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EHD4 facilitates Zika virus infection by regulating extracellular vesicle-associated viral release and cell attachment
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[bookmark: OLE_LINK219][bookmark: OLE_LINK218]Fig. S1. Characterization of extracellular vesicles (EVs) isolated via differential ultracentrifugation (dUC) versus commercial kit. A Schematic of differential ultracentrifugation (dUC) workflow and a commercial isolation kit for isolating EVs from cell supernatants. B Nano-flow cytometry (nFCM) size distribution profiles of dUC-EV (top) and Kit-EV (bottom) from mock-infected and ZIKV-infected cell supernatants. Event denotes the number of particles detected at each size. C, D Quantification of mean particle size (C) and concentration (D) of dUC-EV and Kit-EV from mock-infected and ZIKV-infected cells. No significant differences were observed between isolation methods. E Western blot analysis of EV markers CD9, CD63, and ALIX and ZIKV envelope protein in Kit-EV and dUC-EV from mock-infected and ZIKV-infected cell supernatants. Data represent mean ± SD, n = 3 independent experiments. Statistical significance was determined by Student’s unpaired t-test (ns, not significant).
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Fig. S2. Morphological characterization of EVs purified from ZILV-infected cells by TEM. EVs were purified from the culture supernatants of HeLa cells infected with ZIKV strain GZ01 at a multiplicity of infection (MOI) of 0.1 at 48 h.p.i. EV-enriched samples were negatively stained with 2% (w/v) uranyl acetate and visualized by TEM. Left and right panels show representative micrographs at 12,000× and 30,000× magnification, respectively. Red boxes indicate exosomes encapsulating intact virion-like particles, characterized by high-electron-density viral cores enclosed within the exosomal lipid bilayer. Black boxes denote canonical exosomes without viral cargo, exhibiting uniform intraluminal electron density. Scale bars, 500 nm (Left panel), 200 nm (right panel).
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Fig. S3. Relative mRNA levels after siRNA transfection in HeLa cell. HeLa cells were transfected with siRNAs designed to specifically target the genes ABCB1, EHD4, EIF4E, HSPA4, ITGAV, ITGB1, SDC4, SHMT1, and TXNDC5. Forty-eight hours after transfection, total RNA was collected, and the mRNA levels of each targeted gene were measured using RT-qPCR. Gene expression was normalized to GAPDH and is shown as relative expression compared to cells treated with non-targeting control siRNA (NT). Data represent mean ± SD, n=3 independent experiments. 
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Fig. S4. Generation of EHD4 knockout HeLa cells. A Diagram showing the design of EHD4 knockout plasmids using the PX459 vector. These plasmids were introduced into cells, and the CRISPR/Cas9 system was used to create EHD4 knockout (KO) cell lines. Following single-cell cloning, cell extracts were prepared. The knockout efficiency was assessed by RT-qPCR with primers targeting the EHD4 gene, using β-actin as a reference gene, and by Western blot analysis with an antibody specific for EHD4, using GAPDH as a loading control. B RT-qPCR data demonstrating successful knockout of EHD4 in monoclonal EHD4 KO cells. Data represent mean ± SD, n=3 independent experiments. C Western blot analysis confirming the absence of EHD4 protein in monoclonal knockout cell lines. D Cell viability assay performed on the WT and EHD4 KO cell lines. Data represent mean ± SD, n = 3 independent experiments. Statistical significance was determined by Student’s unpaired t-test (ns, not significant).


[image: E:\VS 稿件\2026 publication\7446-\7446 R3\VS7446 to prod\VS7446 Fig S5.jpg]
Fig. S5. Replication of ZIKV GZ01 strain in WT and KO A549 and Vero cells. A Western blot analysis confirming the absence of EHD4 protein in EHD4 knockout A549 cells. B, C Viral replication kinetics in WT and EHD4 KO cells infected with ZIKV GZ01 strain at MOI=0.01. Viral RNA copies in cell culture supernatants were quantified by RT-qPCR at indicated times. Data represent mean ± SEM, n = 3 independent experiments. Statistical significance was determined by two-way ANOVA (*P < 0.05; **P < 0.01; ns, not significant).
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Fig. S6. Characterization of EVs isolated from WT and KO Cells. A Schematic of EV isolation. Cell culture supernatants were collected and centrifuged at 2,000 × g to remove cellular debris. Total EV Isolation Reagent (Invitrogen) was added (0.5 volumes), and the mixture was incubated overnight at 4°C. Following centrifugation at 10,000 × g for 1 hour, the supernatant was discarded. The resulting pellet was resuspended in 1 mL of PBS to obtain the EV fraction (the exact particle number of WT and KO was 8.15×109 and 9.01×109 particles/mL, respectively). EV concentration and size distribution were analyzed using nano-flow cytometry (nFCM). B EV abundance distribution. Particle concentration is plotted against particle size. C Concentration of EVs. Particles within the typical EV size range were quantified. D Diameter distribution of EVs. Data represent mean ± SD, n = 3 independent experiments. Statistical significance was determined using Student’s unpaired t-test (ns, not significant).
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[bookmark: OLE_LINK187]Fig. S7. RT-PCR amplification of complete coding sequence of ZIKV genome from EAV derived from WT and EHD4 KO HeLa cells. EAVs were isolated from supernatants of WT and EHD4 KO HeLa cells infected with ZIKV strain GZ01 (MOI = 0.1) at 48 h.p.i. Total RNA was extracted from EAV fractions, and seven overlapping primer pairs were used to amplify the entire ZIKV genome (GenBank accession number: KU820898). Lanes M: DNA molecular weight marker (kb); Lanes 1–7: RT-PCR products from WT EAVs; Lanes 8–14: RT-PCR products from EHD4 KO EAVs. The amplified fragments and corresponding primer pairs (primer sequences are listed in Table S6 below) are as follows: Lane 1/8: 5'UTR-Capsid-prM-E (F1R3, 2.2 kb); Lane 2/9: E-NS1-NS2A-NS2B (F4R6, 2.1 kb); Lane 3/10: NS2B-NS3 (F7R8, 1.6 kb); Lane 4/11: NS3-NS4A-NS4B (F9R9, 1.2 kb); Lane 5/12: NS4A-NS4B-NS5 (F10R12, 2.1 kb); Lane 6/13: NS5 (F13R14, 1.2 kb); Lane 7/14: NS5 (F15R15, 0.7 kb). All amplified fragments showed the expected sizes, indicating that EAVs from both WT and EHD4 KO cells contain full-length ZIKV genomic RNA rather than fragmented viral RNA.
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Fig. S8. Plasmid map of pcDNA-human EHD4 expression vector. 
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Fig. S9. Optimization of Triton X-100 treatment conditions for EV membrane disruption via nano-flow cytometry (nFCM). A nFCM analysis of mock-treated EVs. The histogram depicts the particle size distribution (40-200 nm) and corresponding concentration (particles/mL) of intact EVs, showing a dominant population of particles consistent with typical EV size (40–150 nm). B nFCM analysis of EVs treated with 0.05% Triton X-100 for 10, 20, or 30 minutes. Histograms illustrate changes in particle size distribution and concentration following treatment. These data indicate that 0.05% Triton X-100 induces time-dependent EVs membrane disruption, with 30 minutes of treatment effectively eliminating the intact EV population.


Table S1 siRNA targeting sequences in selected genes
	Name
	Sequence (5′→3′)

	EHD4
	GGCAAGATATCAGGTGTCA

	HSPA4
	GGAAGAAATACAAGCTAGA

	CCT4
	CAAGCCAGTTGCTCATATT

	
	GCAAACTGCTCAAGATTAC

	
	CCTACTGCGTTCGTGCTTT

	
	GCATTACACTTTCTGAATA

	
	GTACCAAGCTTCTTCAGAA

	
	GTCTAAGGCTCAAGATATA

	ABCB1
	CACTGTTACTCTTAGCAAT

	
	GAGCTTAACACCCGACTTA

	
	GTGATAGCTCATCGTTTGT

	TXNDC5
	GCCAAGAAGCTGTGAAGTA

	
	CCAAGCGAAAGACGAACTT

	
	GCACAAGGCGACCACTTTA

	EIF4E
	TGGCGCTGTTGTTAATGTT

	
	AGAGCTAAAGGTGATAAGA

	
	AGGACGATGGCTAATTACA

	SDC4
	CCAAGAAACTAGAGGAGAA

	
	TGATCCTACTGCTCATGTA

	
	GCAGGAATCTGATGACTTT

	SHMT1
	GACCCATGGGTTCATGACA

	
	GCGGGACTGAGTTTATTGA

	ITGAV
	GTCAGCTTATTTCGGATCA

	
	CCACCAAGCTTTGGCTATT

	
	CACGCCTGCTAACATTAGT

	ITGB1
	CCCTAAGTCAGCAGTAGGA

	
	CAACGGACAGATCTGCAAT
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Table S2 RT-qPCR primers for selected genes
	Name
	Sequence (5′→3′)

	EHD4 F
	ATGGCAAGATATCAGGTGTCAA

	EHD4 R
	CTTGATCTTGATGAGGTGCTTG

	HSPA4 F
	GATATTGTGCAGTTGCCTACAG

	HSPA4 R
	GGCTTCTTAAGAACACTTTCGG

	CCT4 F
	GTAACAGAACTAAGAAACCGGC

	CCT4 R
	GTTTCAGTTGCAAGAGTCAGAG

	ABCB1 F
	TCTATGGTTGGCAACTAACACT

	ABCB1 R
	CTCCTGAGTCAAAGAAACAACG

	TXNDC5 F
	CTTTATCAAGTTCTTCGCTCCG

	TXNDC5 R
	AATCAACCTTGCCAATCTTGAC

	EIF4E F
	AGGATGGTATTGAGCCTATGTG

	EIF4E R
	GTCTCTGCTGTTTGTTCAATGT

	SDC4 F
	CTTGGTGCCTCTAGATAACCAT

	SDC4 R
	GACACATCCTCACTCTCTTCAA

	SHMT1 F
	CAGGAAAGGAGTGAAAAGTGTG

	SHMT1 R
	AGGGAACACAGCAGAATTGATA

	ITGAV F
	ACAGGCAATAGAGATTATGCCA

	ITGAV R
	TTTATCCTGTTTCGACCTCACA

	ITGB1 F
	GGGCGACGAAGTGCTACGAAAG

	ITGB1 R
	TACCCAAGAACTGCTATGCCAAACC



Table S3 sgRNA sequences for CRISPR-Cas9-mediated knockout of EHD4
	Name
	[bookmark: OLE_LINK217]Sequence (5′→3′)

	[bookmark: OLE_LINK189]sgEHD4-1
	ACGACCTCATCAAGCGAGCG

	sgEHD4-2
	CGGCCTTGTTCAGCACGACA

	sgEHD4-3
	TCCTTCATCGCCGTGATGTA







Table S4 The sequence of the human EHD4 cDNA insert cloned into the pcDNA3.1 vector

	Name
	[bookmark: OLE_LINK89][bookmark: OLE_LINK86]Sequence (5′→3′)

	Human EHD4 cDNA
	atgttcagctggatggggcggcaggcgggcgggcgcgaacgcgctggcggcgcggacgcggtgcagacggtgacgggcgggctgcgctcgctctacctgcgcaaggtgctgccgctggaggaggcgtaccgcttccacgagttccactcgcctgcgctggaggacgccgacttcgagaacaagcccatgatcctgctggtgggccagtacagcaccggcaagaccaccttcatcagatacctactggagcaggatttcccaggcatgaggattggtccggagcccaccacagactccttcatcgccgtgatgtatggagagactgagggcagcaccccagggaatgctttagtcgtggaccccaaaaagccgtttagaaagctcagtcgctttggaaacgctttcctgaatcgattcatgtgctcacagctccccaatcaggtcctgaagagcatcagcgtcatcgacagccccggcatcctttctggggagaagcagcgcatcagccgaggctatgacttctgccaggtcctgcagtggtttgccgagagggtggacaggatcatcctgctctttgacgctcacaagctggacatctcagatgaattctcagaggccatcaaggccttccggggccaggacgacaagatccgtgtcgtgctgaacaaggccgaccaagtggacacgcagcagctgatgcgggtctacggggccctcatgtggtccctaggcaaggtcatcaacacgcccgaggtactgcgcgtctacattggctccttctgggcgcagcccctgcagaacacggacaaccgccggctcttcgaggctgaggcccaggacctcttcagagacatccagagcctcccccagaaggcagcggtgcgcaagctcaacgacctcatcaagcgagcgaggctggccaaggtgcatgcctacatcatcagctacctgaagaaggagatgccaagtgtatttggaaaggaaaacaagaagagagagcttatcagcaggctaccggaaatctacattcagctacagcgagaataccagatttctgcaggggacttccctgaggtcaaggctatgcaggaacagcttgagaactatgacttcaccaaattccactcgctgaagcccaagctgatcgaggcagtggacaacatgctgagcaacaagatctcgcccctcatgaacctcatcagccaggaggagacgagcacgcccacgcagctggtgcagggcggcgccttcgatggcaccaccgagggccccttcaaccagggctacggggagggtgccaaggagggcgccgacgaggaggagtgggtcgtggccaaagacaagcccgtctacgacgagctcttctacactctgtcgcccatcaatggcaagatatcaggtgtcaacgccaagaaggagatggtgacctccaagctgcccaacagcgtcctgggcaagatctggaagctggccgactgcgactgcgacggcatgcttgatgaggaggagttcgcgctggccaagcacctcatcaagatcaagctcgacggctacgagctgcccagcagcctgcccccccacctcgtgcccccctcgcacaggaagtccctgcccaaggccgac






Table S5 Primer and probe sequences used for viral RNA quantification and gene expression analysis
	Target
	Name
	Type
	Sequence (5′→3′)

	ZIKV
	ZIKV-ASF
	Forward primer
	GGTCAGCGTCCTCTCTAATAAACG

	
	ZIKV-ASR
	Reverse primer
	GCACCCTAGTGTCCACTTTTTCC

	
	ZIKV-Probe
	Probe
	FAM-AGCCATGACCGACACCACACCGT-BQ1

	JEV
	JEV-ASF
	Forward primer
	TACCAGCTCTGACACTCACG

	
	JEV-ASR
	Reverse primer
	GTATGCCTCGGTGTTCAACC

	
	JEV-Probe
	Probe
	FAM-ACCGCCCAGCCTGTGATGCTCC-BQ1

	DENV-2
	DENV-ASF
	Forward primer
	TGGACCGACAAAGACAGATTCTT

	
	DENV-ASR
	Reverse primer
	CGTCCTTGCAGCATTCCAA

	
	DENV-Probe
	Probe
	FAM-CGCGAGAGAAACCGCGTGTCGACTGT-BQ1

	EHD4
	EHD4-F
	Forward primer
	ATGGCAAGATATCAGGTGTCAA

	
	EHD4-R
	Reverse primer
	CTTGATCTTGATGAGGTGCTTG

	β-actin
	β-actin-277F
	Forward primer
	CCAACCGCGAGAAGATGA

	
	β-actin-397R
	Reverse primer
	TCCATCACGATGCCAGTG



Abbreviations: ZIKV, Zika virus; JEV, Japanese encephalitis virus; DENV, dengue virus; EHD4, Eps15 homology domain-containing protein 4; FAM, 6-carboxyfluorescein; BQ1, Black Hole Quencher 1.


Table S6 Primer sequences used for amplification of full-length ZIKV coding sequence from EAV-enriched fraction
	Name
	Sequence (5′→3′)
	Position

	F1
	AGTTGTTGATCTGTGTGA
	  1 – 18

	R1
	CTAGAATCGCCAAGACCATCC
	241 – 261 

	F2
	AAGGTGAAGCACGGAGAT
	727 – 744 

	R2
	CCATGTTGCTGACTGTTGTTG
	1117 – 1137 

	F3
	GCTGGTTACAACAACAGTCA
	1109 – 1128 

	R3
	CTCTCACAGTGGCTTCAAAT
	2207 – 2226 

	F4
	AGCATTTGAAGCCACTGTG
	2204 – 2222 

	R4
	GCTGGATCACACTCTAATG
	3016 – 3034 

	F5
	TGCCCACTCAAACATAGAG
	2916 – 2934 

	R5
	CATCTCCTCCAGTGTTCATT
	3746 – 3765

	F6
	GATCATCATAAGCACATC
	3638 – 3655

	R6
	TCCTGAGACCACGTAACTGAC
	4341 – 4361 

	F7
	GTCAGTTACGTGGTCTCAGG
	4341 – 4360

	R7
	TGGACCACAGTATGACAC
	4842 – 4859 

	F8
	GTGATAGGACTCTATGGTAATGG
	5049 – 5071

	R8
	CTCGCCATCAAGTATGACC
	5909 – 5927 

	F9
	TTTGAGACAGAGTTCCAG
	5784 – 5801

	R9
	CCAACCATCCGAGTTCAT
	6916 – 6933 

	F10
	CCATTGACAACCTCGCTGTG
	6878 – 6897

	R10
	CTATGAGTAGCACCTGTCC
	7425 – 7443 

	F11
	GTGCTGCCCAGAAGAGAAC
	7321 – 7330

	R11
	AGTCCTCCCCCATACCTAC
	8266 – 8284 

	F12
	GTCTTTCATATGGCGGCTGAG
	8601 – 8081

	R12
	CTCTCTTTCCTTGTCCACT
	8972 – 8990

	F13
	CACAAACGGCCACGAGTCTGT
	8832 – 8852

	R13
	TTGTGTGTCCTTCCTAACT
	9731 – 9749

	F14
	TGCGGAGGTCAGAGAAAGTG
	9583 – 9602

	R14
	CCTATGAGAGACCCACAC
	10167 – 10185 

	F15
	GTGTGGGTCTCTCATAGG
	9665 – 9689

	R15
	TAGCACTCCAGGTGTGGACCCTT
	10305 – 10326
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siRNA-mediated mRNA knockdown efficiency in Hela cells

(L]

,

Lil,

J

r
o
2
N

T
0
~

50-----

~

*SA UORONpal %) Aouajoyye umopsaouy

10 )




image4.jpeg
ue promutor‘\
AN

puroR

PX459

Cas9

<. sgRNA scaffold l

CRISPR vector

(ele}

detection

~ transfectio n’
® e /

=

EHD4 knockout
monoclonal cell line

Cell propagation

Monoclone cell

HelLa
WT 23
EHD4 i - 70 kDa
GAPDH = s
-35 kDa

Relative EHD4 mRNA level

Relative cell viability (%)

(% of wild-type control)

Residual EHD4 mRNA levels in KO HelLa clones

=W oa
- X woe & o

o

4 11 18 21 22 23 27 41 47
Clone number

o
=)

o
=]

o
=]

WT KO




image5.jpeg
EHD4 -]

GAPDH-

A549
WT KO

- 70 kDa

- 35kDa

Fold change in viral RNA level

(normalized to 0 h)

A549

24 72
Hours post infection

Vero
’511 ns * *%
2 "1 owr
210 = KO
a4 9
E g
173
2 7
)
o
< 5
Z 4

24 48 72
Hours post infection




image6.jpeg
A
B 2.0x108: Cc Concentration of EVs
I WT ns
: 107
Collect supernatant = 1m0
at 72 h post seeding EV isolation kit £ 1onoe E
2,000 g 30 min 10,000 X g,1h E 3
- —_— - > £ 50x107 2
| T s &
o
WT or KO 40 60 80 100 120 140 160 180 200 100
Size (nm) WT KO
D Diameter distribution of EVs
2.0%108- g
_ @ 1004 ns s ons
5 P NSNS NS mm WT
£ 1.5x108 ko @ 1 KO
NanoFCM ,/— < 5 90
£ S 80
§ °
£ 5.0x107 2 10
Concentration i £
g o
. &

40 60 BO 100 120 140 160 180 200 <60 50-130 >130
Size (nm) Diameter of SEVs (nm)




image7.jpeg
et | /ﬁ///,
oo cowoRu-
BoN-~g5050





image8.jpeg
(6102) SgrDI
(5985) SspI

(5661) Scal
(5551) Pvul

(5181) AhdI

PpecDNA-human EHD4

6104 bp

(4291) Peil

(3912) BstZ171
(3860) Bsml

(3622) BStBI

(3456) RsrIT
(3337) BssHII

(3058) PFIFT - Tth111T

BgIII (12)

Mfel (161)
Nrul (208)
MIuI (226)
Spel (249)

Ndel (484)
CMV Promoter
SnaBI (590)

Nhel (g95)
BmtI (899)
AfIIT (908)
HindIII (911)
Acc651 (917)
KpnI (521)
BamHI (929)

BSrGI (1650)

PaeR7I - PspXI - Xhol (1661)
Xbal (1667)

EC001091 - PSpOMI (1673)
Apal (1677)

BbsI (1893)
f1 origin
Dralll (2207)
Csil - SexAI* (2497)

Stul (2729)
AvrII (2730)
TspMI - Xmal (2751)
Smal (2753)
BsaBI* (2799)
Eagl (2846)
KasI (2939)
Narl (2940)
Sfol (2941)
PIUTI (2943)

PStI (2993)
Mscl (3022)




image9.jpeg
A 1.5x107;

T tet0r] mock
? 1.0x107-
S
T 7.5%10°
§ s.0x108
§ 5.0x10°-]
H
§ 25x106

o T T T ey

40 60 80 100 120 140 160 180 200

Size (nm)
B isan 1.5x107 1.5%107
o = ) = ) -

Fawaer] | 0.05% 10min (5 .1 0.05% 20min |5 T 0.05% 30min
£ i £ A
s 1.0%107- s 1.0x107 = 1.0x107-
L 8 ]
B 7.5x105] £ 7.5x105] B 7.5x108]
£ g 5
3 5.0x10°-] 8 5.0x105-] $ 5.0x105-]
c < <
§ 2.5%1084 8 25%105 38 2.5%105

o T T T T T o 0

40 60 80 100 120 140 160 180 200

T —————— ———T— T T T T
40 60 80 100 120 140 160 180 200 40 60 80 100 120 140 160 180 200
Size (nm) Size (nm) Size (nm)




