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An auto-antibody identified 
from phenotypic directed screening platform 
shows host immunity against EV-A71 infection
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Abstract 

Background: Enterovirus A71 (EV‑A71) is a neurotropic virus which may cause severe neural complications, espe‑
cially in infants and children. The clinical manifestations include hand‑foot‑and‑mouth disease, herpangina, brainstem 
encephalitis, pulmonary edema, and other severe neurological diseases. Although there are some vaccines approved, 
the post‑marketing surveillance is still unavailable. In addition, there is no antiviral drugs against EV‑A71 available.

Methods: In this study, we identified a novel antibody that could inhibit viral growth through a human single chain 
variable fragment (scFv) library expressed in mammalian cells and panned by infection with lethal dose of EV‑A71.

Results: We identified that the host protein α‑enolase (ENO1) is the target of this scFv, and anti‑ENO1 antibody was 
found to be more in mild cases than severe EV‑A71 cases. Furthermore, we examined the antiviral activity in a mouse 
model. We found that the treatment of the identified 07‑human  IgG1 antibody increased the survival rate after virus 
challenge, and significantly decreased the viral RNA and the level of neural pathology in brain tissue.

Conclusions: Collectively, through a promising intracellular scFv library expression and screening system, we found 
a potential scFv/antibody which targets host protein ENO1 and can interfere with the infection of EV‑A71. The results 
indicate that the usage and application of this antibody may offer a potential treatment against EV‑A71 infection.
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Background
Enterovirus A71 (EV-A71), a subtype virus of Enterovi-
rus A species belonging to the Enterovirus genus in the 
Picornaviridae family, is a major causative agent of viral 
hand-foot-and-mouth disease (HFMD) and herpangina 
in infants and children. However, EV-A71 is a neuro-
tropic virus and may develop into severe central nerv-
ous system complications, such as bulbar and brainstem 
encephalitis, cerebella ataxia, poliomyelitis-like paralysis, 
pulmonary edema, pulmonary hemorrhage, myocarditis, 
and cardiopulmonary collapse [1–3].

Viral loads, viral genetic determinants, host factors 
or sanitary conditions are all important factors which 
result in different clinical outcomes of EV-A71 infec-
tion. Immune response of host also plays a critical role 
of virus infection. The diversity of antibody specificity is 
enhanced by the process of somatic hypermutation and 
class switch recombination, antibody engineering and 
application of monoclonal antibodies (mAbs) become 
more and more powerful for therapeutic and diagnos-
tic purposes [4]. The variable region of heavy chain  (VH) 
and light chain  (VL) consist of interlaced complementa-
rity determining regions (CDRs) and framework region 
(Fw). This variable fragment (Fv) is the major and small-
est binding domain to specific antigen. However, some 
limitations of intact antibody facilitate the application of 
single chain variable fragment (scFv) by joining the  VH 

Open Access

*Correspondence:  jrwang@mail.ncku.edu.tw
1 The Institute of Basic Medical Sciences, National Cheng Kung University, 
Tainan, Taiwan
Full list of author information is available at the end of the article

http://orcid.org/0000-0002-4127-4046
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s12929-022-00794-2&domain=pdf


Page 2 of 17Cheng et al. Journal of Biomedical Science           (2022) 29:10 

and  VL with a flexible peptide linker. The scFv contains 
the whole antigen-binding activities but with the small-
est steric hindrance and minimum antigenic characteris-
tics as a candidate for further clinical drug development. 
There are more and more studies that utilized scFv to 
find the fragments against infectious agents and cancer 
cells. The human scFv library can be generated by non-
immunized donor and select human-derived candidates 
directly [5, 6]. Besides, utilization of scFv against viral 
proteins has been extensively applied to study antiviral 
resolutions [7–11]. Furthermore, the methodology can 
also be applied to identify targets for specific mechanisms 
[12]. There are several platforms which display antibody 
or scFv libraries to screen for the candidates, and phage 
display is the most powerful and applicable one based 
on the binding characteristics between target and candi-
date [13, 14]. It is applied to develop antibody candidates 
against not only infectious agents like bacteria, viruses, 
and parasites, but also diagnostic or therapeutic targets 
or molecules [15–21]. In addition, intracellular library 
display system had been developed and applied to screen 
the candidates through cellular phenotypic activity, such 
as survival from virus challenge [22–24]. Therefore, in 
this study, we applied a phenotypic directed library dis-
play to screen and further identify antibody candidates 
which have the ability to inhibit EV-A71 infection.

Methods
Cells and virus infection
Dulbecco’s modified Eagle’s medium (Gibco) containing 
10% fetal bovine serum (FBS) and 2% streptomycin-ampi-
cillin (P/S) was used to culture RD (rhabdomyosarcoma) 
cells. Stock EV-A71 virus strain N4643-TW98 and CA16 
was isolated from National Cheng Kung University Hos-
pital, Tainan, Taiwan. Virus was propagated in RD cells, 
and their titers were determined by plaque assay and 
 TCID50-ELISA in RD cells as described previously [25, 
26]. To analyze expression of ENO1, cells were infected 
with viruses at different multiplicity of infection (M.O.I.) 
for 24 h and extracted mRNA for reverse transcription-
PCR or Western blotting by using RIPA lysis buffer.

Construction of human scFv library
We used a modified vector, pDisplay-STOP, from the 
original pDisplay vector (Invitrogen, CA). Stop codon 
was added into pDisplay vector before PDGFR trans-
membrane domain (PDGFR-TM) sequence which lead 
scFv to express on the surface of the cell. This modified 
plasmid can express both intracellular and secreted scFv 
in mammalian cells. Collected peripheral blood mononu-
clear cells (PBMCs) (Number: VR-100-131, Institutional 
Review Board, National Cheng Kung University Hospital, 
College of Medicine, National Cheng Kung University) 

were cultured in Lymphocyte Growth Medium-3 (LGM-
3, Lonza Walkersville, Inc., MD) with proper cytokines 
and lactoferin cocktail (a gift from Leadgene Biomedical, 
Inc, Taiwan) and T cell inhibitor. The neutralizing anti-
body titer against EV-A71 from donors’ sera was 512. 
Total RNA was extracted (Genedirex, Taiwan) from B 
cells and reverse transcription (Leadgene, Taiwan) was 
performed to get cDNA for further  VH/VL amplification 
by polymerase chain reaction (PCR). Specific primers 
were modified according to the protocol from Jennifer 
Andris-Widhopf et  al. [27]. In brief,  VH (~ 470  bp) and 
 VL (~ 350 bp) genes were amplified and overlapped from 
cDNA pool, followed by insertion into the pDisplay-
STOP vector. Library size was calculated by using BstOI 
cleavage to evaluate the variation of scFv fragment and 
normalized with transformation efficiency. The original 
library size was approximately 2.5 ×  108 (data not shown).

scFv library expression and biopanning
Empty control vector (pDisplay-STOP) and pDisplay-
STOP-scFv plasmids were transfected into RD cells 
(HyFect™ DNA Transfection reagent, Leadgene) and 
selected by G418 sulfate for 1 week. These RD cells were 
analyzed by Western blotting or flow cytometry using 
mouse anti-HA tag antibody (Croyez, Taiwan) and beta 
actin antibody (Arigo, Taiwan) to verify generation of 
scFv. Before virus infection, the cells were washed sev-
eral times to remove secreted scFv. The cells were then 
infected with EV-A71. The different multiplicity of infec-
tion (M.O.I.) were used from 0.01, 0.05, 0.1, to 0.5 at dif-
ferent rounds of selection. After infection, the cells were 
collected and washed 5 times to remove unhealthy cells. 
Total mRNA was extracted from the healthy cells and 
RT-PCR was performed. The genes of scFv or  VH and  VL 
were amplified and subcloned back into the pDisplay-
STOP vector.

Cell viability assay
Level of cell viability was measured by WST-8 reagent 
based on redox reaction (Bimake, USA) according to the 
manufacturer’s instructions. Briefly, 10 μL of the rea-
gent was added per 100 μL cell medium and placed the 
cell culture plate back into incubator. The absorbance at 
450 nm was measured after 1 h. The absorbance was nor-
malized with non-infected cell control.

Analysis of VH and VL gene sequence
To analyze the  VH and  VL gene, scFv sequences were 
cloned into pJET1.2/blunt cloning vector for further 
sequencing. The sequences were analyzed by Vbase2 
database (http:// www. dnapl ot. de/ vbase2) to assign 
homologous germline genes.

http://www.dnaplot.de/vbase2
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Expression of specific scFv and intact antibody 
in mammalian cells
To overexpress scFv in cells, cells were transfected with 
scFv expressing plasmid using HyFect™ DNA transfec-
tion reagent (Leadgene, Taiwan). After 24  h, cells were 
lysed with RIPA buffer and analyzed by Western blot 
using mouse anti-HA monoclonal antibody. Intact anti-
body was obtained by co-transfection of two expression 
vectors (pcDNA3.4) containing heavy chain and light 
chain sequences separately in ExpiCHO system (Thermo 
Fisher Scientific) and purified by protein A resin.

Co‑immunoprecipitation (Co‑IP) assay and mass 
identification analysis
To perform Co-IP assay, cell lysate was extracted from 
EV-A71 infected RD cells by 1% NP-40 lysis buffer. 
MAB979 (2  μg) (Millipore) recognizes VP0 and VP2 of 
EV-A71 was diluted in 50 μL of PBS and incubated with 
protein G magnetic beads (from 20 μL slurry solution) 
for 5  min followed by three washes with 1  mL of PBS. 
Cell lysate (500 μg in 100 μL 1% NP-40 lysis buffer) was 
then added into MAB979 (Millipore) captured protein 
G magnetic beads and incubated for 24  h at 4  °C. The 
beads were washed with 1 mL of PBS-T (PBS with Tween 
20) for a total of 10 times, eluted with 25 μL 0.2 M Gly-
cine buffer (pH 2.6) and neutralized with 5 μL 1 M Tris 
buffer (pH 9). Samples were analyzed by Western blot-
ting using MAB979 (1:5000, Millipore) and mouse anti-
HA tag antibody (1:5000, Leadgene Biomedical, Inc.). 
To analyze 07-IgG1 binding protein, 07-IgG1 was conju-
gated to NHS-activated magnetic beads (Thermo Fisher 
Scientific). Cell lysates (1  mg) from EV-A71 infected or 
non-infected RD cells were extracted by RIPA buffer and 
incubated with 50 μL 07-IgG1 magnetic beads at 4 °C for 
24 h. Beads were then washed by 1 mL PBS-T 10 times. 
Bound proteins were eluted by using 25 μL of 0.2 M Gly-
cine buffer (pH 2.6) and neutralized with 5 μL of 1 M Tris 
buffer (pH 9). Samples were analyzed by 4–15% SDS-
PAGE (SMObio, Taiwan). For protein identification, gel 
fraction was sent for LC–MS/MS analysis by OmicsLab 
(Taiwan). The result was analyzed using Proteome Dis-
coverer software (version 1.4, thermo Fisher Scientific).

Enzyme‑linked immunosorbent assay (ELISA)
Proteins (5  μg/mL) were diluted in 0.05  M Carbonate-
Bicarbonate (pH 9.6) and coated on 96-well ELISA plates 
(GeneDireX) at 4  °C for 16  h. Plates were blocked with 
1% BSA in PBS for 1 h followed by washing with PBST 
(PBS with 0.05% Tween 20) for three times. Antibodies or 
sera (1:100 dilution) were diluted, added to wells at 37 °C 
for 1 h and washed with PBST. For ENO1 antibody detec-
tion, 07-IgG1 purified as described above was used as 

control. Bound antibodies were detected by horseradish 
peroxidase (HRP)-conjugated goat anti-human IgG anti-
body (Croyez, Taiwan). After final washes, color devel-
opment was performed by the addition of 50  μl TMB 
substrate, and the reaction was stopped by the addition 
of an equal volume of 2 N sulfuric acid. The optical den-
sity (OD) at 450 nm was measured.

Viral growth inhibition assay in conjunction with ELISA 
detection
The principle of EV-A71 detection method was adapted 
from microneutralization-enzyme-linked immunosorb-
ent assay (microNT ELISA) described previously [25, 28]. 
RD cells were seeded at  104/well 24 h before transfection. 
Transfection of pTT5-scFv07 and pTT5 vector only was 
performed according to the manufacturer’s instruction 
of HyFect™ Transfection Reagent (Leadgene, Taiwan). 
After transfection for 48  h,  1TCID50 or  10TCID50 of 
EV-A71 (N4643-TW98 strain) was added to the trans-
fected cells. At 24 h post-infection, ELISA was performed 
to detect viral antigen. Cells were fixed with 80% cold 
acetone and then washed with PBS-T. Followed by incu-
bation with mouse anti-EV-A71 monoclonal antibody 
(MAB979, 1:2000; Millipore) at room temperature for 
1 h, cells were incubated with secondary antibody: perox-
idase-labeled antibody against mouse IgG (pre-adsorbed, 
1:4,000; Genetex), at room temperature for 1  h. Wells 
were washed again with PBS-T and subsequently added 
3,3′,5,5′-tetramethylbenzidine substrate for 5  min, then 
stopped by 1 N sulfuric acid solution. Finally, the absorb-
ance was measured at 450  nm (A450) and normalized 
with non-infected cell control.

EV‑A71 infected ICR suckling mouse model
Breeder mice of the ICR strain were purchased from 
BioLasco Taiwan Co. Ltd, and 6-day-old ICR suckling 
mice were randomly divided into five groups: group 1, 
intracerebrally injected with 5 ×  104 pfu/mouse of 60  °C 
heat-inactivated EV-A71 (iEV-A71, n = 3); group 2, 
intracerebrally injected with 5 ×  104 pfu/mouse of live 
EV-A71 and saline (EV-A71, n = 3); group 3, intracer-
ebrally injected with 5 ×  104 pfu/mouse of live EV-A71 
and 10 mg/kg of isotype control antibody (BioXcell, West 
Lebanon, NH) (Isotype control, n = 6); group 4, intracere-
brally injected with 5 ×  104 pfu/mouse of live EV-A71 and 
10  mg/kg of clone 07 recombinant antibody (07-IgG1, 
n = 6); and group 5, intracerebrally injected with 5 ×  104 
pfu/mouse of live EV-A71 and 2  mg/kg of recombinant 
human ENO1 protein (Leadgene, Taiwan) (rhENO1, 
n = 6). All experiments were followed regulation of 
IACUC (No. 108064) (SIDSCO Inc., Taiwan). The clinical 
scores were recorded according to the illness symptoms 
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as follows: 0, healthy; 1, reduced mobility; 2, wasting; 3, 
limb weakness; 4, limb paralysis; and 5, death.

Detection of RNA expression level by PCR or quantitative 
real‑time PCR
Total cellular RNA of brain tissue of each suckling mice 
was extracted using Ambion TRIzol reagent (Thermo 
Fisher Scientific, Waltham, MA, USA) according to the 
manufacturer’s instructions. After being transcribed to 
cDNA by M-MLV reverse transcriptase (Promega, Madi-
son, WI, USA) with specific viral and oligo dT primers, 
the levels of ENO1 and EV-A71 RNA were determined 
using the ABI Step One Real-Time PCR system (Applied 
Biosystems, Foster City, CA, USA) or regular PCR (ABI 
9700) with specific primers. The comparative threshold 
cycle (Ct) value was normalized to the endogenous glyc-
eradehyde-3-phosphate dehydrogenase (GAPDH) mRNA 
level. Primer sequences used for PCR analysis were as 
below: 5′ human ENO1 (5′-GTA CCG CCA CAT CGC 
TGA CTTG-3′); 3′ human ENO1 (5′-AGC ATG AGA ACC  
GCC ATT GAT GAC -3′); 5′ human beta actin (5′-AGC 
ACA GAG CCT CGC CTT -3′); 3′ human beta actin (5′-
CAT CAT CCA TGG TGA GCT GG-3′); 5′ EV-A71 (5′-AAT 
CTC TC GCA TGG CAA ACT -3′); 3′ EV-A71 (5′-CAG 
TCC GCA CTG AGA ACG TA-3′); 5′ mouse GAPDH (5′- 
CCA TGC CAT CAC TGC CAC CC-3′); 3′ mouse GAPDH 
(5′-GCC ATG CC AGT GAG CTT CCC -3’); EV-A71 -RT 
(5′-ATA GCT CCG GAC TGC TGT CC-3′).

Histopathology examination of animal tissue
The brain tissues were collected from suckling mice and 
fixed with 10% formaldehyde for 48  h. The tissues were 
embedded in paraffin and cut into 3 μm-thick sections on 
slides for Hematoxylin/Eosin (H&E) and immunohisto-
chemical (IHC) staining. The tissues were incubated with 
rabbit anti-ENO1 (1:100; GeneTex, CA, USA) or rabbit 
anti-EV-A71 (1:500; GeneTex, CA, USA) antibodies at 
37 °C for 1 h and then with Goat anti-Rabbit IgG (H + L) 
as a secondary antibody (1:50; Leadgene Biomedical, 
Tainan, Taiwan) at room temperature for 30  min. The 
stained slides were photographed using a light micro-
scope equipped with a Motic EasyScan Pro (NA 0.75, 
Canada) for morphometric analysis.

Results
Establishment of human scFv library and screening 
for anti‑EV‑A71 scFv
For generation of intracellular scFv library, we modified 
a vector name pDisplay-STOP from the original pDis-
play vector. This original system is suitable for specific 
antigen selection to sort scFv-expressed cells. How-
ever, it may not be easy to identify whether these scFvs 
could protect against EV-A71 infection in cells. The 
stop codon was added before PDGFR-TM sequence to 
obtain the modified pDisplay-STOP vector (Fig.  1A). 
This modified plasmid can express both intracellu-
lar and secreted scFv in mammalian cells. After the 
removal of supernatants, the scFv which exist in intra-
cellular compartment can help us to screen for anti-
body against EV-A71 after infection.

We collected blood sample from a healthy adult who 
had high neutralizing antibody titer (512x) against 
EV-A71. Total RNA extraction from buffy coat and 
reverse transcription were performed to get cDNA. 
 VH (~ 470  bp) and  VL (~ 350  bp) genes were ampli-
fied from the cDNA pool. The purified  VH and  VL 
DNA were overlapped by PCR and inserted into the 
pDisplay-STOP vector. Empty control vector (pDis-
play-STOP) and pDisplay-STOP-scFv plasmids were 
transfected into RD cells and selected by G418 sulfate 
for 1  week. We found that these RD cells did express 
the scFv by using anti-HA tag antibody on Western 
blotting and flow cytometric assay (Fig. 1A). These scFv 
were detected in permeabilized cells but not on the 
surface of unfixed cells. These data demonstrated that 
we have generated scFv library and expressed in cells 
successfully.

The flowchart of biopanning was shown in Fig.  1B 
(left figure). To expand the library of scFv, we amplified 
scFv DNA from survived cells after EV-A71 infection. 
 VH and  VL DNA were amplified separately, and scFv 
gene repertories were further created by random com-
bination of these  VH and  VL using overlapping PCR. 
This procedure might increase the possibility to screen 
highly potent scFv against EV-A71 infection. In the first 
round of selection, we used M.O.I. at 0.01 for infection. 
After 48  h, all the control cells were dead. There were 

Fig. 1 Construction of human scFv library into pDisplay‑STOP vector, expression of scFv in RD cells, and panning for candidates against EV‑A71 
infection. A Modified pDisplay‑STOP vector with stop codon before PDGFR transmembrane domain sequence in the original pDisplay vector. 
Expression of scFv in cells was validated by using HA tag antibody on Western blotting and flow cytometric assay B Left figure: flowchart of 
biopanning. Right figure: Total RNA was extracted and reverse transcribed from surviving cells of different panning rounds, and amplified scFv 
genes were cloned into pDisplay‑STOP vector. RD cells were transfected with the libraries from different rounds and challenged with EV‑A71 
(M.O.I. = 0.01). After 48 h of infection, WST‑8 reduction assay was performed to measure the cell viability. C Cell viability after EV‑A71 infection of 
cells expressed with 10 scFv clones derived from 4th biopanning. Total RNA was extracted and reverse transcribed from surviving cells after 4th 
panning round, and amplified scFv genes were cloned into the pDisplay‑STOP vector. RD cells were transfected with 10 of the different clones from 
the 4th panning rounds and challenged with EV‑A71 (M.O.I. = 0.01). Cell viability was examined after 36 h of infection. D Amino acid sequences of 
anti‑EV‑A71 scFv. Clones 01, 02, 03, 04, 05, 07, 08, and 09 derived from the 4th biopanning possessed the same amino acid sequence

(See figure on next page.)
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around 5–10% of scFv-expressed cells which survived 
(right figure, Fig. 1B). After four rounds of panning pro-
cedures, survival rate of cells reached 70–80% (Fig. 1C).

Intracellular scFv07 decreased EV‑A71 viral growth
After the biopanning, we amplified the scFv genes that 
existed in surviving cells and identified 10 single clones. 
These clones were individually transfected to RD cells 
and characterized the cell viability after infection with 
EV-A71. We found that clones 1, 2, 3, 4, 5, 7, 8, and 9 had 
similar viability with the scFv pool from the 4th panning 
round (Fig.  1C). Therefore, we analyzed the sequences 
of these clones through sequencing and online soft-
ware. We found that the gene sequences of  VH and  VL 
were all mapped to the same gene among these 8 clones. 
The amino acid sequences of the frames and CDRs of 
 VH and  VL were shown in Fig. 1D. Since we identified a 
single candidate gene clone (we chose clone07) which 
may have the potential to inhibit viral growth, we fur-
ther proceeded with codon optimization and synthe-
sized the sequence with longer linkers (from GGGSRS 
to GGGGSGGGGSGGGGS) in order to sustain the 
function of scFv, and cloned into another vector (pTT5) 
which have better yields for protein expression in mam-
malian cells. We also confirmed the expression of scFv by 
using anti-HA antibody to detect the HA tag at C-termi-
nus (data not shown).

We examined the interference of viral growth by intra-
cellular scFv07 on ELISA platform which detect the viral 
antigen after infection. We found significantly less viral 
antigens were detected in the cells with scFv expression 
than the cells only transfected with pTT5 vector con-
trol (Fig. 2A). IFA data also indicated that overexpressed 
scFv07 in cell reduced EV-A71 replication (Fig.  2B). In 
addition, we further examined viral titers from super-
natant of EV-A71-infected pTT5- or pTT5-scFv07-
transfected cells, and a much lower viral titer was seen 
in pTT5-scFv07-transfected cells (Fig.  2C). The virus 
growth curve was determined in scFv07-transfected 
cells and showed significantly slower viral growth post-
infection when compared with vector-transfected cells 
(Fig. 2D). These results demonstrated that scFv07 has the 
ability to inhibit EV-A71 viral growth, and the mecha-
nism of anti-virus was characterized further.

scFv07 and intact 07‑human  IgG1 do not recognize EV‑A71 
proteins
To explore the relationship between scFv07 and EV-A71, 
scFv07 expressed RD cells were infected with virus and 
analyzed its expression using IFA. As shown in Fig. 3A, 
we found EV-A71 which was stained by MAB979, an 
antibody for VP0 and VP2, was not colocalized with 
scFv07. Moreover, by using co-immunoprecipitation 
assays, we found that MAB979 trapped VP protein did 
not interact with scFv07 in RD cells (Fig. 3B). To validate 
whether intact IgG shows any difference with scFv, we 
expressed and purified 07-IgG1 for further experiments. 
We used PEG-precipitated EV-A71 for indirect ELISA. 
The result indicated that MAB979, instead of 07-IgG1, 
could bind to EV-A71 protein in a dose-dependent man-
ner (Fig. 3C). The result suggests that scFv07 or 07-IgG1 
does not recognize EV-A71 capsid proteins.

Characterization of 07‑IgG1 binding protein in cells
To further identify the target protein of 07-IgG1 antibody, 
we conjugated 07-IgG1 to sepharose6B through covalent 
bound manner to perform pull-down assay. In Fig.  4A, 
we found similar pull-down pattern in RD cell lysate 
(Lane 3) and EV-A71-infected RD cell lysate (Lane 4) on 
SDS-PAGE. Extracted gels were further analyzed by mass 
spectrometry (MS), and human serum albumin, β-actin 
(Actin, Cytoplasmic 1), and ENO1 (Alpha-enolase) were 
found to interact with 07-IgG1. These proteins may either 
be a complex or a nonspecific binding protein. We fur-
ther used individual protein to check the binding ability 
with 07-IgG1 by using indirect ELISA. We found only 
ENO1 can significantly bind to 07-IgG1 (Fig.  4B). The 
dose-dependent binding curve proved a specific bind-
ing response. Thus, 07-IgG1 was an anti-ENO1 antibody. 
To examine whether patient serum contain anti-ENO1 
antibody, we found that mild infection cases contained 
higher anti-ENO1 titer than severe cases (Fig. 4C). These 
results imply 07-IgG1 identified from B cells might cor-
relate to the severity of EV-A71 infection.

Investigation of the role of ENO1 during EV‑A71 infection 
in cells
To identify the role of ENO1 in EV-A71 infection, RD 
cells were infected with EV-A71 for 24  h from 0.001 
to 0.01  M.O.I.. The fold-change of ENO1 protein was 

(See figure on next page.)
Fig. 2 Inhibition of viral growth by scFv07 in cells. A RD cells were infected with different titers (0, 1, and 10  TCID50) of EV‑A71 at 2 days 
post‑transfection with scFv07 expressing plasmid (pTT5‑scFv07) or pTT5 vector control. After 24 h of infection, the cells were fixed, and ELISA 
was performed by using anti‑EV‑A71 antibody to determine the expression of viral antigen. The absorbance of 450 nm was determined. B 
Post‑transfection with scFv07 expressing pTT5‑scFv07 plasmid or pTT5 vector cells were infected with EV‑A71 (M.O.I. = 0.1) for 24 h followed by 
staining with anti‑HA tag and EV‑A71 antibody (MAB979). Magnification: 10x. C Viral supernatants from above EV‑A71‑infected cells as indicated 
were used to calculate virus titer by plaque assay. D Viral growth (M.O.I. = 0.01) of pTT5 or pTT5‑scFv07 expressed RD cell were examined at 6, 12, 24 
and 36 h post infection by plaque assay. *p < 0.05; **p < 0.001
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normalized with self α-tubulin by Western blotting. The 
expression of ENO1 was found to be increased in a dose-
dependent manner (Fig. 5A). We also infected RD cells at 
0.01 M.O.I. and analyzed ENO1 protein expression at dif-
ferent h.p.i. ENO1 protein expression was changed kinet-
ically through the time-course (Fig.  5B). The viral titer 
at different M.O.I. of EV-A71 infection were all found to 
be significantly increased in ENO1 overexpressed cells 
(Fig. 5C). Furthermore, knock-down ENO1 cells showed 
reduced viral replication but can be rescued by adding 
ENO1 (Fig.  5D). Furthermore, viral growth curves (at 

M.O.I. of 0.01) of ENO1 overexpressed or knock-down 
RD cells were examined and found consistent results 
(Fig. 5E).

07‑IgG1 protected against EV‑A71 infection in ICR sucking 
mice
To evaluate whether 07-IgG1 can protect mice from 
EV-A71 infection in  vivo, 6-days-old ICR suckling mice 
were used for EV-A71 MP4 strain challenge. As shown 
in Fig. 6A, we randomly divided the mice into 5 groups. 
All mice were intracerebrally (i.c.) injected with EV-A71 
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by staining with rabbit anti‑HA tag and mouse anti‑EV‑A71 (Mab979) antibody. Goat anti‑mouse IgG‑488 and goat anti‑rabbit IgG‑594 were used 
for further detection. B EV‑A71 infected cell lysate (500 μg) was used for immunoprecipitation assays. MAB979 (2 μg) was captured by protein G 
magnetic beads (20 μL) and incubated with lysate for 24 h at 4 °C. After several washes, eluents were analyzed by WB using MAB979 and anti‑HA 
tag antibody. C PEG precipitated EV‑A71 were coated onto ELISA wells. Serial dilution of 07‑IgG1 and MAB979 were added as primary antibody and 
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MP4 strain (5 ×  104 pfu), with or without isotype control 
or 07-IgG1 (10 mg/kg), and recombinant hENO1 (2 mg/
kg). As shown in Fig. 6B, mice showed 100% survival rate 
in inactivated EV-A71 (iEV-A71), isotype control, and 
07-IgG1 group. Mice with recombinant hENO1 showed 
a 50% reduction of survival rate at day 5. Although iso-
type control shows a 100% survival rate at day 5, the 
body weight decreased and a clinical score increase were 
seen after EV-A71 infection (Fig. 6C and D). In the mice 
group treated with 07-IgG1, the body weight of mice were 
higher and clinical scores were lower compared with 
other groups (Fig.  6C and D). The EV-A71 and ENO1 
RNA expression levels of the mouse brain were meas-
ured by using RT-qPCR (Fig.  7A). Mice injected with 
heat-inactivated EV-A71 (iEV-A71) were used as mock 
infection control. The relative expression of EV-A71 
RNA was found to decrease significantly in the 07-IgG1 
group as compared with isotype control group. EV-A71 
infection with rhENO1 treatment showed a dramatical 
increase of viral mRNA in mice brain tissue. Notably, 
EV-A71 infection up-regulated ENO1 mRNA expression 
which could be reduced upon 07-IgG1 treatment. How-
ever, mice infected with EV-A71 infection in the presence 
of rhENO1 showed no statistically significant difference 
of ENO1 mRNA expression. To evaluate the histopa-
thology, the brain tissues were collected and embedded 
in paraffin for further Hematoxylin and Eosin (H&E) 
and immunohistochemical (IHC) staining. As shown in 
Fig.  7B, EV-A71-infected mice showed increased clus-
ters of inflammatory cells infiltration. 07-IgG1-treated 
mice showed less clusters than isotype control group. 
In brainstem, EV-A71-infected mice were found to have 
increased gliosis and necrotic forms of basophilic neu-
ronal necrosis (Upper panel, Fig.  7C). In contrast, the 
phenomena were reduced in the presence of 07-IgG1. 
The expression of EV-A71 and ENO1 in the brainstem 
was examined by IHC (Middle and lower panel, Fig. 7C). 
Mice treated with 07-IgG1 showed less EV-A71 and 
ENO1 expression which is similar with the result of RT-
qPCR in Fig. 7A. Taken together, our results suggest that 
ENO1 play a crucial role in EV-A71 infection. Inhibition 
of ENO1 by 07-IgG1 can reduce EV-A71 induced pathol-
ogy and viral replication.

Discussion
In the present study, we constructed scFv library to 
screen functional antibody against EV-A71 replication. 
Although sera from donors showed neutralizing titers 
against EV-A71, it is unclear whether these antibodies 
recognize with EV-A71 proteins or belong to polyreactive 
antibodies [29]. We display scFv library in mammalian 
cell to establish phenotypic directed screening platform 
rather than traditional library display system based on 

binding characteristics. It means antibodies biopanning 
from our library platform might not recognize EV-A71 
but might have the ability to interfere with viral replica-
tion. Based on the advantages of intracellular library, Xie 
et al. [22] used a lentivirus system to introduce an anti-
body library into HeLa cells and challenged with human 
rhinovirus to select the antibody candidate which can 
inhibit viral infection intracellularly.

The candidate antibody, scFv07 or 07-IgG1, was iden-
tified by its inhibition in viral replication. The virus rep-
lication was reduced under scFv07 expression in cells or 
adding 07-IgG1 as an exogenous treatment. This implies 
Fc of this candidate antibody is not necessary as func-
tional bioactivities against the virus. To our surprise, 
using mass spectrometry identification, we found that 
07-IgG1 actually recognizes host protein ENO1 instead 
of EV-A71 protein. There have been several studies 
which showed that host factors were critically involved 
during viral infection [30, 31]. Kuo et  al. [32] revealed 
that host protein- E3 ubiquitin − protein ligase NEDD4-
like (NEDD4L) is upregulated upon EV-A71 infection. 
Accordingly, they also demonstrated that depletion of 
NEDD4L significantly reduced the replication of EV-A71 
via the increase of IFN-β transcription.

ENO1 is a multifunctional protein involved in several 
physiological functions [33]. ENO1 has been shown to 
regulate human immunodeficiency virus type 1 (HIV-
1) replication through glycolysis [34, 35]. Under ENO1 
overexpression, HIV-1 replication is repressed. The 
regulations of ENO1 in different viruses are quite differ-
ent. There are several reports which showed that ENO1 
may play influential roles during viral infection by pro-
tein interactome analysis in EV-A71 infection [36–38]. 
However, there is no report of the effect of ENO1 or 
anti-ENO1 antibody in EV-A71 infection. We have exam-
ined that 07-IgG1 has no direct effect on ENO1 enzyme 
activity (data not shown). In hepatitis B virus infection, 
knock-down ENO1 expression can reduce viral replica-
tion by up-regulating type I interferon [39]. We used 
07-IgG1 to co-treat with EV-A71 infected RD cell and 
found no significant change of IFN-α secretion. In addi-
tion, no phosphorylation of stat1 level change was found 
in EV-A71 infected shLuc and shENO1 cells (data not 
shown). In addition to its traditional glycolytic func-
tion, it is also found on the surface of some hematopoi-
etic cells and epithelial cells with fibrinolytic activity 
[40, 41]. ENO1 is also an endothelial cell hypoxic stress 
protein, which is up-regulated upon hypoxia tolerance 
[42, 43]. Furthermore, it was found that upregulation of 
ENO1 was correlated with the progression of neuroblas-
toma, and hepatocellular carcinoma [44–47]. However, 
ENO1 was also reported as an autoantigen. Anti-α-
enolase antibodies can be frequently detected in systemic 
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autoimmune disorders [48–51]. Furthermore, some stud-
ies also showed that the level of ENO1 antibody was as 
a diagnostic or disease progression marker in lung can-
cer and breast cancer [52–54]. Therefore, ENO1 plays an 
important role in several biological, physiological, and 
pathologic processes [33]. In this study, we found that 
anti-ENO1 antibody played a role against EV-A71 infec-
tion. Han et al. [55] identified the host factor ATP6V0C 
which served as a target for anti-EV-A71 drug candi-
date. ATP6V0C (Vacuolar ATPase c subunit) is a trans-
membrane protein that translocates protons between 
plasma membranes and plays a crucial role in extracel-
lular microenvironment formation which is involved in 
invasion and metastasis of cancer [56, 57]. Indeed, these 
results imply inhibition of cellular functionality targets 
which might result in reduced EV-A71 infection and 
replication.

Besides, ENO1 autoantibodies were found to exist 
in several diseases including autoimmune diseases and 
viral infections [48–50, 58, 59]. ENO1 was also found to 
be increased in cells infected with EV-A71 [36]. How-
ever, it is unclear the role of ENO1 in EV-A71. We found 
both mRNA and protein levels of ENO1 were upregu-
lated in EV-A71 but not CA16 infection. Overexpres-
sion of ENO1 enhanced EV-A71 infection. In contrast, 
ENO1 knock-down, scFv07 overexpression, or 07-IgG1 
treatment could inhibit EV-A71 replication in  vitro and 
in vivo. However, there are also studies which in contrast 
showed that the expression of ENO1 was decreased dur-
ing EV-A71 infection, and ENO1-knocked down resulted 
in increased viral titers in culture supernatant [38]. The 
difference in results may presumably be due to the ENO1 
protein being involved in various important metabolic 
systems, and the varying time points used under different 
experimental conditions and systems.

In EV-A71 infected ICR suckling mice, 6-day-old mice 
were used for experiments and found that all infected 
mice were dead at day 5. To compare the levels of ENO1 
and EV-A71 mRNA, we sacrificed mice and found both 
mRNA levels were lower in 07-IgG1 injected EV-A71 
infected mice. Interestingly, we found that mice infected 
with isotype control antibody can also survive from lethal 
challenge at day 5. The isotype control antibodies were 
purified from human myeloma cell which may have some 
anti-inflammatory activity similar to the effect of intrave-
nous immunoglobulins (IVIGs) in human [60]. In addi-
tion, previous study has found IVIGs could affect EV-A71 
infection in mice [61]. It might be a reason as to why 
isotype control mice showed 100% survival rates at day 
5 post-infection. In in vitro assays, we found that ENO1 
overexpression showed higher EV-A71 replication, and 
the viral replication was down-regulated in ENO1 knock-
down RD cells. In in  vivo assay, we used rhENO1 to 

treat mice and found that viral mRNA was dramatically 
increased in the brain. Results are consistent in both cell 
and animal studies. rhENO1 administration resulted in 
an increased clinical score after day 4 and the survival 
rate drops to 50% at day 5 post-infection. The mechanism 
of rhENO1 to increase the survival rate is unclear. In 
mice, multiple factors including different functional sys-
temic networks and immune response might be involved 
in EV-A71 infection as we discussed above. In the future, 
the effect of ENO1 during EV-A71 infection in mice will 
be dissected.

Our results showed that mild infection had higher anti-
body titer against with ENO1, in contrast to severe cases 
with low titer against ENO1. However, a series of studies 
and a cohort study are still needed to evaluate whether 
anti-ENO1 antibody titer can be a new indicator for the 
progress of EV-A71 infection. In this study, since there 
no commutable reference materials available, we used 
07-IgG1 as an antibody standard for detecting ENO1 
reactive human antibodies in sera. Polyclonal antibod-
ies from ENO1 immunized animal sera belong to high 
affinity and host difference which might not be a suitable 
commutable control. Ideally, it should use native purified 
autoantibodies against ENO1 as standard to reflect the 
situation and titer in patients. Interestingly, autophagy 
may bridge the mechanisms between host ENO1 and 
viral replication since there are some studies showed that 
viral infection promotes autophagy, which enhances viral 
replication [62–64]. We also found that the expression of 
markers, Beclin 1 and LC3B, involved in autophagy activ-
ity were appropriately decreased with the treatment of 
07-IgG1 in the EV-A71 mice infection model (data not 
shown). Moreover, ENO1 was identified to promote the 
self-renewal and malignant phenotype of lung cancer 
stem cells by AMPK/mTOR pathway [65], and MPK/
mTOR pathway is also the upstream initiator during the 
onset of autophagy mechanism [66]. Additionally, in cel-
lular migration and inflammation, ENO1 also plays a role 
in cell-to-cell transmission via exosomes [67], and there 
are more and more studies found the crosstalk between 
exosome and autophagy in maintenance of cellular 
homeostasis [68–70]. However, more studies and evi-
dence are still needed to dissect the mechanisms among 
the factors.

Conclusions
Our study applied a phenotypic intracellular library dis-
play system to identify anti-EV-A71 agent, and we have 
explored the role of ENO1 and anti-ENO1 antibody in 
EV-A71 infection. Since ENO1 antibodies have been pro-
posed as a drug in cancers and autoimmune diseases [71], 
in regard to EV-A71 antiviral therapy, ENO1 targeting 
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might be a therapeutic strategy for preventing severe dis-
ease of EV-A71 infection.
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