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Abstract: 
Hand, foot, and mouth disease (HFMD), a highly contagious disease in children, is 
caused by human enterovirus, coxsackievirus A16 (CVA16) and coxsackievirus A6 
(CVA6) and especially enterovirus 71 (EV71). Numerous sulfonated azo dyes, widely 
used as food addictive, were identified as having potent antiviral activities against 
human enteroviruses. Among them, brilliant black BN (E151) was able to inhibit all 
EV71, CVA16 and CVA6 strains tested. 
 
In rhabdomyosarcoma cells, the 50% inhibitory concentrations of the dye E151 for 
various strains of EV71 ranged from 2.39µM to 28.12 µM, whereas its 50% cytotoxic 
concentration was 1,870 µM. 
 
E151 interacted with the vertex of the 5-fold axis of EV71 and prevented viral entry. 
Their efficacy in viral inhibition was regulated by amino acids at VP1-98, VP1-145 
and/or VP1-246. E151 also eluted attached viruses in a concentration-dependent 
manner. E151 also inhibited the interaction between EV71 and its cellular uncoating 
factor cyclophilin A.  
 
In vivo studies demonstrated that E151 at a dose of 200mg/kg of body weight/day 
given on the initial 4 days of challenge protected AG129 mice challenged with 10x 
the 50% lethal dose of wild-type EV71 isolates.  
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(Introduction) Human enterovirus 71 (EV71) is one of the causative agents of hand, 
foot, and mouth disease in children and is responsible for thousands of deaths in the 
past 20 years. Food azo dyes have been widely used since the 19th century; however, 
their biological effects on human and microbes residing in humans are poorly 
understood. We discovered that brilliant black BN (E151), was particularly effective 
in inhibiting the infectivity of EV71 in both cell culture and mouse model studies.  
Mechanistic studies demonstrated that these sulfonated dyes mainly competed with 
EV71 attachment factors for viral binding to block viral attachment/entry to host 
cells.  
 
(Identifying the trackers) Human enteroviruses, belonging to the genus Enterovirus 
in the family Picornaviridae, have a positive-sense, single-stranded-RNA genome 
encapsidated in a nonenveloped, icosahedral particle with 60 copies of each of the 4 
viral structural proteins, VP1, VP2, VP3 and VP4. VP1 is immunodominant and based 
on its nucleotide sequence. Every VP1 pentamer on the surface of an EV71 virion 
forms a prominent star-shaped plateau at the 5-fold axis of symmetry surrounded by 
a deep depression called the canyon region. (1,2) (Fig 1). Sulfated P-selectin 
glycoprotein ligand-1 (PSGL-1) and glycosaminoglycans (GAGs) on the cell surface 
interact with the positively charged vertex of the 5-fold axis of viral capsid to 
facilitate EV71 attachment and infection (3-8).  
 
(How it works) Sulphated/sulfonated heparin, suramin, and suramin derivatives 
have been shown to bind to the vertex of the 5-fold axis to block EV71 attachment 
to host cells (9-11). The cellular protein cyclophilin A has been determined to be an 
EV71-uncoating regulating factor through interactive with and modifying the 
conformation of the H-I look of VP1 at the vertex of the 5-fold axis (12). Antibodies 
binding to the vertex od the 5-fold axis also prevent EV71 infection (13).  
 
(Why it is safe) Sulfonation of azo dyes increases their solubility in water and 
decreases their cellular absorption and enhances their urinary excretion in humans 
and animals. It can interact with positively charged amino acids, such as lysine and 
arginine, and possess antimicrobial activities (14-18). Azo dyes have been authorized 
to be used as additives in the F&B industry since the 19th century. Common food azo 
dyes labelled with an ‘E’ number can be found in the list of food additives from the 
European Food Safety Authority (EFSA) 
 
(Complications of HFMD) Infection with EV71 occasionally leads to fatal pulmonary 
edema or neurological disorders like encephalitis, aseptic meningitis, and acute 
flaccid paralysis. Millions of cases and several thousands deaths have been reported 
during EV71 epidemics in the Asia-Pacific region since the 1990s. (19-23) 
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FIG 1 

[Left] Cartoon image of the icosahedral EV71 virion with VP1 (blue), VP2 
(light green), and VP3 (green) on viral surface. The regular black pentagon 
indicates the vertex of the 5-fold axis formed by a VP1 pentamer. 
 
[Right] Three-dimensional surface of the vertex of an EV71 KE strain. Amino 
acids at VP1-145 (red) and VP1-246 (green) are critical for E151 binding to 
prevent EV71 infection. VP1-246P is conserved, while Vp1-145E is dominant. 
EV71 strains with VP1-145G/Q are highly sensitive to E151, whereas strains 
with VP1-145E have low sensitivity to E151. Positively charged VP1-98K, VP1-
242K, and VP1-244K (blue) might also interact with E151 through 
electrostatic attraction.  
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FIG 2 

To investigate which steps of the EV71 life cycle were affected by E151, E151 
was added to RD or Vero cells at an MOI of 1 at different time points during 
EV71-GFP infection, and infected cells were quantified at 12hrs postinfection. 
The percentage of infected cells with positive GFP signals was significantly 
reduced when E151 was added at -1, - or 1hrs but not at 2hrs postinfection. 
Therefore, the inhibitory effects of E151 occurred at the early stages of EV71 
infection, which include viral attachment, internalization and uncoating but not 
viral replication.  
 
To further dissect the inhibitory mechanisms of the dye E151, assays of the 
attachment of EV71 to cells and attachments factors were performed in the 
absence or presence of E151. in a cell-virus binding assay, E151 prevented 
EV71 attachment to RD cells in a concentration-dependent manner. The 
attachment of EV71-B4 (highly sensitive to E151) and EV71-C1 (slightly 
sensitive to E151) to RD cells was significantly blocked by E51 at concentration 
of 30µM and 100µM, respectively, based on the results of the Western blot 
analysis using a specific anti-VP1 monoclonal antibody, 1D9(24).  
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Fig 3 
E151

Percentages of infected cells (GFP positive) after treatment with E151 at the 
indicated concentrations from 0 to 200 µM. The average value ± standard 
error of 3 random spots for each concentration is presented. 
 
Green fluorescent protein (GFP) as a reporter, the percentage of GFP-positive 
cells, the 50% inhibitory concentration (IC50) of E151 was determined to be 
10.1µM.  
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FIG 4 

Mock E151
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By using a virus titer reduction assay, the inhibitory effects of the 4 azo dyes 
on the infectivity of wild-type human enteroviruses were investigated in RD 
cells. E151 at 100µM significantly prevented cytopathic effect (CPE) induced 
by viral infection and reduced the titers of all 8 RD cell-adapted EV71 strains, 
belonging to different sub-genogroups and 4 clinical EV71 isolates. E151 
inhibited the infectivity for all 3 CVA16 and 1 CVA6 virus.  
 
In the presence of E151. Brackets indicate P values of >0.01 (one-way ANOVA 
with Dunnett’s posttest in panel A and two-tailed Student’s t test in panel B) 
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FIG 5 
EV71-B4 +PBS EV71-B4 +E151 EV71-C1 +PBS EV71-C1 + E151

The efficacy of E151 in preventing EV71 infection in vivo was assessed in 14-day-
old AG129 mice, which were intraperitoneally challenged with 10 50% lethal doses 
(LD50) of highly E151-sensitive EV71-B4 (3 X 1010 50% tissue culture infective dose 
[TDIC50]) or slightly E151-sensitive EV71-C1 (1.5X 108 TCID50).  
 
The mice (8 pups per group) were then treated with 200mg E151/kg of body 
weight/day or 200µl PBS/day through intraperitoneal inoculation from the 14th to 
the 17th day (0 to 30 days postchallenge). The PBS-treated mice in control groups 
began to exhibit clinical symptoms, such as hunched back and limb paralysis, from 
as early as day 6 postchallenge and succumbed to infection from day 8 
postchallenge. Eventually they all died, with survival percentage declining to 0. In 
the E151 treatment groups, some challenged mice only exhibited mild illness with 
clinical scores of less than 3 and subsequently recovered. All E151-treated mice 
were completely protected throughout the experiment.  
 
To further evaluate the protective efficacy of E151, the EV71-C1-challenged mice 
treated with PBS or E151 were euthanized at 4, 8, or 12 days postchallenge (5 mice 
per group per time point), and titers of progeny virus in the brain and hind limb 
muscle tissues were determined. For the PBS-treated mice, viruses were detected 
in the muscle and brain from day 4 postchallenge. The viral titers in brains 
continually increased with time, while those in muscle tissues reached the highest 
levels at day 4 postchallenge and then declined, as previously reported (25).  
 
In contract, significantly lower virus titers in both brain and muscle tissues were 
observed in the mice treated with E151. although the viral titers in muscle of 
E151-treated mice increased after the cessation of E151 treatment from day 4 
postchallenge, those in brains did not increase to the detectable level (103.5 
TCID50/g).  

7 



References 
 
1.  Plevka P, Perera R, Cardosa J, Kuhn RJ, Rossmann MG. 2012. Crystal 
structure of human enterovirus 71. Science 336:1274. https://doi.org/10 
.1126/science.1218713. 
2.  Wang X, Peng W, Ren J, Hu Z, Xu J, Lou Z, Li X, Yin W, Shen X, Porta C, 
Walter TS, Evans G, Axford D, Owen R, Rowlands DJ, Wang J, Stuart DI, 
Fry EE, Rao Z. 2012. A sensor-adaptor mechanism for enterovirus uncoating 
from structures of EV71. Nat Struct Mol Biol 19:424–429. https:// 
doi.org/10.1038/nsmb.2255. 
3.  Nishimura Y, Shimojima M, Tano Y, Miyamura T, Wakita T, Shimizu H. 
2009. Human P-selectin glycoprotein ligand-1 is a functional receptor for 
enterovirus 71. Nat Med 15:794. https://doi.org/10.1038/nm.1961. 
4.  Nishimura Y, Wakita T, Shimizu H. 2010. Tyrosine sulfation of the amino 
terminus of PSGL-1 is critical for enterovirus 71 infection. PLoS Pathog 
6:e1001174. https://doi.org/10.1371/journal.ppat.1001174. 
5.  Nishimura Y, Lee H, Hafenstein S, Kataoka C, Wakita T, Bergelson JM, 
Shimizu H. 2013. Enterovirus 71 binding to PSGL-1 on leukocytes: VP1- 
145 acts as a molecular switch to control receptor interaction. PLoS 
Pathog 9:e1003511. https://doi.org/10.1371/journal.ppat.1003511. 
6.  Pourianfar HR, Poh CL, Fecondo J, Grollo L. 2012. In vitro evaluation of 
the antiviral activity of heparan sulfate mimetic compounds against 
enterovirus 71. Virus Res 169:22–29. https://doi.org/10.1016/j.virusres 
.2012.06.025. 
7.  Tan CW, Poh CL, Sam IC, Chan YF. 2013. Enterovirus 71 uses cell surface 
heparan sulfate glycosaminoglycan as an attachment receptor. J Virol 
87:611– 620. https://doi.org/10.1128/JVI.02226-12. 
8.  Tan CW, Sam IC, Lee VS, Wong HV, Chan YF. 2017. VP1 residues around 
the five-fold axis of enterovirus A71 mediate heparan sulfate interaction. 
Virology 501:79–87. https://doi.org/10.1016/j.virol.2016.11.009. 
9.  Wang Y, Qing J, Sun Y, Rao Z. 2014. Suramin inhibits EV71 infection. 
Antiviral Res 103:1– 6. https://doi.org/10.1016/j.antiviral.2013.12.008. 
10.  Ren P, Zou G, Bailly B, Xu S, Zeng M, Chen X, Shen L, Zhang Y, Guillon 
P, Arenzana-Seisdedos F, Buchy P, Li J, von Itzstein M, Li Q, Altmeyer R. 
2014. The approved pediatric drug suramin identified as a clinical candidate for the treatment of 
EV71 infection—suramin inhibits EV71 infection 
in vitro and in vivo. Emerg Microbes Infect 3:e62. https://doi.org/ 
10.1038/emi.2014.60. 
11.  Nishimura Y, McLaughlin NP, Pan J, Goldstein S, Hafenstein S, Shimizu H, 
Winkler JD, Bergelson JM. 2015. The suramin derivative NF449 interacts 
with the 5-fold vertex of the enterovirus A71 capsid to prevent virus 
attachment to PSGL-1 and heparan sulfate. PLoS Pathog 11:e1005184. 
https://doi.org/10.1371/journal.ppat.1005184. 
12.  Qing J, Wang Y, Sun Y, Huang J, Yan W, Wang J, Su D, Ni C, Li J, Rao Z, Liu 
L, Lou Z. 2014. Cyclophilin A associates with enterovirus-71 virus capsid and 
plays an essential role in viral infection as an uncoating regulator. PLoS 
Pathog 10:e1004422. https://doi.org/10.1371/journal.ppat.1004422. 
13.  Lee H, Cifuente JO, Ashley RE, Conway JF, Makhov AM, Tano Y, Shimizu 
H, Nishimura Y, Hafenstein S. 2013. A strain-specific epitope of enterovirus 
71 identified by cryo-electron microscopy of the complex with Fab 
from neutralizing antibody. J Virol 87:11363–11370. https://doi.org/10 
.1128/JVI.01926-13. 

8 

https://doi.org/10.1016/j.virol.2016.11.009
https://doi.org/10.1371/journal.ppat.1005184


14.  Baba M, Schols D, Mohan P, De Clercq E, Shigeta S. 1993. Inhibition of 
HIV-1-induced cytopathogenicity, syncytium formation, and virus-cell 
binding by naphthalenedisulfonic acids through interaction with the 
viral envelope gp120 glycoprotein. Antivir Chem Chemother 4:229 –234. 
https://doi.org/10.1177/095632029300400405. 
15.  Ojala WH, Ojala CR, Gleason WB. 1995. The X-ray crystal structure of the 
sulfonated azo dye Congo red, a non-peptidic inhibitor of HIV-1 protease 
which also binds to reverse transcriptase and amyloid proteins. 
Antivir Chem Chemother 6:25–33. https://doi.org/10.1177/095632029 
500600104. 
16.  Ojala WH, Sudbeck EA, Lu LK, Richardson TI, Lovrien RE, Gleason WB. 
1996. Complexes of lysine, histidine, and arginine with sulfonated azo 
dyes: model systems for understanding the biomolecular recognition 
of glycosaminoglycans by proteins. J Am Chem Soc 118:2131–2142. 
https://doi.org/10.1021/ja951121f. 
17.  Ono M, Wada Y, Wu Y, Nemori R, Jinbo Y, Wang H, Lo KM, Yamaguchi N, 
Brunkhorst B, Otomo H, Wesolowski J, Way JC, Itoh I, Gillies S, Chen LB. 
1997. FP-21399 blocks HIV envelope protein-mediated membrane fusion 
and concentrates in lymph nodes. Nat Biotechnol 15:343–348. https:// 
doi.org/10.1038/nbt0497-343. 
18.  Weglarz TE, Gorecki L. 2012. Azo dyes—biological activity and synthetic 
strategy. Chemik 66:1303–1307. 
19.  Shimizu H, Utama A, Yoshii K, Yoshida H, Yoneyama T, Sinniah M, Yusof 
MA, Okuno Y, Okabe N, Shih SR, Chen HY, Wang GR, Kao CL, Chang KS, 
Miyamura T, Hagiwara A. 1999. Enterovirus 71 from fatal and nonfatal 
cases of hand, foot and mouth disease epidemics in Malaysia, Japan and 
Taiwan in 1997-1998. Jpn J Infect Dis 52:12–15. 
20.  McMinn P, Stratov I, Nagarajan L, Davis S. 2001. Neurological manifestations 
of enterovirus 71 infection in children during an outbreak of 
hand, foot, and mouth disease in Western Australia. Clin Infect Dis 
32:236 –242. https://doi.org/10.1086/318454. 
21.  Wu JM, Wang JN, Tsai YC, Liu CC, Huang CC, Chen YJ, Yeh TF. 2002. 
Cardiopulmonary manifestations of fulminant enterovirus 71 infection. 
Pediatrics 109:E26. https://doi.org/10.1542/peds.109.2.e26. 
22.  Wu Y, Yeo A, Phoon MC, Tan EL, Poh CL, Quak SH, Chow VT. 2010. The 
largest outbreak of hand; foot and mouth disease in Singapore in 2008: 
the role of enterovirus 71 and coxsackievirus A strains. Int J Infect Dis 
14:e1076–e1081. https://doi.org/10.1016/j.ijid.2010.07.006. 
23.  Yang F, Ren L, Xiong Z, Li J, Xiao Y, Zhao R, He Y, Bu G, Zhou S, Wang 
J, Qi J. 2009. Enterovirus 71 outbreak in the People’s Republic of 
China in 2008. J Clin Microbiol 47:2351–2352. https://doi.org/10 
.1128/JCM.00563-09. 
24.  Tang ML, Kiener TK, Lim XF, Kwang J. 2012. Identification and characterization 
of a monoclonal antibody recognizing the linear epitope 
RVADVI on VP1 protein of enterovirus 71. J Med Virol 84:1620 –1627. 
https://doi.org/10.1002/jmv.23372. 
25.   Khong WX, Yan B, Yeo H, Tan EL, Lee JJ, Ng JK, Chow VT, Alonso S. 
2012. A non-mouse-adapted enterovirus 71 (EV71) strain exhibits 
neurotropism, causing neurological manifestations in a novel mouse 
model of EV71 infection. J Virol 86:2121–2131. https://doi.org/10 
.1128/JVI.06103-11. 9 

https://doi.org/10.1002/jmv.23372

	Slide Number 1
	Slide Number 2
	Slide Number 3
	Slide Number 4
	Slide Number 5
	Slide Number 6
	Slide Number 7
	Slide Number 8
	Slide Number 9

