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. between EV infections and type 1 diabetes. Immunohistochemical studies with the anti-EV antibody
5D-8.1 have shown that the EV capsid antigen is present in pancreatic islet cells of diabetic subjects.
When it was noticed that 5D-8.1 may cross-react with human proteins, doubt was casted on the
significance of the above histopathologic findings. To address this issue, properties of EV antibodies
5D-8.1 and 9D5 have been investigated using peptide microarrays, peptide substitution scanning,
immunofluorescence of EV-infected cells, EV neutralization assays, bioinformatics analysis. Evidence
indicates that the two antibodies bind to distinct non-neutralizing linear epitopes in VP1 and are specific
for a vast spectrum of EV types (not for other human viruses). However, their epitopes may align with a
few human proteins at low expected values. When tested by immunofluorescence, high concentrations
of 5D-8.1 yelded faint cytoplasmic staining in uninfected cells. At reduced concentrations, both
antibodies produced dotted staining only in the cytoplasm of infected cells and recognized both acute
and persistent EV infection. Thus, the two monoclonals represent distinct and independent probes for
hunting EVs in tissues of patients with diabetes or other endocrine conditions.

Several recent reports point to enterovirus (EV) infections as key environmental triggers of type 1 diabetes
(T1D)'. Conclusions are based on multiple proofs that include the histopathologic detection of EV antigens/
genome in the islets of Langerhans of diabetics at different stages of the disease®~!2. Recent findings suggest that
EVs are causing chronic low-level infection in the islet cells of newly diagnosed T1D patients'2.

EVs are small, non-enveloped, single-strand positive-sense RNA viruses belonging to the family Picornaviridae.
The EV capsid is composed of four structural proteins named VP1, VP2, VP3, and VP4. The main structural
differences among VP1, VP2, and VP3 lie in the loops that connect the beta-strands with the N- and C-terminal
sequences extending from the beta-barrel domain'?. These amino acid (AA) sequences give each EV its distinct
morphology and antigenicity. The VP4 component lies on the inner surface of the shell and is essential for virion
stability. Evolution has resulted in a large number of antigenically distinguishable members that have been cate-
gorized as EV “serotypes”". Not considering human rhinoviruses, the EV genus contains human agents of the A,
B, C, D, and unnamed species that, together, comprise 109 different types.

Each of the serotypes correlates with a specific immune response of the host and protection from disease. The
serotype-specific protective immune response is directed to the capsid proteins VP1, VP2, and VP3, as the VP4
has no role in the interaction with neutralizing antibodies (i.e., those directed to variable regions of surface capsid
proteins). Non-neutralizing antibodies recognizing VP regions that are conserved among different EV types are
also produced. The significance of the non-neutralizing antibody response is currently under investigation'*.

Immunization with different EV types allowed to produce a variety of monoclonal antibodies (MAbs) that
are either type-specific (i.e., responsible of virus neutralization) or directed to conserved regions of capsid pro-
teins!*>~'8. Reactivity of the latter antibodies may be limited to sets of different EV types or may be directed to a
wider range of EV types. Though molecular methods are held to be more informative than classical serologic
methods for virus identification'®, “pan-EV antibodies” capable of reacting with all or with the majority of EV
types remain desirable reagents for detecting these agents both in the diagnosis of infectious diseases?*~?* and in
immunohistochemistry?.

Center for Nanotechnology and Innovation, Italian Institute of Technology, Pisa, Italy. 2Laboratory of Medical
Microbiology, Department of Biotechnology and Life Sciences, University of Insubria, Varese, Italy. 3Department of
Medical Sciences, University of Foggia, Foggia, Italy. Correspondence and requests for materials should be addressed
to AT. (email: antonio.toniolo@uninsubria.it)

SCIENTIFICREPORTS | 6:24757 | DOI: 10.1038/srep24757 1


mailto:antonio.toniolo@uninsubria.it

Figure 1. Spot patterns produced by MAbs 5D-8.1 (a) and 9D5 (b) with overlapping peptides of the VP1
protein of the following viruses: CV-B1, CV-B4, E-30, CV-Al. Microarray signals were converted to a matrix
representation: 5D8.1 (c), and 9D5 (d). Background noise was reduced by multiplying the signal with the
moving average of the intensity plot.

The greater part of immunohistochemical studies in which a conserved region of enteroviral VP1 has been
detected in the islets of Langerhans of T1D cases employed the pan-EV MADb 5D-8.11%%. This MAb has been
produced in mice immunized with inactivated coxsackievirus B5 (CV-B5) and has been shown, by immunos-
taining, to react with multiple EV types!®2%2, The 5D-8.1 epitope in VP1 has been partially characterized using
competition assays with synthetic peptides and demonstrated to be EV-specific?®. However, subsequent studies
suggested that MAb 5D-8.1 may also recognize human proteins, including an isoform of creatine kinase and
a mitochondrial ATP synthase?”. Comprehensibly, these results casted doubts on the conclusions of previous
immunohistochemical studies of pancreatic tissue in T1D cases®>?%.

Due to the relevance of MAb 5D-8.1 in diabetes research, we re-investigated this antibody in parallel with
the pan-EV MAD 9D5 that is used for diagnosing EV infections in virology laboratories?®*!. MAb 9D5 has been
obtained from mice immunized with inactivated CV-B3 and shown to react with multiple EV types?.

Reactivity of the two MAbs was defined with the help of innovative microarray technology, substitution scan
of peptide epitopes, immunostaining of acutely and persistently infected cell lines, neutralization assays. The
MADbs’ epitopes were then examined versus the human proteome and versus proteins of diverse viral agents in
order to delineate their specificity and define possible cross-reactivities.

Results

Epitopes of Mab 5D-8.1 and MAb 9D5. Secondary goat anti-mouse IgG Ab did not show back-
ground interactions with antigen-derived peptides. As shown in Fig. 1a,c, MAb 5D-8.1 gave defined spots for
the VP1 sequence of CV-B1, CV-B4, E-30, and reduced reactivity with CV-Al. The peptide scan indicated
IPALTAVETGHT as the consensus sequence containing the epitope of MAb 5D-8.1. Comparable signals were
produced by MAb 9D5 (Fig. 1b,d) and attributed to the consensus motif SIGNAYSMFYDG. Thus, relative to the
VP1 sequence of CV-B4 (GI: 61031)¥, the sequence containing the epitope of 5D-8.1 was close to the N-terminus
at AA residues 28-39, whereas that of 5D9 was located towards the C-terminus at residues 187-198. Substitution
scan of peptide IPALTAVETGHT against MAb 5D-8.1 allowed to delimit the antibody binding site to a conserved
core motif 4-IPALTAAET-12. AA positions 41, 7L and 8T showed the highest degree of sequence conservation
with a nearly complete loss in binding of MAb 5D-8.1 upon exchange by other amino acids. AA positions 5P
and 11E were well-conserved, exchange by Q and by H, respectively, caused a 60-80% loss in antibody binding.
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Figure 2. Solvent-Accessible Surface Area (SASA) of the VP1 capsid protein calculated at different
organization levels and expressed as Relative Solvent Accessibility (RSA) a quantity that varies between 0
and 100 (Red: VP1 protein; blue: capsomer; green: capsid). Only the epitope region is colored. The alignment
of the two epitope sequences is highlighted in shades of blue to represent the conservation level. Panel (a): MAb
5D-8.1; Panel (b): MAb 9D5.
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Compared to this, AA positions 6A and 10A exhibited a slightly higher susceptibility for substitution by selected
amino acids with a maximal decrease of 50% of spot intensities. 9A and 12T showed the highest tolerance for
exchange by other amino acids. Replacement by F (9A) and A (12T) was accepted without loss in antibody
binding.

Three dimensional analysis of the VP1 protein and the two MADb epitopes. For each viral cap-
sid organization level, the Solvent-Accessible Surface Area (SASA) was calculated in order to estimate the
degree-of-burial of antibody epitopes within the protein. The resolved structures of six reference enterovirus
strains were obtained from the RCSB database and a 1.4 A sphere probe was used to represent a water molecule.
The exposed surface area was first calculated, and then normalized with the maximum allowed solvent-accessible
area®’. Normalized SASA values take the form of Relative Solvent Accessibility (RSA), a quantity which varies
between 0 (for completely buried residues) and 100 (for maximally exposed residues). Results are summarized
in Fig. 2. The alignment of the VP1 regions recognized by the two MAbs is shown in Fig. 3a. The target residues
are mainly accessible in the monomeric form for the two epitopes (N-terminal 5D-8.1, yellow; C- terminal 9D5,
green). The exposed residues are highly conserved among different EV types, evidencing their importance in the
capsid assembly process. Localization of the VP1 protein within the capsomere (Fig. 3b) shows that the 5D-8.1
epitope is located in a domain where exposed residues are stabilized by a beta sheet structure. Figure 3¢ shows the
two epitopes in the VP1 protein assembled into the capsid.

Detection of MADb epitope sequences among human and viral proteins.  The predicted reactivity
of antibodies 5D-8.1 and 9D5 with human proteins and viral agents was explored using BLASTp queries vs. the
human proteome and viruses. Results are summarized in Table 1. It is deduced that the two M Abs may recognize
linear targets producing significant alignments with sufficiently low E values. Interestingly, MAb 5D-8.1 produced
significant alignments for creatine kinase U-type and a mitochondrial ATP synthase, among other proteins. These
targets may represent the antigens indicated as cross-reactive by Korsgren and collaborators in 2013%. Similarly,
MAD 9D5 may be expected to bind to a variety of human proteins, including the leucine-rich repeat-containing
protein 66. However, much better alignments (i.e., much lower E values) have been obtained for enteroviruses,
rhinoviruses, and agents of the Rabovirus and Sapelovirus genera that represent the most recent members of the
Picornaviridae family*"*2.

The expected reactivity of MAbs 5D-8.1 and 9D5 with different EV types of the A, B, C, D species is shown in
Table 2. Whereas reactivity of the two MADbs is largely equivalent, 5D-8.1 has a wider coverage of the A species as
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Figure 3. Structural alignment of the capsid protein VP1. The resolved VP1 structure of 6 enterovirus
types (CV-B1, CV-B3, CV-A24, CV-A21, E-1, E-7) was aligned in order to identify highly conserved
regions. (a) Soluble VP1: the 5D-8.1 epitope (yellow) and the 9D5 epitope (green) are indicated. (b) VP1
assembled into an enterovirus capsomere. (c) Localization of VP1 within the enterovirus capsid.
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MADb 5D-8.1 MAbD 9D5

Sequence PALTAVETGHT containing the BLASTp query | Sequence SIGNAYSNFYDG containing the BLASTp query E
Target proteins Mab epitope E value (range) | Mab epitope value (range)

Creatine kinase U-type; protein sel-1 ho- Leucine-rich repeat-containing protein 66;

molog 1 isoform 2 precursor; ATP synthase sodium/potassium/calcium exchanger 6,

mitochondrial F1 complex assembly factor; mitochondrial precursor; fin bud initiation

cAMP-specific 3/,5'-cyclic phosphodiester- factor homolog precursor; cullin-7 isoforms;

ase 4D; olfactory receptor 52I1; DDB1- and inter-alpha-trypsin inhibitor heavy chain H3
Homo sapiens CUL4-associated factor 4-like protein 1; 3.0-66 preproprotein; FK506-binding protein 15; 1.1-35

interferon regulatory factor 2-binding protein regenerating islet-derived protein 3-alpha

2 isoform B; receptor-interacting serine/thre- precursor; Synaptotagmin 12; leucine-rich

onine-protein kinase 4; ATP synthase subunit repeat-containing protein 36; heterogeneous

gamma, mitochondrial; serine/threonine-pro- nuclear ribonucleoprotein U-like protein 2; IQ

tein kinase mTOR; Creatine kinase B-type and AAA domain-containing protein 1-like

i i . Enterovirus species A, B,C,D,E,F G, H, J;
Animal viruses ]?:Rlxlt_eroylrus species 4, B, G, D, B, E G, I, 8x107°-1.7 | Rhinovirus AI,)B, C; Rabovirus; Sapelovirus; 9% 107°-1.5
inovirus A, B, C; Rabovirus; Sapelovirus S Lo X
affold virus; Coronavirus

Other viruses Bacterial phages 36-70 Bacterial phages 11-41

Table 1. Significant alignments of human proteins and viral agents with the epitopes of monoclonal
antibodies 5D-8.1 and 9D5'. 'BLASTp queries performed in public databases. Taxid: Homo sapiens, Viruses,
Picornavirales, ssRNA viruses, Enteroviruses, Rhinoviruses.

compared to MAD 9D5. Scattered cases of complimentary specificity also occur, indicating that the combined use
of both antibodies could widen the detection range in diagnostic/immunohistochemical procedures.

Immunostaining of enterovirus-infected cell cultures. In uninfected cells (AV3 and LLC-MK, lines)
MAD 9D5 did not produce fluorescence even at the concentration of 5 pug/ml (Fig. 4a), while 5D-8.1 yielded fine
perinuclear and cytoplasmic fluorescence when used at the concentration of 1 ug/ml (Fig. 4b), but not at con-
centrations <1 ug/ml (Fig. 4c). The two investigated MAbs produced dotted cytoplasmic fluorescence in human
and monkey cells acutely infected with CV-B4 (Fig. 4d-f). Fine dotted fluorescence was also seen in AV3 cells
undergoing persistent infection by the CV-Blpc strain isolated from a case of pancreatic carcinoma (Fig. 4g-i). In
persistent infection, VP1 was expressed frequently in cells showing mitotic bars or dividing (Fig. 4h,i). The slow
infectious process was not accompanied by manifest CPE.

IIF was also used for investigating the inhibitory effects of peptides containing the epitopes of MAbs
5D-8.1 and 9D5 in the acute model of CV-B4 infection. Fluorescent staining by 5D-8.1 was totally inhibited
by pre-incubation with the peptide SESIPALTAAETGHT (8 pg/ml), but not with peptide SIGNAYSNFYDG.
The reverse was true for MAb 9D5: pre-incubation with SIGNAYSNFYDG (8 ug/ml), but not with
SESIPALTAAETGHT, inhibited cytoplasmic fluorescence (data not shown). Thus, ITF confirmed that the two AA
sequences encompass the relevant epitopes.

Enterovirus neutralization assays with MAbs 5D-8.1 and 9D5. The neutralizing activity of
5D-8.1 and 9D5 was explored against CV-B1 and CV-B4. As controls, horse antiserum against CV-B1 and the
CV-B4-neutralizing MADb 356 were used. As shown in Table 3, the two pan-EV antibodies did not neutralize
CV-B1 and CV-B4 (titer <1:8). As expected, control antibodies had high homotypic, but not heterotypic, neu-
tralizing titers (anti CV-B1: 1:4096 vs. CV-B1; <1:8 vs. CV-B4 - anti CV-B4: 1:512 vs. CV-B4; <1:8 vs. CV-B1).
Thus, the investigated monoclonals are devoid of neutralizing activity.

Discussion
Validation of antibodies used to identify specific biomolecules is a critical issue in medicine®. To this end, a
variety of methods can be used, but it is reccommended that rather than relying on a single antibody, researchers
should have the possibility of using pairs of antibodies designed to bind different parts of the same target protein.
The case of MAb 5D-8.1 is remarkable in the context of diabetes research. In fact, numerous immunohistochemi-
cal studies with 5D-8.1 documented the presence of EV VP1 within the islets of Langerhans in a large proportion
of T1D cases, but not in the pancreas of non-diabetic subjects?®. These studies suggested that viral infection played
a pathogenic role in T1D. In 2013, it was shown that MAb 5D-8.1 could bind human islet proteins, specifically
the mitochondrial proteins creatine kinase B-type and ATP synthase beta subunit?. The finding triggered a reas-
sessment of EV infection of pancreatic islets in T1D cases*. Two subsequent publications settled the issue in part,
convening that - under appropriate staining conditions - MAb 5D-8.1 was an adequate probe for EV infection?2.
As virologists, we set out to validate the binding of 5D-8.1 and 9D5 to the EV VP1 capsid component and
to identify the possible cross reactivity of these antibodies both with human proteins and viral agents. Binding
results and bioinformatics analyses confirmed that the epitopes of 5D-8.1 and 9D5 are distinct and located at the
N- and C-terminal domains of VP1. Both antibodies are directed to conserved domains of a capsid protein of
picornaviruses, and recognize the majority of EV types. However, they are not neutralizing, as expected for anti-
bodies targeting conserved regions of the viral shell. Our data delineate the spectrum of EV types that each anti-
body binds to, thus confirming partial published results on the specificity of the two MAbs!®2-226_ Bjoinformatics
analysis indicated that the two antibodies cover EV types of the A species less well than those of the B, C, D species
(Table 2). Since the binding spectra are not identical, the combined use of MAbs 5D-8.1 and 9D5 should allow
to cover almost all EV types. Notably, both antibodies are also predicted to cover Rabovirus and Sapeloviruses,
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MAb 5D-8.1 MAb 9D5
. . . . Epitope % amino acid Epitope % amino acid
N Strain sequence sequence
species type Number sequence identity! sequence identity*
A CA02 AY421760 Fleetwood PALQAAETGAT 72 SPASAYQWFYDG 58
A CA03 AY421761 Olson PALOAAETGAS 63 SPASAYQWFYDG 58
A CA04 AY421762 High_Point PALQAAETGAS 63 SPASAYQWFYDG 58
A CAO5 AY421763 Swartz PALQAAETGAT 72 SPASTYQWFYDG 50
A CAO6 AY421764 Gdula PALQAAETGAS 63 SPASAYQWFYDG 58
A CA07 AY421765 Parker PALQAAETGSS 63 SPASAYQWFYDG 58
A CA08 AY421766 Donovan PALQAAETGAT 72 SPASAYQWFYDG 58
A CA10 AY421767 Kowalik PALQAAETGAT 72 SPASAYQWFYDG 58
A CA12 AY421768 Texas-12 PALQAAETGAT 72 SPASAYQWFYDG 58
A CA14 AY421769 strain_G-14 PALQAAETGAT 72 SPASAYQWFYDG 58
A CAl6 u05876 Al6_G-10 PALQAAETGAS 63 SPASAYQWFYDG 58
A EV71 U22521 BrCr PALQAAEIGAS 54 SPASAYQWFYDG 58
A EV76 AY697458 FRA91-10369 PALQAAETGAT 72 SPASAYQWFYDG 58
A EV89 AY697459 BAN00-10359 PALQAAETGAT 72 SPASAYQWFYDG 58
A EV90 AY697460 BAN99-10399 PALQAAETGAT 72 SPAAAYQWFYDG 58
A EVI1 AY697461 BAN00-10406 PALQAAETGAT 72 SPASAYQWFYDG 58
A EV92 EF667344 USA/GA99-Rlg-7 PALQAAETGAT 72 SPASAYQWFYDG 58
B CBO1 M16560 Conn-5 PALTAAETGHT 90 SIGNAYSCFYDG 91
B CB02 AF085363 Ohio-1 PVLTAVETGHT 90 SIGNAYSMFYDG 91
B CBO3 M16572 Nancy PALTAAETGHT 90 SIGNAYSNFYDG 100
B CB04 X05690 JVB PALTAVETGHT 100 SIGNAYTMFYDG 83
Peterborough /
B CBOS AFD28545.1 1954/UK/85 PALTAAETGHT 100 SIGNAYSMFYDG 100
B CBO6 AF039205 Schmitt PALTAVETGHT 100 SIGNAYSTFYDG 91
B EO01 AF029859 Farouk PNLTAVETGHT 90 SIGNAYSNFYDG 100
B E02 AF465518 Comelis PALTAVETGHT 100 SIGNAYSNFYDG 100
B E03 AY302553 Morrisey PALTAVETGHT 100 SIGNAYTNFYDG 91
B E04 AY302557 Pesacek PNLTAVETGHT 90 SVGNAYSSFYDG 83
B EO0S AF083069 Noyce PALTAVETGHT 100 SIGNAYSSFYDG 91
B E06 U16283 Lytic PALTAAETGHT 90 SVGNAYSNFYDG 91
B E07 AF465516 Wallace PALTAVETGHT 100 SIGNAYSNFYDG 100
B E09 X84981 Hill PALTAAETGHT 90 SIGNAYSSFYDG 91
B E11 X80059 Gregory PALTAVETGHT 100 SIGNAYSNFYDG 100
B E12 X79047 Travis PALTAAETGHT 90 SIGNAYSNFYDG 100
B E13 AY302539 Del_Carmen PMLTAAETGHT 81 SVGNAYSSFYDG 83
B E14 AY302540 Tow PALTAVETGHT 100 SIGNAYSNFYDG 100
B E15 AY302541 CH96-51 PALTAVETGHT 100 SIGNAYCNFYDG 91
B E16 AY302542 Harrington PALTAAETGHT 90 SIGNAYSSFYDG 91
B E17 AY302543 CHHE-29 PALTAAETGHT 90 SVGNAYSCFYDG 83
B E18 AF317694 Metcalf PALTAVETGHT 100 SVGNAYSSFYDG 83
B E19 AY167107 K-542-81 PALTAVETGHT 100 SIGNAYSNFYDG 100
B E20 AY302546 Jv-1 PALTAAETGHT 90 SIGGAYSSFYDG 83
B E21 AY302547 Farina PVLTAAETGHT 81 SVGNAYCNFYDG 83
B E24 AY302548 DeCamp PALTAVETGHT 100 SVGNAYSSFYDG 83
B E25 AY302549 v-4 PALTAVETGHT 100 SVGNAYCNFYDG 83
B E26 AY302550 Coronel PALTAAETGHT 90 GIGNAYSMFYDG 83
B E27 AY302551 Bacon PALTAVETGHT 100 GIGNAYSSFYDG 83
B E29 AY302552 Jv-10 PALTAAETGHT 90 SIGNAYANFYDG 91
B E30 AF162711 Bastianni PALTAVETGHT 100 SVGNAYCNFYDG 83
B E31 AY302554 Caldwell PALTAAETGHT 90 SIGNAYSSFYDG 91
B E32 AY302555 PR-10 PALTAVETGHT 100 SIGNAYSNFYDG 100
B E33 AY302556 Toluca-3 PALTAVETGHT 100 SVGNAYSCFYDG 83
B EV69 AY302560 Toluca-1 PALTAAETGHT 90 SVGNAYSSFYDG 83
B EV73 AF241359 CA55-1988 PALTAAETGHT 90 SVGNAYSMFYDG 83
B EV74 AY556057 USA-CA75-10213 PALTAVETGHT 100 SVGNAYSTFYDG 83
B EV75 AY556070 USA-OK85-10362 PALTAVETGHT 100 SIGNAYSNFYDG 100
B EV77 AJ493062 CF496-99 PALTAVETGHT 100 SIGNAYSMFYDG 91
B EV79 AY843297 USA-CA79-10384 PALTAVETGHT 100 SIGNAYSMFYDG 91
B EV80 AY843298 USA-CA67-10387 PMLTAVETGHT 90 SIGNAYCNFYDG 91
B EV81 AY843299 USA-CA68-10389 PALTAVETGHT 100 SVGNAYSSFYDG 83
B EV82 AY843300 USA-CA64-10390 PALTAAETGHT 90 SIGNAYSSFYDG 91
B EV83 AY843301 USA-CA76-10392 PALTAAETGHT 90 SIGNAYSMFYDG 91
B EV84 DQ902712 CIV2003-10603 PALTAVETGHT 100 SVGNAYSSFYDG 83
B EV85 AY843303 BAN00-10353 PALTAAETGHT 90 SIGNAYSSFYDG 91
B EV86 AY843304 BAN00-10354 PALTAAETGHT 90 SIGNAYSSFYDG 91
B EV87 AY843305 BAN01-10396 PALTAAETGHT 90 SVGNAYSSFYDG 83
B EV88 AY843306 BAN01-10398 PALTAAETGHT 90 SVGNAYSSFYDG 83
B EV97 AY843307 BAN99-10355 PALTAVETGAS 81 GIGNAYSSFYDG 83
B EV98 AB426608 T92-1499 PALTAAETGHT 90 SVGNAYSSFYDG 83
B EV100 DQY02713 BAN2000-10500 PALTAVETGHT 100 SVGNAYSTFYDG 83
B EV101 AY843308 CIV03-10361 PALTAVETGHT 100 SIGNAYSNFYDG 100
B EV107 AB426609 TN94-0349 PALTAAETGHT 90 SIGNAYSNFYDG 100
C CAO1 AF499635 Tompkins PALTAVETGAT 90 GIGSAYSHFYDG 75
C CA11 AF499636 Belgium-1 PALTAVETGAT 90 GIANAYSHFYDG 75
C CA13 AF499637 Flores PALTAVETGAT 90 GIANAYSHFYDG 75
C CA17 AF499639 strain_G12 PALTAVETGAT 90 GIANAYSHFYDG 75
C CA19 AF499641 8663 PALTAVETGAT 90 GIGAAYSHFYDG 75
C CA20 AF499642 I1H35 PALTAVETGAT 90 GIANAYSHFYDG 75
C CA21 AF546702 Kuykendall PALTAVETGAS 81 GIANAYSHFYDG 75
C CA22 AF499643 Chulman PALTAVETGAT 90 GIGAAYAHFYDG 66
C EV96 EF015886 BAN00-10488 PSLNAAETGAT 63 GIANAYSHFYDG 75
C EV99 EF555644 USA-GA84-10636 PALTAVETGHT 100 GIANAYSHFYDG 75
C EV102 EF555645 10424-BAN99 PALTAVETGAS 81 GIANAYSHFYDG 75
C EV104 EU840733 CL-1231094_FL PALTAVETGAT 90 GIGAAYSHFYDG 75
C EV105 JX514943 345/DRC/2010 PALTAVETGAT 90 GISGAYSHFYDG 66
C EV109 GQ865517 NICA08-4327 PALTAVETGAT 90 GISGAYSHFYDG 66
c EV113 KC344833 BBD-48 PALTAVETGAT 90 GIGAAYSHFYDG 75
[ EV116 JX514942 126/Russia/2010 PALTAVETGAT 90 GIGAAYSHFYDG 75
C EV117 JX262382 LIT22 PALTAVETGAT 90 GIGSAYSHFYDG 75
C EV118 JX961708 ISR/38 PALTAVETGTT 90 GVSGAYSHFYDG 58
D EV68 AY426531 Fermon PSLNAVETGAT 72 CINSAYSVFYDG 66
D EV70 D00820 1670/71 PSLNAVETGAT 72 SINSAYANFYDG 75
D EV94 DQ916376 E210 PALTAVETGAS 81 CINSAYGMFYDG 58

Table 2. Epitopes of MAbs 5D-8.1 and 9D5: significant alignments with the VP1 protein of enterovirus
types belonging to the A, B, C, D species. 'Enterovirus types showing less than 70% sequence identity with the
epitope sequence are highlighted in gray.
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Figure 4. Indirect immunofluorescence of the human AV3 cell line: staining of enterovirus-infected

cells with MAbs 9D5 and 5D-8.1 (green; counterstaining, Evans blue). Uninfected cells (top panel), cells
acutely infected with CV-B4 (middle panel), cells persistently infected with CV-Blpc (lower panel).At the
concentration of 5 ug/ml, MAb 9D5 did not produce fluorescence in uninfected cells (a). 5D-8.1 produced fine
granular cytoplasmic fluorescence in uninfected cells at the concentration of 1 pug/ml (b). Background staining
disappeared when this antibody was used at concentrations <1 ug/ml (c). AV3 cells 4 hrs post-infection with
CV-B4: staining by 5D-8.1 (d,e), or 9D5 (f).AV 3 cells undergoing persistent infection by the CV-Blpc strain.
5D-8.1: dotted cytoplasmic fluorescence (g). 9D5: VP1 staining frequently seen in cells showing mitotic bars (h)
or dividing (i). Original magnification: 20x (a—e) or 100x (f-i).

Neutralizing titer
Antibody/antiserum CV-B1 CV-B4
Pan-enterovirus MADb 5D-8.1 <8 <8
Pan-enterovirus MAb 59D5 <8 <8
Anti-CV-B4 MADb 356 (control) <8 512
Anti-CV-B1 horse antiserum (control) 4096 <8

Table 3. Enterovirus neutralization assays. Results for monoclonal antibodies 5D-8.1 and 9D5.
"Neutralizing titer expressed as the inverse of the greatest dilution giving a positive result.

animal viruses of the most recent genera within the Picornaviridae family. Immunofluorescence results confirmed
that MADb 5D-8.1 (but not 9D5) may produce fine granular fluorescence in the cytoplasm of uninfected human
and monkey cells. This, however, occurred only at elevated antibody concentrations (i.e., >1 pg/ml). The obser-
vation is in line with the lack of absolute specificity of EV's reported by Korsgren and collaborators”. We could
however confirm that, when adequately diluted, the antibody produces specific staining of different EV types in
cultured cells® without fluorescent signals in uninfected cells. Of interest to diabetes research, the linear epitopes
of both MAbs bear only marginal similarity with the human proteome, with a few possible exceptions. In particu-
lar, the 5D-8.1 epitope bears similarity with creatine kinase U-type (E value, 3.0), ATP synthase mitochondrial F1
complex assembly factor (E value, 12), creatine kinase B-type (E value, 66).

Notably, 9D5 - that has been used for a long time in diagnostic virology'®* -does not produce back-
ground staining in uninfected cultured cells and delineates clearly the expression of VP1 in acutely- and
persistently-infected cells. Immunofluorescent staining of cultured cells cannot be compared directly with that
of immunocytochemistry. In formalin-fixed, paraffin-embedded samples, antigen retrieval is mandatory for VP1
detection® (suggesting that protein denaturation may favor antibody binding). In contrast, staining of cultured
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cells with either of these MAbs gives excellent results upon acetone or paraformaldehyde fixation (i.e., procedures
not causing protein unfolding). Whether the two MAbs can bind to VP1 in its native configuration®® within live
virus particles is currently under investigation.

Finally, in persistently-infected cells, expression of VP1 was frequently seen in proliferating cells with both
5D-8.1 and 9D5. The finding may not be accidental. In fact, the cellular factor 68-kDa Src-associated protein in
mitosis (Sam68) has been recently shown to interact with the EV IRES during infection, thus enhancing trans-
lation of virus proteins®. This aspect merits further attention due to its possible impact on EV pathogenesis*

In conclusion, both MADbs bind to the VP1 capsid protein of EVs and of phylogenetically-related picornavi-
ruses. Epitopes are located in distinct stretches of the VP1 protein. The MAbs recognize both acute and persistent
infection in cultured cells, and are devoid of EV-neutralizing activity. Thus, these distinct and independent probes
will be useful for confirming histopathologic and virology data that indicate EV infection of islet cells as having a
pathogenic role in diabetes. Further virus searches in diabetes and other endocrine diseases are expected.

Methods

Identification of linear epitopes in VP1 sequences of four enterovirus types. The linear epitopes
of MAbs 5D-8.1 and 9D5 in the VP1 capsid protein of enteroviruses were mapped using peptide microarray tech-
nology”’. The N- and C-termini of VP1 sequences of four enterovirus types [coxsackievirus B1 (CV-B1; K4N918),
coxsackievirus-B4 (CV-B4; S5PU54), echovirus-30 (E-30; Q9YLKO), and coxsackievirus-Al (CV-Al; Q9YLP4)]
were elongated by neutral GSGSGSG linkers to avoid truncated peptides. Elongated sequences were linked to
a single artificial sequence. The elongated artificial sequence was translated into 15 AA peptides with a pep-
tide-peptide overlap of 14 amino acids and bound to duplicate spots of silica microarrays. The resulting microar-
rays covered peptides of all four sequences (1,181 different peptides in duplicate). For control, microarrays were
framed by HA (YPYDVPDYAG) and FLAG (DYKDDDDKGG) peptides (104 spots). Rockland blocking buffer
MB-070 (VWR International Frankfurt, DE), PBS plus 0.05% Tween 20, PBS-Tween plus 10% Rockland blocking
buffer were used for blocking, washing, and incubation procedures, respectively. Mouse mAb 5D-8.1 (IgG2a;
Dako, Cernusco sul Naviglio, Italy) and 9D5 (IgG3; Millipore, Livingstone, UK) were incubated at 10 ug/ml in
the microarray for 16 h at 4 °C with shaking. Goat anti-mouse IgG-DyLight680 (New England Biolabs, Frankfurt,
DE) served as secondary antibody and was incubated for 30 min at room temperature. HA and FLAG control
peptides framing the microarray were subsequently stained with MAb anti-HA-DyLight680 (red) and MAb anti-
FLAG-DyLight800 (green). Light emission was read with a LI-COR Odyssey Infrared Imaging System (resolution
21 um; 700 nm; LI-COR Biosciences, Bad Homburg, DE). Staining with MAbs anti-HA and anti-FLAG confirmed
the assay quality and microarray integrity (scanning intensities red/green 7/7).

Substitution scan of the peptide SESIPALTAAETGHT against MAb 5D-81. Peptide array syn-
thesis and binding detection were performed by PEPperPRINT GmbH (PEPperPRINT, Heidelberg, Germany)
as reported®®*. Permutation scans were carried out on the peptide SESIPALTAAETGHT (containing the MAb
5D-8.1 epitope) and on its variants. In the permutation scan, the effect on binding of replacing each of the 15
peptide positions by standard L-amino-acids was analyzed. Each microarray contained 286 peptides printed in
duplicate and was framed by HA and FLAG control peptides. One peptide microarray copy was pre-stained with
the secondary goat anti-mouse IgG (H+-L) DyLight680 antibody (red) in the presence of the monoclonal anti-HA
(12CA5)-DyLight800 antibody (green) followed by read-out at scanning intensities of 7/7 (red/green). Incubation
of a second peptide microarray with MAb 5D-8.1 (1 ig/ml) was followed by staining with the secondary antibody
in the presence of the monoclonal anti-HA (12CA5)-DyLight800 control antibody and then read-out at scan-
ning intensities of 7/7 (red/green). Finally, the FLAG control peptides framing the peptide arrays were stained
as additional internal quality control to confirm the assay quality and the peptide microarray integrity (scanning
intensities red/green: 7/7).

Quantification of spot intensities and peptide annotation were based on 16-bit gray scale tiff files at scanning
intensities of 7/7. Microarray image analysis was done with PepSlide Analyzer. A software algorithm broke down
fluorescence intensities of each channel and spot into raw, foreground, background signal and calculated the
standard deviation of median foreground intensities. Based on averaged median foreground intensities, an inten-
sity map was generated and interactions in the peptide map were highlighted by an intensity color code with red
for high and white for low spot intensities. To provide an in-depth view on the substitution scan, a heat map of the
peptide microarray was generated as well as a substitution matrix and an AA plot reflecting the AA preferences at
a given position. Data sets were correlated with peptide and intensity maps to analyze the substitution pattern in
consideration of conserved/variable amino acids and possible AA exchanges.

The substitution matrix highlighted the preference for a given AA by color codes (red: preferred AA; light blue:
less preferred AAs) and was calculated by dividing the spot intensity of a given peptide (e.g., 1-YPYDVQDYA-9)
by the averaged spot intensities of all 20 peptides that were substituted at the same position (1-YPYDVQDYA-9).
The AA plot was calculated by dividing the spot intensity of a given peptide (1-YPYDVQDYA-9) by the spot
intensity of the wild type epitope (1-YPYDVQDYA-9). The position of an AA at a given position thus reflected
the intensity ratio compared to the AA of the native epitope at the same position.

Cell lines, viruses, indirectimmunofluorescence (lIF) and neutralization assays. The human cell
lines AV3, HeLa, RD and the monkey line LLC-MK, (ECAAC, Salisbury, UK) were cultured in DMEM/F12
medium supplemented with 10% FCS plus penicillin/streptomycin. EV types CV-B1 (Conn-5), CV-B4 (].V.B.),
E-30 (Bastianni), CV-Al (Tompkins) obtained from ATCC (LGC Standards, Sesto San Giovanni, Italy) were
amplified in vitro, titrated and stored at —70 °C. For acute infection, subconfluent cultures were infected at a
multiplicity of infection of 0.5 and incubated 3-6 hours. Persistent infection was investigated in the AV3 cell
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line that had been chronically infected with CV-Blpc (a virus strain isolated from tissue collateral to pancreatic
carcinoma). AV3 cells carrying CV-Blpc do not show evident CPE, maintain apparently normal replication rate,
and release minimal amounts of virus in the medium as seen by RT-PCR and virus titration (<100 TCIDs,/ml;
manuscript in preparation). Persistently infected cells were at the 10™"-20"" passage.

For IIF, cells were cultured in 4-well Millicell EZ Slides (Merck, Vimodrone, Italy). Cell monolayers were
fixed in 4% paraformaldehyde in PBS (r.t., 30 min), washed 3 x in PBS-1% FCS, permeabilized with Triton X100
(0.05% in PBS; 10 min), washed 3 x in PBS-1% FCS, briefly immersed in distilled water and dried out. Fixed slides
were incubated overnight at 4°C with 0.5, 1, or 5 pug/ml of mouse pan-EV MAD 5D-8.1 (IgG2a) or MAb 9D5
(IgG3). Staining was achieved with the secondary antibodies FITC-labeled goat anti-mouse IgG H+L (Merck),
Alexa Fluor 488 goat anti-mouse IgG2a, or Alexa Fluor 594 goat anti-mouse IgG3 (ThermoFisher, Monza, Italy).
ProLong antifade (ThermoFisher) was used as mounting medium. Pictures were taken with either a Nikon E800
Eclipse microscope (Nikon, Firenze, Italy) or a Leica TCS SP8 confocal microscope (Leica, Milano, Italy).

Indirect immunofluorescence (IIF) inhibition assays of MAbs 5D-8.1 and 9D5 have been performed using
different concentrations of the synthetic peptides SESIPALTAAETGHT (PEPperPRINT) and SIGNAYSCFYDG
(Sigma-Aldrich, Milano, Italy) that encompass the epitopes of 5D-8.1 and 9D5, respectively. Each MAb (1 pg/ml)
was pre-incubated with increasing concentrations (0, 2, 8, 32 pug/ml) of either the SESIPALTAAETGHT or the
SIGNAYSCFYDG peptide (2hrs at r.t.). Then, IIF staining was performed as above.

Neutralization assays were performed as reported®. The following MAbs/antisera were used: MAb 5D-8.1,
MAD 9D5, anti-CV-B4 MADb 356*!, horse anti-CV-B1 serum (ATCC). Briefly, antibody dilutions in complete
DMEM/F12 medium were made in triplicate in 96-well flat bottom plates. Then, 100 tissue culture infectious
dosess, (TCIDs,) of CV-B1 or CV-B4 were dispensed into each well and mixed with antibody dilutions or control
medium. After 1hr incubation at r.t., 10* LLC-MK, cells were added to each well. Cytopathic effect (CPE) was
read at 6-7 days with an inverted microscope. Antibody titer is defined as the highest antibody dilution capable
of preventing CPE.

Bioinformatics analysis. A list of complete EV capsid structures were obtained from the advanced search
method of the RSCB server??, and a selection of the resulting data were downloaded as monomer PDB files
(1COV, 1H8T, 1D4M, 1EV1, 4GB3, 4Q4V). For each monomer structure, the complete capsid was assembled
based on its BIOMT REMARK included in the PDB file. The Visual Molecular Dynamics software (VMD)* has
been used for visualization, computation and analysis of structural data. The Solvent-Accessible Surface area
(SASA) was calculated for the VP1 monomer, the capsomer, the capsid. For each epitope, BLASTp queries were
performed in public databases (Homo sapiens, Viruses, Picornavirales, ssRNA viruses, enteroviruses, rhinovi-
ruses). A BLAST program employing the SEG algorithm** was used to filter low complexity regions from proteins
before executing a database search. The BLASTp results that produced significant alignments of the two MAb
epitopes with human proteins or viral agents are reported along with the Expected(E) value. E value is used as a
measure of epitope specificity. The lower the E-value, or the closer it is to zero, the more “significant” the match
is. Analysis of the predicted reactivity of the two MAbs with the different EV types is based on the alignments of
epitope sequences with the VP1 sequence of EVs. A cut off value of 70% A A identity has been used.
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