and synthesized as detailed in Fig. 6a. Their 50% 214 

cytotoxicity concentraDon (CC50) and the half maximal inhibitory concentraDon (IC50) of ZIKV 215 

producDon were measured by MTT and RT-qPCR respecDvely. ARF4TP-4 was selected with the 216 

most effecDve inhibiDon of ZIKV producDon (IC50 of 3.25 μM), while displaying low cytotoxicity 217 
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(CC50 of 196.2 μM) (Fig. 6a). VHS-GAT fused GST-pull down results showed that ARF4 acDvaDon 218 

was not sDmulated by ZIKV infecDon when treated with ARF4TP-4 (Fig. 6b-d), verifying our 219 

hypothesis that ARF4TP-4 inhibits ZIKV infecDon by blocking ARF4 acDvaDon. 220 

A published study demonstrated that interacDon of GBF1 is indispensable for ARF4 221 

acDvaDon to form GBF1-ARF4 complex 25. We, therefore, established the models of ARF4 in 222 

complex with GBF1 and ARF4TP-4 by uDlizing molecular docking. As indicated in Extended 223 

Data Fig.7a, the ARFTP-4 could bind to the groove composed by ARF4 (WT and Q71I) and GBF1 224 

with docking energy of -7.77 kcal/mol of ARF4 WT-GBF1-ARF4TP-4 and -6.94 kcal/mol of ARF4 225 

Q71I-GBF1-ARF4TP-4. However, the inacDvated ARF4-T31N mutant is unable to form dimer 226 

with GBF1, thus fail to bind to ARFTP-4. Since ARF4TP-4 binds the acDvated ARF4-Q71I mutant, 227 

we tested its effect on ZIKV producDon when ARF4 had been sDmulated. Results showed that 228 

ZIKV secreDon was not sensiDve to ARF4TP-4 treatment in ARF4-Q71I expressing cells, 229 

analogous to the response in ARF4-deleted cells (Extended Data Fig.7b). On the other hand, 230 

ARF4TP-4 dependent inhibiDon was rescued when wild type ARF4 was reconsDtuted into 231 

ARF4-/- cells (Extended Data Fig.7b).  232 

As expected, ARF4TP-4 funcDoned in viral secreDon. Comparing to the none-treated cells, 233 

5µM ARF4TP-4 was sufficient to cause 75% reducDon of RSPs producDon and almost fully 234 

blocked when concentraDon was up to 20µM (Fig. 6e-f). To verify the anDviral effect of 235 

ARF4TP-4 in other RNA pathogenic viruses, we measure the IAV DtraDon in the presence of 236 

ARF4TP-4. We performed an order-of-addiDon experiment either with full Dme (FT) treatment 237 

which was pre-treated 4hrs before infecDon and maintained in the whole infecDon or with 238 

post infecDon (PI) treatment which was only added at 4hrs post infecDon (Fig. 6g). Results 239 

showed that ARF4TP-4 was efficiently suppressed IAV infecDon with dose-dependent (Fig. 6h). 240 

Moreover, ARF4TP-4 also funcDons in post entry steps of the IAV infecDous life cycle (Fig. 6h). 241 

CollecDvely, our data confirm that compeDDve binding of ARF4TP-4 to endogenous ARF4 242 

interferes with ARF4 acDvaDon, subsequently blocking viral producDon.  243 

ARF4TP-4 treatment is safe and confers protec&on against ZIKV and IAV challenge in mice 244 

Lastly, to evaluate the in vivo efficacy of ARF4TP-4, we first assessed the safety of ARF4TP-245 

4 in mice. ARF4TP-4 was administered daily via intraperitoneal (IP) injecDon thrice, with an 246 

increasing dose from 10 to 160 mg kg-1 of body weight (Extended Data Fig.8a). In comparison 247 
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to the PBS vehicle group, administraDon of ARF4TP-4 did not affect body weight nor induce 248 

any abnormal behaviour (Extended Data Fig. 8b). Furthermore, the levels of alanine 249 

aminotransferase (ALT) (Extended Data Fig. 8c) and creaDnine in sera (Extended Data Fig. 8d), 250 

which serve as indices of hepaDc and renal funcDon respecDvely, displayed no significantly 251 

changes upon ARF4TP-4 administraDon. Neither did Haematoxylin-and-eosin (HE) staining of 252 

secDons of  brain, heart, liver, spleen, lung, kidney and tesDs display any pathological 253 

abnormality regardless of  PBS  or ARFTP-4 treatments at varying doses (Extended Data Fig. 254 

8e). ARF4TP-4 was therefore deemed safe for mice, even at the highest dosage of 160mg kg-1 255 

of body weight. 256 

Then, to evaluate ARF4TP-4 as a potenDal anDviral agent, C57BL/6 mice were i.p. 257 

administrated thrice daily with ARF4TP-4 ZIKV challenge was conducted a day arer the third 258 

ARF4TP-4 (Fig. 6i). ZIKV induced viremia was significantly eliminated in ARF4TP-4 pre-treated 259 

group in compared to the vehicle group (Fig. 6j). Crucially, ZIKV infecDon was efficiently 260 

inhibited in the tesDs of ARF4TP-4 pre-treated mice, where the viral load was reduced by 261 

65.52 % at day 2 p.i. and almost 90% at day 6 p.i. (Fig. 6k). Simultaneously, pathologies such 262 

as necrosis, haemorrhage and exudate deposits in the lumen of seminiferous tubules, were 263 

abolished in the ARF4TP-4 treated group (Extended Data Fig. 9).  264 

Lastly, we further evaluated the efficacy of ARF4TP-4 against IAV challenge. C57BL/6 mice 265 

were pre-treated with ARF4TP-4 or PBS once before IAV challenge, followed by three 266 

subsequent administraDons post IAV intranasal inoculaDon(Fig. 6l). Body weight monitoring 267 

suggested that ARF4TP-4 could efficiently protect mice from IAV infecDon, with 4 of 8 mice 268 

from the 80mg kg-1 treatment group displaying complete protecDon without significant weight 269 

loss post IAV infecDon (Extended Data Fig. 10). The survival rates increased from 25% in the 270 

control group to 44.4% in 20mg kg-1 treated group, and remarkably up to 75% in 80mg kg-1 271 

treated group (Fig. 6m). Moreover, ARF4TP-4 treatment efficiently blocked IAV infecDon in the 272 

trachea and lung.(Fig. 6n-o). In parDcular, viral load in the trachea and lung was undetectable 273 

in some of the IAV infected mice (3/6) from the 80mg kg-1 treatment group, aligning with body 274 

weight observaDon. Similar to the observaDon in ARF4-/+ mice, ARF4TP-4 administraDon 275 

efficiently protected mice from histopathological changes (Fig. 6p-q). Altogether, ARF4TP-4 276 

showed a potenDal broad anD-viral capability warranDng further opDmizaDon. 277 
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Discussion 278 

By uDlizing ARF4-deficient cells and edited mice, we provide solid evidence revealing an 279 

essenDal role for the host factor-ARF4 in infecDon and pathogenesis of mulDple RNA viruses, 280 

causing seasonal epidemics or worse global pandemics. We characterised ARF4 to show it 281 

funcDons in intracellular vesicle transport, playing an indispensable role in determining the 282 

progeny virions desDnaDon. Furthermore， ARF4 acDvaDon was confirmed to be essenDal for 283 

a successful viral infecDon. Therefore, ARF4 targeDng pepDdes which efficiently blocked ARF4 284 

acDvaDon suppressed viral infecDon both in vitro and in vivo, with prevenDon of 285 

histopathological changes in viral targeDng Dssues.  286 

Vesicle transport between different intracellular organelles is the predominant way for 287 

exchange of proteins and lipids in cells, as well as, funcDon in several fundamental biological 288 

processes, like secreDon and modificaDon along secretory pathway.26,27. Vesicular trafficking 289 

certainly plays an indispensable role in viral infecDous life cycle especially for the final egress 290 

stage 28-30. Here, the host factor-ARF4 was firstly evidenced to be hijacked alone by mulDple 291 

pathogenic RNA viruses to achieve a successful infecDon. Our studies confirm that ARF4 292 

deleDon or dysfuncDon by targeDng pepDdes efficiently restrict the proliferaDon of highly 293 

pathogenic viruses, including ZIKV, IAV and newly emerged SARS-CoV-2. ARF4TP-4 also display 294 

therapeuDc effects in all tested infected mice model. Therefore, This ARF4-dependent 295 

characterizaDon reveals a novel viral vulnerability which makes ARF4 as an anracDve pan 296 

anDviral drug target.   297 

Limited knowledge of intracellular vesicle transport and the mechanisms manipulated 298 

by viruses greatly impedes the development of anDviral therapies. Our results firstly 299 

demonstrated that virus infecDon sDmulates the ARF4 acDvaDon enabling appropriate sorDng 300 

of progeny virions and regulaDng their intracellular vesicle transport for egress. According to 301 

this discovery, further invesDgaDon using a targeDng pepDde to block ARF4 acDvaDon 302 

successfully suppress viral infecDon, as well as relieve viral induced pathogenic changes and 303 

reduce lethal death. Thus, therapeuDc treatment aiming to the regulaDon of ARF4 acDvaDon 304 

is a promising anDviral approach. 305 
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Considering to the biological funcDons of host factors in their own cellular processes, 306 

potenDal toxicity is a main weakness in this approach.11,31-33. Published reports show ARF4 307 

prefers to accompany with other ARFs, like ARF1 or ARF5 when funcDons in intracellular 308 

vesicle transport among Golgi complex or along the early secretory pathway34-36. This hint that 309 

ARF4 alone might not a irreplicable factor to host. Thus, highly evolved, host adapted viruses 310 

hijack ARF4 to perform moonlighDng funcDons in the viral lifecycle, while coordinaDng with 311 

their normal role in host biology. Our experimental data convinces this hypothesis which 312 

neither ARF4 deleDon nor dysfuncDon caused toxicity in virus suscepDble cells and gene-313 

ediDng mice. ARF4 targeDng pepDdes also have been confirmed to induce extremely low 314 

cytotoxicity and was safe used in mice. Altogether, ARF4 inhibitors have promising therapeuDc 315 

potenDal as safe and broad-spectrum anDviral drugs, hence deserve a further exploraDon and 316 

turn into translaDonal research. 317 

At last, recent research have uncovered several unconvenDonal vesicle dependent 318 

secreDon pathways that are uDlized by intracellular pathogens to escape circulaDng anDbody 319 

and facilitate their disseminaDon. For instance, flaviviruses, like Dengue and ZIKV21, as well as 320 

enteroviruses37-39, such as polio, coxsackievirus B and enterovirus 71 were reported to egress 321 

via secretory autophagosomes which virion encapsulated autophagosomes are fused with cell 322 

membrane instead of lysosome. In contrary, b-Coronaviruses including SARS-CoV2 can exploit 323 

lysosomes to iniDal lysosomal trafficking for egress40,41. Our data shown that in ARF4-deleDng 324 

cells, ZIKV progeny virions were sorted into late-endosome/MVBs surrounding by lysosome 325 

which iniDal the lysosomal degradaDon. However, ARF4 absence dose not completely arrest 326 

the viral egress, thus some unknown bypass, to a large extent, the lysosome involved vesicle 327 

trafficking would be hijacked.  328 

CollecDvely, idenDficaDon of host ARF4 has revealed a vulnerability in infecDon by 329 

mulDple pathogenic RNA viruses, providing a potenDal broad-spectrum anDviral targeDng 330 

warranDng further invesDgaDon to illustrate mechanisms for viral subversion. 331 

Methods 332 

Cells 333 
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Knockout ARF4 and ARF5 cells were generated using sgRNA sequences (ARF4: 5’- 334 

TCCCTCTTCTCCCGACTATT-3’ and 5’- TATCCCTTACCTGGGTATTC-3’ ; ARF5: 5’- 335 

GAAGATCCGCGAAAAGAGCG-3’ and 5’- TGGACAGTAATGACCGGGAG-3’) which cloned into the 336 

CRISPR/Ca9 vector pX459. Established clone was transfected into Vero cells and puromycin 337 

selecDon was performed arer 48hrs transfecDon at a concentraDon of 10-12-10µg/ml for 3 338 

days. Single clones were picked by limiDng diluDon and confirmed by Western blotng using 339 

their specific anDbodies . The stable cell lines expressing either prME-ZIKV or wild type ARF4 340 

and its mutants were established using the retroviral vector pCHMES-IRES-Hygromycin, 341 

selected following a 2 week period in the presence of 500 µg/ml hygromycin and maintained 342 

therearer the same medium. Single clones were picked by limiDng diluDon and confirmed by 343 

Western blotng using their specific anDbodies . Above cells were maintained in DMEM 344 

supplemented with 10-15% fetal bovine serum (FBS) and 1% penicillin/streptomycin at 37°C, 345 

with 5% CO2. Aedes albopictus clone C6/36 was maintained in RPMI 1640 plus 15% FBS. 346 

Viruses 347 

ZIKA virus (NC-14-5132 and GZ01) were propagated in the C6/36 cells and Dtrated using 348 

plaque assay in Vero cells. Influenza A virus (A/WSN/33 H1N1) were grown and Dtrated using 349 

plaque assay in BHK21 cells. Vesicular StomaDDs recombinant Virus and SARS-CoV-2 strains   350 

/human/CHN/Beijing_IME-BJ05/2020 (IME-BJ05, accession no. GWHACAX01000000) was 351 

propagated and DtraDon using plaque assay in Vero cells. 352 

Mouse studies 353 

All animal experimental procedures were carried out according to ethical guidelines and 354 

approval by InsDtuDonal Laboratory Animal Care and Use Comminee at Beijing InsDtute of 355 

Microbiology and Epidemiology (IACUC-DWZX-2021-034 and IACUC-IME-2022-051). Gene-356 

ediDng of mice were generated and bred by GemPharmatech Co. LTd.  For ARF4 heterozygous 357 

knout out mice was also generated via CRISPR-Cas9 system. The brief process is as follows: 358 

sgRNA was transcribed in vitro.Cas9 and sgRNA were microinjected into the ferDlized eggs of 359 

C57BL/6JGpt mice. FerDlized eggs were transplanted to obtain posiDve F0 mice which were 360 

confirmed by PCR and sequencing. A stable F1 generaDon mouse model was obtained by 361 

maDng posiDve F0 generaDon mice with C57BL/6JGpt mice. For Dssue specific knock-out mice: 362 

ARF4-flox/cre-Prok2 were established by uDlizing Cre-LoxP system to generate ARF4-flox and 363 
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Cre-ProK2 C57BL/6JGpt mice via CRISPR-Cas9 system respecDvely, then the flox mice will be 364 

knock out arer maDng with mice expressing Cre recombinase, resulDng in the loss of funcDon 365 

of the target gene in specific Dssues and cell types. For ARF4TP-4 efficiency assay, The specific 366 

pathogen-free wide-type C57BL/6JGpt mice were purchased at Beijing Vitalriver Laboratory 367 

Animal Technology Co. Ltd. In ZIKV challenge assay, either wild-type or gene-ediDng mice (4-6 368 

weeks old ) were i.p. administered with an anD-mouse IFNAR1 anDbody (2mg/mice) a day 369 

before ZIKV challenge to suppress type I IFN responses. Then, 5*105 PFU of ZIKV (GZ01) was 370 

infected i.p.  To measure viral load, retro-orbitally bled and two main ZIKV targeDng Dssue- 371 

brain and tesDs were randomly collected from infected mice at indicated day post infecDon. 6 372 

days post infected brain and tesDs were randomly collected to be fixed in 4% PFA for further 373 

HE staining. In IAV challenge assay, either wild-type or gene-ediDng mice (8-9 weeks old ) were 374 

intranasally administrated with 1.5*104 PFU. of IAV (A/WSN/33 H1N1). Body weight changes 375 

and mortality were monitored for 14 days. Lung and tracheal from 3 and 6 days p.i. were 376 

collected to check viral load.  6 days post infected lung were randomly collected to be fixed in 377 

4% PFA, then secDoned and stained with hematoxylin and eosin (H&E). 378 

Plaque assays to measure virus infec&on 379 

Serial diluDons of SN from infected cells were added to BHK-21/Vero cell monolayer and 380 

adsorbed for 60 min at 37 C. Cells were washed and plaque media was overlaid on the cells 381 

and placed at 37 °C. Arer 3-6 days of incubaDons, the cell monolayers were stained with 382 

crystal violet and plaques were counted. 383 

Reverse transcrip&on-quan&ta&ve PCR to measure viral RNA copies  384 

Viral RNA was automaDcally extracted from viral infected mice sera or targeDng Dssue by 385 

GeneRotex 48 nucleic acid extractor (Tianlong) using viral DNA/RNA extracDon kit. Then viral 386 

RNA copy numbers were amplified using the One Step PrimeScript RT-PCR kit (TaKaRa 387 

RR096a/RR064a). Primers in this study were designed using the Oligo sorware. ZIKV RNA 388 

copies were determined using a specific primer set (ZIKV-ASF: 5’-389 

GGTCAGCGTCCTCTCTAATAAACG-3’; ZIKV-ASR: 5’-GCACCCTAGTGTCCACTTTTTCC-3’). IAV RNA 390 

copies were determined using a specific probe (5’-FAM TGCAGTCCTCGCTCACTGGGCACG-391 

MGB-3’) and primer set (QFluA-F: 5’-GACCRATCCTGTCACCTCTGAC-3’; QFluA-R: 392 

GGGCATTYTGGACAAAKCGTCTACG-3’ ). Following the manufacturer’s protocol, 18 µl reacDon 393 



 15 

mixtures of the One Step PrimeScript RT-PCR kit with 2 µl of RNA template were used to 394 

perform RT-qPCR assays using the LightCycler 480 real-Dme PCR system (Roche). 395 

RSPs quan&fica&on  396 

To idenDfy RSPs secreDon efficiency, RSPs producing cells were firstly replaced with FBS free 397 

culture medium for overnight starvaDon, subsequently, changed into OpDMEM without FBS 398 

or plus 2.5% FBS to iniDal RSPs producDon. Arer 1 or 2 days recovery of RSPs producDon, 399 

culture medium was collected and spin down at max speed, 2 min at 4 °C . Transparent culture 400 

medium was transferred into new tubes as supernatant (SN). Removing lerover culture 401 

medium, then washing with cold PBS 1-2 Dmes. Cells were then lysed in cell lysis buffer and 402 

cell lysate (CL) was collected arer centrifugaDon at max speed, 15min at 4 °C. Collected SN 403 

and CL were added with 30ul 4× NuPAGE LDS sample buffer and subjected to western blotng 404 

assay using the specific anDbody against ZIKV E proteins. The mean luminescence and area of 405 

E protein signals detected in SN and CL were measured by densitometry using ImageJ sorware.  406 

GST-VHS-GAT pull down assay 407 

The acDvity of ARF4 was detected by GST-VHS-GAT pull down assay following the published 408 

protocol15. GST fused VHS-GAT was bacterially expressed and purchased from Sino Biological 409 

Inc. Pull down assay were performed by using PierecTM GST protein interacDon pull-down kit 410 

(Thermo ScienDfic). In brief,  ZIKV or mock infected Vero cells with or without ARF4TP-4 411 

treatment were lysed using pull-down lysis buffer provided by kit and measured by BCA 412 

protein assay kit (Thermo ScienDfic). 150µg GST-VHS-GAT was firstly incubated with 250µg cell 413 

lysate overnight at 4°C, and then added to equilibrate Glutathione Agarose column for 414 

addiDonal overnight incubaDon at 4°C. Arrer washing 1-2 Dmes with  1ml washing soluDon, 415 

agarose slurry was resuspended by 85µl of 2× NuPAGE LDS sample buffe (Thermo ScienDfic) 416 

plus 10µl of 10*reducing buffer (Thermo ScienDfic) and 5µl 25*proteinase inhibitor. The 417 

bound proteins were then eluted and analyzed by Western blotng with anD-ARF4 anDbody. 418 

Transmission electron microscopy 419 

Wild-type and ARF4-/- cells were infected with Zika (MOI 10, 24 h), fixed in 2.5% glutaraldehyde, 420 

washed three Dmes in PBS and serially dehydrated. The cells were pos}ixed in 1% osmium 421 

tetroxide and embedded in Araldite resin (Polysciences). Blocks were secDoned with a 422 
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diamond knife on an ultramicrotome (Leica microsystems) and examined with a transmission 423 

electron microscope (CM100, Philips). 424 

Freeze-and-thaw assay  425 

Sub-confluent wide-type or ARF4 knock-out Vero cells stably expressed ZIKV prME were firstly 426 

detached in PBS plus 5mM EDTA at 37°C for 5min, then washed with cold PBS of 5mM EDTA 427 

for three Dme. Cells finally were re-suspended in a buffer containing 10% w/v sucrose, 20mM 428 

Tris HCl, 150mM NaCl plus protease inhibitors cocktail (Roche), and then subjected to eight 429 

cycles of freeze (dry ice) and thaw (37°C water both), 1min each step. Nuclei and cellular 430 

debris were removed by a short (5s) spin down at 14,000 RPM, 4°C. Supernatants were 431 

collected and centrifugated at 14,000 RPM, 4°C to pellet the membrane fracDon which was 432 

then re-suspended in cold PBS. The final supernatant ,as cytosol fracDon, containing newly 433 

formed RSPs, together with re-suspended membrane fracDon, containing sole unpacked ZIKV 434 

E proteins, were analyzed with western blotng assay using the specific anDbody against ZIKV 435 

E proteins. 436 

Fluorescence microscopy 437 

For fluorescence microscopy, cells grown on coverslips were fixed in 4% paraformaldehyde for 438 

15 min, permeabilised with 0.1% TX-100 in PBS for 5 min and blocked with 5% goat serum 0.1% 439 

TX-100 in PBS for 30 min. Cells were incubated with primary anDbodies for 2 h at room 440 

temperature, and then probed with appropriate secondary anDbodies. Nuclei were stained 441 

with DAPI and mounted on glass slides for image acquisiDon using  LSM 700/780 confocal 442 

microscope. To determine ZIKV progeny virion or RSP localizaDon in the Golgi apparatus, 443 

weighted co-localizaDon coefficients of E with Golgi markers were computed using the 444 

ZEN2011 co-localizaDon coefficient sorware (Carl Zeiss). The sums of intensiDes of pixels 445 

corresponding to anD-E (So) and to co-staining with anD-E and either cis-Golgi or TGN marker 446 

(Sc) were computed and then weighted co-localizaDon coefficients, which are equal to the 447 

raDo of Sc to So, were used to present the percentage of virions/RSP translocated to either 448 

cis-Golgi or TGN. 449 

RNA-sequencing and analysis 450 

For RNA-sequencing assay, total RNAs were extracted from ZIKV or mock infected wild-type 451 

and ARF4-/- cells using TRIzol following manufacturer’s protocols. RNA concentraDon and 452 
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quality were assessed firstly before RNA-seq. The RNA library construcDon and high-453 

throughput sequencing were performed by Beijing Annoroad Gene Technology Company. 454 

Briefly, mulDplexed libraries were sequenced for 150 bp at both ends using an Illumina 455 

HiSeq6000 pla}orm. Clean reads were aligned to the green monkey genome 456 

(Chlorocebus_sabeus 1.1) using Hisat2 (v2.1.0). The number of reads mapped to each gene in 457 

each sample was counted by HTSeq (v0.6.0) and FPKM (Fragments per Kilobase Million) was 458 

then calculated to esDmate the expression level of genes in each sample. Genes with Padj < 459 

0.05 and |Log2FC| ≥ 1 were idenDfied as DEGs. DEGs were filtered by DESeq2 (v1.40.2) 460 

package in R (v4.3.1). GSEA(Gene Set Enrichment Analysis) of all genes and bubble chart were 461 

constructed using clusterProfiler (v4.8.3) package in R. Heatmaps of gene expression levels 462 

were constructed using pheatmap (v1.0.12) package in R. 463 

Cell cytotoxicity and an&viral inhibi&on of ARF4 targe&ng pep&des (ARF4TPs) 464 

ARF4TPs were synthesized by Nanjing TGpepDde Biotechnology Co. Ltd and dissolved in PBS 465 

to make a 10mM stock. The CellTiter-Glo® Cell Viability Assay (Promega) was employed to 466 

evaluate the cytotoxicity according to the manufacturer’s protocols. In briefly, Vero cells were 467 

treated with different doses of either ARF4TPs or PBS in quadruplicate. Luminescence was 468 

recorded arer 3 days of incubaDon at 37 °C, and the 50% cytotoxic concentraDon (CC50) was 469 

calculated using a sigmoidal nonlinear regression funcDon to fit the dose-response curve using 470 

GraphPad Prism 7.0 sorware. To detect anDviral inhibiDon, a serial diluted ARFTPs were added 471 

into overnight anached Vero cells. ZIKV infecDon was performed at a MOI of 0.1 arer 4hrs 472 

ARF4TPs treatment and incubated 1hr at 37 °C.  Arer incubaDon, infected cells were washed 473 

three Dme with PBS, then replenished with fresh culture medium plus indicated diluted 474 

ARF4TPs. Viral genomic RNA copy No. from 1 day p.i. supernatant were quanDfied by RT-qPCR 475 

with ZIKV specific primers and 50% inhibiDon concentraDon (IC50) was calculated using 476 

GraphPad Prism 7.0 sorware. 477 

ARF4TP4 treatment assay in vivo 478 

For ARFTP-4 treatment in ZIKV infected mice, 3-4 weeks C57BL/6 mice were assigned 479 

randomly to two groups and were injected by i.p. route with PBS, or 20mg kg-1 ARF4TP-4 daily 480 

for three consecuDve days. ZIKV challenge were performed a day arer first dose ARF4TP-4 481 

injecDon. As an index of viremia, ZIKV genomic RNA in ZIKV infected mice sera were detected 482 
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by RT-qPCR at 2, 4 and 6 days p.i.. Mice were sacrificed at indicated days p.i. for Dssue 483 

collecDon for further detecDon. For ARF4TP-4 treatment in IAV infecDon in vivo, 8-9 weeks 484 

C57BL/6 mice were assigned randomly to three groups and were injected by i.p. route with 485 

PBS,  20mg kg-1 or 80mg kg-1 ARF4TP-4.  ARF4TP-4 as selected concentraDon were injected i.p. 486 

for four Dmes. The first administraDon is a day before IAV challenge and others are conducted 487 

within the consecuDve days post IAV intranasal inoculaDon. Body weight of infected mice was 488 

daily monitored Dll 15 days p.i. and percentage of body weight was measured as an index of 489 

IAV infecDon. Mice were sacrificed at day 3 and 6 p.i. for Dssue collecDon and detecDon 490 

according to experimental demands. 491 

Modelling Human ARF4 and targe&ng Pep&de Complexes 492 

It has been reported that Arf4 and rhodopsin bind the regulatory N-terminal dimerizaDon and 493 

cyclophillin-binding (DCB)-homology upstream of Sec7 (HUS) domain of GBF125. To establish 494 

the models of human ARF4 in complex with GBF1 and ARF4 targeDng pepDde-ARF4TP-4, 495 

molecular docking was used. Firstly, the crystal structure of inacDve human ARF4 (PDB ID: 496 

1Z6X)42 was downloaded from RCSB PDB Bank (hnp://www.rcsb.org). Secondly, the acDve 497 

human ARF4 was built based on a template from yeast ARF1 (PDB ID: 2KSQ). Thirdly, the 498 

AlphaFold-predicted structure of human GBF1 was downloaded from UniProt (UniProt ID: 499 

Q92538). Fourthly, the acDve ARF4-GBF1 complex structure was built based on a template 500 

Arf1-Brag2 complex (PDB ID: 4C0A). Firhly, the acDve site of ARF4TP-4 was idenDfied 501 

according to the previous study, in which α helix 3 of ARF4 was proposed as interacDng partner 502 

of rhodopsin C terminus, the VXPX-COOH moDf43. Finally, ARF4TP-4 were docked into the 503 

acDve site with AutoDockTools44 and CUDA-accelerated AutoDock-GPU45. The 2D protein-504 

ligand interacDon were analyzed by LigPlot+ (version 2.2.4)46. The 3D visualizaDon and plot 505 

were generated by ChimeraX47. 506 

Sta&s&cs and reproducibility 507 

StaDsDcal analyses were performed with GraphPad Prism sorware. In all figures, the 508 

datapoints and bar graphs represent the mean of independent biological replicates. In all 509 

graphs, the error bars represent the standard deviaDon and are only shown for experiments 510 

with n = 3 or greater as indicated. For microscopy experiments, data sets for quanDtaDve 511 

analysis were acquired from an average of 40–50 fields from four to five independent 512 

http://www.rcsb.org/
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reproducible experiments for each condiDon. Comparisons between control and sample 513 

datapoints were made using either the Student’s unpaired t test, or two-way ANOVA with 514 

Dunnen’s mulDple-comparison analyses, or other staDsDcs methods as specified in the figure 515 

legends with a confidence limit for significance set at 0.05 or less. 516 

 517 
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Main figure &tles and legends 658 

 659 

Fig. 1 ARF4 facilitates ZIKV infec&on, as well as leads to pathogenic outcomes a) ARF4 and 660 

ARF5 were completely deleted in Vero cells by CRISPR-Cas9 mediated knockout (ARF4-/- and 661 

ARF5-/-). Cell lysates (CL) from knockout and wild type (WT) cells were collected to verify the 662 

deleDon efficiency by Western blotng (WB) with the ARF4 and ARF5 specified anDbodies. 663 

GAPDH was used as loading control. b-c) ARF4 deleDon , but not ARF5 blocked ZIKV infecDon. 664 

ARF4-/-, ARF5-/- and WT Vero cells were challenged with ZIKV at MOI of 0.1. Culture medium 665 

was collected daily unDl cytopathic effects were observed in WT cells which appeared at day 666 

3 days post infecDon (dpi) shown in B). Viral Dters were determined by plaque assay on Vero 667 

cells and expressed as PFU/ml. d) TranscripDon of endogenous ARF4 was detected by RT-qPCR 668 

using total RNA isolated from brain and tesDs collected from C57BL/6JGpt based control ARF4-669 

flox (fl control) and knockout ARF4-flox/cre-Prok2 (fl+Prok) mice. e）SchemaDc diagram of 670 

ARF4 brain/tesDs-specific knock-out mice with ZIKV challenge and detecDon. F-h) ZIKV 671 

infecDon is supressed in fl+Prok mice. Serum, as well as brain and tesDs were collected from 672 
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ZIKV infected fl+ProK2 and fl (control) mice at indicated dpi. Total RNA was extracted as a 673 

template to calculate viral load by performing RT-qPCR . i) ZIKV induced pathological changes 674 

were absent in fl+ProK2 mice. ZIKV infected brains and tesDs were collected and fixed at 6 dpi, 675 

then stained with hematoxylin and eosin (H&E) and examined by light microscopy observaDon. 676 

Above data are shown as mean ± SD **P<0.01, ***P<0.001 and ****P<0.0001 vs WT or fl 677 

(control) by the two-way ANOVA with mulDple comparisons. H&E images are representaDve 678 

of three mice. Scale bar, 100µm.  679 

 680 

Fig. 2 Ac&va&on of ARF4 is s&mulated during ZIKV infec&on and in turn, is essen&al for the 681 

produc&on of progeny virions. a) SchemaDc diagram of ARF4 acDvaDon detecDon by VHS-682 

GAT fused GST pull down. B-c) ZIKV infecDon sDmulated ARF4 acDvaDon. Cell lysates (CL) were 683 

collected from mock or ZIKV infected (MOI=5, 30hrs) to perform GST pull down using GST 684 

fused VHS-GAT bait. CL and Final elutes, as input and pull down respecDvely, were subjected 685 

to WB by anDbody against ARF4 and GAPDH as loading control. The acDvity of ARF4 was 686 

calculated as the percentage of acDvated ones in final elutes of total ones in CL. The data are 687 

shown as mean ± SD **P<0.05 vs mock infecDon by the Student’s unpaired t test. d) SchemaDc 688 
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diagram of ARF4 stably transfecDon in Vero ARF4-/- cells and ZIKV infecDon. e) WT ARF4 or its 689 

constantly inacDve mutant (T31N) or acDve mutant (Q71I) were reconsDtuted and stably 690 

expressed in ARF4 -/- cells. Expression level was detected by WB using anD-ARF4 anDbody. 691 

GAPDH is used as loading control here. f) ProducDon of progeny virions were rescued in Vero 692 

ARF4-/- cells which re-expressed either WT ARF4 or Q71I mutant, but remains blockage in T31N 693 

mutant expressing cells. ZIKV infecDon was performed using Vero, ARF4-/- and reconsDtuted 694 

cells (MOI=0.1). Supernatant (SN) were daily collecDon Dll 3 days p.i. to do viral DtraDon by 695 

plaque assay. G-i) WT and T31N ARF4 stably overexpressed Vero cells were established and 696 

infected by ZIKV (MOI=0.1). ARF4 expression and viral DtraDon were detected by WB and 697 

plaque assay respecDvely.. Results in F) and I) are means ±SD. **P<0.01,***P<0.001, 698 

****P<0.0001 Vs Vero (same collecDon day) by two-way ANOVA with mulDple comparisons. 699 
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 700 

Fig. 3 ARF4 is essen&al for viral egress and its deficiency interferes with viral intracellular 701 

transloca&on to Golgi complex. a) SchemaDc diagram of generaDon of ZIKV recombinant 702 

subviral parDcles (RSPs) stably producing cells. b-c) ARF4 deleDon extremely blocked RSPs 703 
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secreDon. Single clones (-1, 2 and 3) of either Vero WT-ZIKV prME or Vero ARF4-/- -ZIKV prME 704 

were pick up and maintained separately. Supernatant (SN) and cell lysate (CL) were collected 705 

to perform WB. E protein was detected by using it specific anDbody. GAPDH was used here as 706 

a loading control. Percentage of E(SN) in total E(SN+CL) was measured as an index of RSPs 707 

secreDon. d) ARF4 deleDon does not affect viral assembly. ZIKV infecDon was performed in 708 

Vero WT and ARF4-/-cells （MOI=10 24hrs）. Cells were fixed and viral parDcle were visualized 709 

by transmission electron microscopy (TEM). Newly formed virions were pointed by red arrow 710 

and ER invaginaDon-induced vesicles containing viral parDcles were pointed by blue star. Scale 711 

bar, 500nm e-f) More virions were detected in cytosol fracDon isolated from ARF4-/- cells. 712 

Freeze-and-thaw (F&T) was performed as described in method secDon using prM and E 713 

expressing Vero WT and ARF4-/- cells. E protein was detected in isolated cytosol and 714 

membrane fracDon as an index of formed RSPs and unpacked membrane viral protein 715 

respecDvely. GAPDH and Calnexin were detected as cytosol and membrane marker. 716 

Percentage of E measured from cytosol fracDon relaDve to the total amount 717 

(cytosol+membrane) was used as an index of RSPs formaDon. Unpacked E from membrane 718 

fracDon was presented as the percentage of E from membrane fracDon relaDve to the total 719 

amount. g-k) ARF4 deleDon arrested the ER-to-Golgi complex transport of newly formed 720 

virions. Viral E protein was co-stained with TGN46 indicated trans-Golgi network (TGN) or 721 

GM103 indicated cis-Golgi by their specific anDbodies respecDvely in ZIKV infected Vero cells 722 

(MOI=10 36hrs)(G) or RSPs producDon cells (I). Scale bar=10µM. The percentage of E protein 723 

in TGN or cis-Golgi was presented as the weighted co-localizaDon coefficients of E staining in 724 

TGN46 or GM130 stained areas by using imaging analysis sorware-ZEN2012 (Carl Zeiss) from 725 

over hundreds cells per condiDons. TME and IFA images are representaDve of at least three 726 

independent experiments. Above results are means ±SD *P<0.05, **P<0.01, ***P<0.001 and 727 

****P<0.0001 Versus untreated control or WT by the Student’s unpaired t test or two-way 728 

ANOVA with mulDple comparisons.  729 
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 730 

Fig. 4 Absence of endogenous ARF4 caused the mis-sor&ng of newly formed viral par&cles 731 

into the lysosomal degrada&on pathway. TEM observaDon was performed with the same 732 

cells as above described. a) Accumulated virions contained vesicles were easily visualized in 733 

early endosome like compartment in ZIKV infected Vero WT cells (blue star pointed). 734 

Dispersed unpacked virions were more visualized in late endosome (LE) or mulDvesicular 735 

bodies (MVBs) like compartment in ARF4 deleted cells (red arrow pointed). b) SecreDon of 736 
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progeny virions were observed by TEM in ZIKV infected Vero WT, but not in ARF4-/- cells. In 737 

WT cells, clusters virions embedded vesicles (blue star pointed) were observed on the surface 738 

of ZIKV infected cell surface. In ZIKV infected ARF4-/- cells, as well as mock infected WT and 739 

ARF4-/- cells, vain protrusions were observed on cell membrane. Scale bar, 500nm. c) Total 740 

RNA extracted from ZIKV infected Vero WT and ARF4-/- cells (MOI=0.1 48hrs) to perform RNA-741 

seq. Bubble chart showed the GSEA analysis results, indicaDng that lysosome pathway has 742 

been acDvated in ARF4 knockout group compared to WT group. d) ZIKV egress was recovered 743 

in ARF4-deleted cells post chloroquine (CQ) or MG132 treatment. Either mock/ZIKV infected 744 

Vero WT cells or ARF4-/- cells which were ZIKV-infected arer overnight treatment of CQ (20 745 

µM) and MG132 (50 µM). Cells were radioacDvely labelled ([35S]cysteine/methionine) arer 746 

infecDon. Supernatants were collected at indicated Dme for autoradiography. GAPDH in CL 747 

were detected as loading control. e) Time-cross collected CL from ZIKV infected Vero WT and 748 

ARF4-/- cells (MOI=1) was subjected to WB using anDbodies against viral E, early endosome 749 

marker-EEA1 and lysosome marker-LAMP2. Results in D and E are representaDve of at least 750 

two independent experiments. F-i) Vero WT and ARF4-/- cells were mock or ZIKV infected 751 

(MOI=10 24hrs). Cells were then fixed and co-stained with anDbodies against viral E, along 752 

with EEA1 (F), or LAMP2 (H) with their specific anDbodies respecDvely. Nuclei were stained 753 

with DAPI. Scale bar =10 μM. Selected images are representaDve of at least three independent 754 

experiments. The percentage of E protein in early endosome (EE) or lysosome was presented 755 

as the weighted co-localizaDon coefficients of E staining in EEA1 or LAMP2 stained areas by 756 

using imaging analysis sorware-ZEN2012 (Carl Zeiss) from over hundreds cells per condiDons. 757 

Above results are means ±SD **P<0.01, and ***P<0.001 Versus untreated WT by the Student’s 758 

unpaired t test.  759 
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 760 

Fig. 5 ARF4 abolishment restrained the infec&on and histopathological changes of other 761 

pathogenic RNA viruses. a) Influenza A Virus (IAV) (MOI=1), Severe acute respiratory 762 

syndrome coronavirus 2 (SARS-CoV-2) (MOI=0.01) and Vesicular StomaDDs Virus (VSV) 763 

(MOI=0.01) were infected in Vero WT and ARF4-/- cells respecDvely. Viral DtraDon of IAV and 764 

VSV were measured by plaque assay as PFU/ml. Viral genomic RNA of SARS-CoV-2 was 765 

calculated by RT-qPCR as RNA copy No./ml. b) ARF4 transcripDon was detected by RT-qPCR 766 

using total RNA isolated from lung and tesDs collected from WT and ARF4-/+ mice. c) SchemaDc 767 

diagram of IAV challenge and detecDon in WT and ARF4-/+ mice. d) ARF4 deleDon reduced IAV 768 

induced lethal death. Survival rate was assessed to create survival curve by using Prism 769 

sorware. *P<0.05 vs WT by Long-rank (Mantel-Cox) test. e-f) ZIKV infecDon in trachea and 770 

lung was supressed in ARF4-/+ mice. Viral load of lung and trachea at indicated days p.i. were 771 

calculated by RT-qPCR using IAV specified probe and primers. g-h) HE staining and 772 

histopathological score of IAV infected lung secDons collected from WT and ARF4-/+ mice at 6 773 

dpi. Results are shown as means ± SD *P<0.05, **P<0.01, ***P<0.001  and ****P<0.0001 vs 774 

WT or PBS control by two-way ANOVA with mulDple comparisons. Selected HE staining images 775 

were representaDve of three random picked mice. Scar bar,100µM.  776 
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 777 

Fig. 6 ARF4 targe&ng pep&des, as board spectrum an&virals, efficiently arrested viral 778 

infec&on both in vitro and in vivo. a) CC50 and IC50 of ARF4 targeDng pepDdes named ARF4TPs 779 

was measured as described in method secDon. b-d) ARF4TP-4 treatment blocked ZIKV induced 780 

ARF4 acDvaDon. ARF4TP-4 treatment and ZIKV challenged were performed as described in 781 
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schemaDc diagram. Mock infected without ARF4TP-4 treatment as a negaDve control. ARF4 782 

acDvity was detected and measured by performing GST-VHS-GAT pull down. The data are 783 

shown as mean ± SD ***P<0.001 by two-way ANOVA. e-f) ARF4TP-4 arrested ZIKV RSPs 784 

secreDon. Vero-ZIKV prME cells were treated with ARF4TP-4 as indicated concentraDon. SN 785 

and CL were collected to perform WB for RSPs secreDon detecDon. RSPs secreDon was 786 

calculated as described above. g-h) Vero cells were treated with ARF4TP-4 and infected by IAV 787 

(MOI=0.5) as described in schemaDc diagram. SN was collected for viral DtraDon by RT-qPCR. 788 

The data are shown as mean ± SD  *P<0.05 and **P<0.01 vs none-treated control by two-way 789 

ANOVA with mulDple comparisons. i) SchemaDc diagram of ARFTP-4 treatment in ZIKV 790 

infected mice. j) ZIKV induced viremia was relieved in ARF4TP-4 treated mice. ZIKV genomic 791 

RNA in ZIKV infected mice sera were detected by RT-qPCR at indicated days p.i. k). ARF4TP-4 792 

treatment reduced ZIKV infecDon in tesDs. ZIKV infecDon in Viral genomic RNA copy number 793 

were measured in collected tesDs at indicated days arer infecDon. l) SchemaDc diagram of 794 

ARF4TP-4 treatment in IAV infecDon in vivo. m-q) Survival curve, viral load and 795 

histopathological changes in lung were tested respecDvely following the similar processes 796 

described above. Results are shown as means ± SD *P<0.05, **P<0.01, ***P<0.001 and 797 

****P<0.0001 vs PBS control by two-way ANOVA with mulDple comparisons. Selected HE 798 

staining images were representaDve of three random picked mice. Scar bar,100 µM.  799 

800 
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Extended Data figure &tles and legends 801 

 802 

Extended Data Fig.1 Transcrip&on of ARF4, not ARF5 was reduced in brain and tes&s of ARF4-803 

flox/cre-Prok2 (fl+Prok) mice C57BL/6JGpt based control ARF4-flox (fl control) and knockout 804 

ARF4-flox/cre-Prok2 (fl+Prok) mice were generated and then collected for transcripDon 805 

measurement. Total RNA were isolated from indicated viral targeDng Dssues to be used as 806 

templates for the following RT-qPCR using ARF4 and ARF5 specific primers respecDvely. The 807 

data are shown as mean ± SD ***P<0.001 and ****P<0.0001 vs r control by two-way ANOVA 808 

with mulDple comparisons.  809 

 810 

Extended Data Fig.2 Newly formed viral par&cles were visualized by TEM ZIKV infected Vero 811 

WT and ARF4-/- cells were fixed at 24hrs arer infecDon (MOI=10) and performed TEM 812 

observaDon. Newly formed virions were pointed by red arrow and ER invaginaDon-induced 813 

vesicles containing viral parDcles were pointed by blue star. Scale bar, 500nm. 814 
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 815 

Extended Data Fig.3 ARF4 plays an important role in sor&ng of newly formed viral par&cles 816 

during their Intracellular transport ZIKV infected Vero WT and ARF4-/- cells were fixed at 24hrs 817 

arer infecDon (MOI=10) and performed TEM observaDon. Accumulated virions were formed 818 

as a cluster which was observed in early endosome like compartments in Vero WT cells (upper 819 

panel pointed by blue star). Individual or a cluster of virions were visualized in late endosome 820 

compartment surrounding with lysosome in ARF4-/- cells (lower right panel pointed by red 821 

arrow). 822 
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 823 

Extended Data Fig.4 Secre&on of ZIKV progeny virions were observed by TEM in Vero WT, 824 

but not ARF4-/- cells ZIKV infected Vero WT and ARF4-/- cells were fixed at 24hrs arer infecDon 825 

(MOI=10) and performed TEM observaDon. A cluster of membrane packed virions was 826 

observed to be budded on the cell membrane only in infected WT cells (pointed by blue star). 827 

 828 
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Extended Data Fig.5 Heatmap analyses indicated that top 20 genes enriched in the lysosome 829 

pathway upregulated in ARF4 knockout group compared to WT group Heatmaps of gene 830 

expression levels shows as log2(gene expression). 831 

 832 

Extended Data Fig.6 Body weight lost induced by IAV were easier to be recovered in ARF4-833 

/+ mice, related to Figure 5. Body weight was daily measured arer IAV challenge in both wide-834 

type (WT) and in ARF4-/+ mice for 14 days or Dll the body weight reducDon was up to 25%.  835 

 836 

Extended Data Fig.7 Ac&vated ARF4 mutant-Q71I was not sensi&ve to ARF4TP-4 treatment. 837 

a) The 3D visualizaDon of putaDve interacDon of ARF4TP-4 with human ARF4-WT, Q71I and 838 

T31N. The ARF4 WT and Q71I in acDve conformaDon or T31N in inacDve conformaDon was 839 

rendered by cartoon and coloured in orange, in which the α helix 3 was highlighted in red. The 840 

mutated residue-Q71I or T31N was coloured in blue. The GBF1 was rendered by cartoon and 841 
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coloured in cyan. The pepDde QVYPL was rendered by ball-sDck and coloured in salmon. ARF4-842 

T31N is fail to bind to ARF4TP-4, therefore the colour of GBF1 and ARF4TP-4 are turned into 843 

transparent. b) ARF4TP-4 treatment funcDons in ARF4 WT re-expressing cells but not in ARF4-844 

deleted or Q71I re-expressing cells. InhibiDon capability of ARF4TP-4 was detected following 845 

the same process to IC50 assay, but using ZIKV infected Vero ARF4-/- and re-expressed ARF4 846 

WT or Q71I cells respecDvely. 847 
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 848 

Extended Data Fig.8 ARF4TP-4 is safe for mice a) SchemaDc diagram of safety assay in vivo. 849 

C57BL/6 mice were assigned randomly to six groups and were injected by i.p. route with PBS 850 

(n=3), or ARF4TP-4 dissolved by PBS at escalaDng dose (10, 20, 40, 80 and 160 mg kg-1, n=5) 851 
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daily for three consecuDve days. Body weight was measured daily arer third ARF4TP-4 852 

injecDon. Sera were collected at indicated days for ALT and creaDnine (CRE) detecDon. Two 853 

mice of each groups were sacrificed for Dssue collecDon and following H&E staining.  b) Body 854 

weight of ARF4TP-4 treated mice were not changed in comparison of PBS injecDon control 855 

mice. Date are means ±SD. c) The ALT in the sera collected at indicated day from PBS or 856 

ARF4TP-4 injecDon mice were measured by using the ALT assay kit (NJJCBIO). d) The creaDnine 857 

in collected sera  was measured by using the creaDnine kit (NJJCBIO). All error bars reflect ±SD. 858 

e) ARF4TP-4 injecDon did not induce significant histopathological changes. Indicated Dssues 859 

were collected and fixed by 4%PFA to do HE staining at 12 days post the 3rd Dme ARF4TP-4 860 

injecDon. 861 

 862 

Extended Data Fig.9 ZIKV induced histopathological changes in tes&s were vanished aIer 863 

ARF4TP treatment H&E images are representaDve of three mice. Scale bar, 100µm. 864 
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 865 

Extended Data Fig.10 ARF4TP-4 treatment obviously prevented the body weight lost after 866 

IAV challenge ARF4TP-4 treatment and IAV challenge were performed as described in Fig 6f. 867 

Body weight daily monitor was performed in both wide-type (WT) and in ARF4TP-4 treated  868 

mice for 14 days post IAV inoculation or till the body weight reduction was up to 25%.  869 


