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Abstract Human enteroviruses, e.g. coxsackieviruses, in-
duce a variety of severe acute and chronic forms of disease,
including myocarditis, meningitis and diabetes mellitus type
1. To visualize enterovirus infection with a diagnostic intent,
many studies have applied a commercially available antibody
(anti-CVBS5 VP1, clone 5-D8/1, Dako, Hamburg, Germany)
that identifies VP1 of different enteroviral serotypes. Many
antibodies, however, have been found to bind non-
specifically to proteins of cardiomyocytes and in the intersti-
tial space, resulting in non-specific staining in immunobhisto-
chemistry. In this paper we show that the anti-CVB5 VPI
antibody, recognizing VP1 of coxsackieviruses and widely
used in diagnostics and research, shows strong cross-
reactivity with cellular proteins in the heart (and pancreas) of
humans and mice, which calls for a more specific antibody to
be used for diagnostic purposes. We observed by Western blot
analyses of lysates from human heart tissue samples and HeLa
cells two cross-reactive bands when using clone 5-D8/1.
Peptide mass fingerprinting (MALDI-TOF) identified these
proteins as creatine kinase (B-type) and tubulin, confirming
that this mAb detects cellular proteins in addition to viral VP1.
In order to overcome the problems of false positive VP1
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staining we generated a new highly specific and sensitive
monoclonal antibody (Cox mAB 31A2) that recognizes VP1
from CVB3. The new antibody was characterized and was
found to function well in immunohistochemistry, immunoflu-
orescence staining, Western blotting, ELISA and FACS
analyses.
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Introduction

Enteroviruses are small, non-enveloped viruses with an icosa-
hedral capsid containing the positive-sense, single-stranded
RNA genome. The capsid of all enteroviruses consists of 60
copies of the viral proteins 1-4 (VP1, VP2, VP3, VP4) [17].
Human enteroviruses, comprising more than 100 different se-
rotypes, usually cause mild and self-limiting infections.
However, enteroviruses may also induce a variety of severe
acute and chronic diseases, including myocarditis, meningitis,
and diabetes mellitus type 1 [16, 17, 23, 24]. During acute
viral myocarditis, which is often induced by
coxsackievirus B3, massive immune cell infiltration into
the cardiac muscle can lead to reduced systolic function in
individuals and can progress to dilated cardiomyopathy
(DCM) [4]. However, the clinical diagnosis of myocardi-
tis is still difficult and cannot be made without expert
knowledge, due to its varied and often non-specific clin-
ical presentation. Myocarditis is defined as inflammation
of the heart muscle that is diagnosed using clinical, histo-
pathological and immunohistological criteria [3, 27].
According to consensus statement papers the histopatho-
logical diagnosis of myocarditis is based on necrosis or
degeneration (or both) of myocytes of non-ischemic
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origin accompanied by an adjacent inflammatory infiltrate
[3]. An infectious cause of myocarditis can be confirmed
or excluded using molecular virological methods, such as
polymerase chain reaction (PCR) with subsequent se-
quencing of the amplified nucleic acids. In addition, in
situ hybridization has become an important tool for diag-
nosis of viral infections [19].

As various enterovirus serotypes are involved in the
pathogenesis of this life-threatening disease, many stud-
ies have sought to detect enterovirus group-specific viral
capsid proteins using specific antibodies. An enterovirus
group reactive monoclonal antibody (clone 5-D8/1) was
reported to detect VP1 [26] from CVBS5 but also from
other enteroviruses [25]. This murine antibody is ap-
plied by many research groups for immunohistochemical
and immunofluorescence staining of enteroviral VP1 in
human and mouse heart tissue [1, 2]. In one study this
antibody was used to suggest an etiological role for
coxsackievirus B in Keshan disease [15]. This antibody
targets one of the most immunodominant regions of
enteroviruses (VP1) [26] and has also been used in
ELISA or Western blotting, as it recognizes various
coxsackie A and B viruses, polio- and echoviruses
[31, 32]. The broad range of enterovirus infections de-
tected by this antibody is useful for a preliminary search
for a virus infection [32] but this goes along with a lack
of specificity. We and others have observed strong
cross-reactivity of this antibody with cellular proteins
in tissue samples of heart, pancreas and gut, notably
when used in immunohistochemistry [12]. Cross-
reactivity of this antibody was detected in the myocar-
dium of patients with familial cardiomyopathy, who
were negative for viral RNA which confirmed absence
of enterovirus infection. The anti-VP1 5-D8/1 mAb re-
portedly stains pancreatic centro-acinar cells, smooth
muscle cells [22] and enterocyte nuclei [18], which
should be regarded as non-specific as in these cell types
enterovirus replication has never been observed by in
situ hybridization or immunohistochemistry using poly-
clonal anti-CVB3 antibodies [30]. We also found
enterovirus-unrelated reactivity by Western blotting in
lysates from uninfected human heart samples and unin-
fected and infected HeLa cells.

This study firstly aimed to identify the nature of this
unexplained cross-reactivity of the CVBS 5-D8/1 anti-
body by peptide mass fingerprinting (MALDI-TOF) of
reactive proteins separated by SDS-polyacrylamide gel
electrophoresis (SDS-PAGE). A second aim was to devel-
op a monospecific monoclonal anti-CVB3 antibody with-
out cross-reactivity, as CVB3 is the major infectious agent
to cause enteroviral myocarditis [11, 19]. Specificity and
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application range of the new antibody, Cox mAB 31A2,
was investigated in different experimental approaches.

Material and methods
Immunohistochemistry

CVB3 VP1 protein was visualized in infected murine hearts
and human heart tissue samples from explanted hearts or from
patients with proven enterovirus infection by immunohisto-
chemistry. Tissue sections were deparaffinized, subjected to
heat induced epitope retrieval (in 10 mM citrate buffer) and
incubated with monoclonal mouse anti-enterovirus antibody
(1:400, clone 5-D8/1, Dako, Hamburg, Germany) or mono-
clonal mouse Cox mAB 31A2 antibody (1:400, Mediagnost,
Reutlingen, Germany) for 1 h at room temperature. On mouse
tissue sections immunoreactivity was visualized using the
MaxHomo Mouse on Mouse Polymer HRP Detection Kit
(MaxVision, Washington, USA) according to the manufac-
turer’s protocol followed by HistoGreen as chromogen
(Linaris, Dossenheim, Germany). On human heart tissue
sections this was done using the Zytochem Plus HRP
Polymer System (Zytomed, Berlin, Germany) with di-
aminobenzidine (brown signals, Fig. 1) (Dako,
Hamburg, Germany) or HistoGreen as chromogen
(green signals, Fig. 4). All tissue sections were counter-
stained with hematoxylin. As negative control, isotype-
specific IgG was used instead of the primary antibody.
Slides were viewed with a Zeiss Axioskop 40
microscope.

For the detailed protocols of all other used methods please
refer to Suppl. File 1 [5, 9, 14, 29].

Results

The 5-D8/1 antibody stains CVB3 infected but also
non-infected myocytes in human and mouse tissue samples

The 5-D8/1 antibody stained myocytes in immunohistochem-
ical studies, of which infection was proven by detection of
enteroviral RNA by RT-PCR (data not shown) and radioactive
in situ hybridization as shown in Fig. l1a. Control immunohis-
tochemistry using isotype-specific IgG instead of the first an-
tibody was negative. As shown in Fig.1b, however, the anti-
body resulted in non-specific staining as it stained myocytes in
tissue samples from autoimmune-mediated chronic myocardi-
tis, such as in a patient with systemic sclerosis. Absence of
viral infection was supported by negative radioactive in situ
hybridization or RT-PCR for the detection of enteroviral
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Fig. 1 Lethal coxsackievirus myocarditis in a male neonate.
Immunohistochemistry (IH) detects enteroviral VP1 in myocytes (clone
5-D8/1, brown signals). No staining is detected in the isotype-specific
IgG negative control. Radioactive RNA/RNA in situ hybridization visu-
alizes enteroviral RNA genome in myocytes (black silver grains) (a).
Strong background staining in the heart of a patient with systemic

RNA. Non-specific staining was also observed in necrotic or
apoptotic myocytes of mice months after CVB3 inoculation,
in which no viral RNA was detected by RT-PCR or in situ
hybridization (Fig. lc). Importantly, unaffected myocytes in
human or mouse hearts did not show non-specific staining.

Peptide mass fingerprinting identifies clone SD8/1
cross-reactive cellular proteins

We analyzed HeLa cells and virus-negative heart tissue sam-
ples by SDS-PAGE and subsequent Western blotting.
Figure 2a shows a cross-reactive band (1) in lysates of HeLa
cells which were uninfected or infected with different entero-
virus subtypes. Subsequent 2D-gel electrophoresis showed
a ~ 40 kDa band corresponding to the Western blot, which
was cut out for enzymatic digestion with trypsin and analysis
by mass spectrometry (MALDI-TOF). This procedure identi-
fied creatine kinase B-type (KCRB_ HUMAN) with sequence

Negative control IH

Radioactive in situ hybridization
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sclerosis and chronic inflammation using clone 5-D8/1 (brown signals).
No viral RNA is detected by radioactive in situ hybridization in consec-
utive tissue sections (b). Unspecific staining (green) of necrotic myocytes
from mice 3 months post CVB3 infection by clone 5-D8/1. CVB3 RNA
is not found by radioactive in situ hybridization (c).(a,b,c x200)

coverage of 50 % (Fig. 2¢). In addition, in lysates of uninfect-
ed human heart analyzed by SDS-PAGE a second cross-
reactive band (2) with a higher molecular weight (~50 kDa)
band was noted (Fig. 2b) which by MALDI-TOF was found to
represent tubulin beta chain (TBB5_HUMAN) with a se-
quence coverage >70 % (Fig. 2c).

Generation of a monoclonal antibody recognizing CVB3
protein

In order to generate a new monoclonal antibody recogniz-
ing CVB3 we immunized mice twice with CVB3 Nancy
strain. Immunoglobulin production of anti-CVB3 antibod-
ies was shown by immunofluorescence staining of infected
and uninfected HeLa cells, only infected cells showing
specific staining (Fig. 3a). Spleen cells of the mouse
showing the highest antibody titer were fused to mouse
myeloma cells in order to generate hybridomas.
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Fig. 2 Cross-reactivity of clone 5-D8/1 with cellular proteins of HeLa
cells and human myocardium by Western blotting of HeLa cells infected
with different enteroviruses and mock-infected cells. A VP1-specific band
is detected in infected cells, in addition to a cross-reactive band with a
molecular weight of ~40 kDa (a). By Western blotting of human myo-
cardium negative for enteroviral RNA by RT-PCR and in situ hybridiza-
tion two cross-reactive bands are observed in absence of a VP1-specific

Supernatants were tested for antibody production by im-
munofluorescence staining of CVB3-infected or uninfect-
ed fixed cells, using 5-D8/1 as positive control. Clones
producing supernatant with specific staining were
subcloned by limited dilution. After three subcloning cy-
cles, clone Cox 31 A2, producing an IgG of subclass 2,
was selected for further study.
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band (b). The cross-reactive bands were cut out and analyzed by peptide
mass fingerprinting (MALDI-TOF). The cross-reactive band of ~40 kDa
was identified as creatine kinase B-type (15 peptides matched/82 masses
submitted, expect value: 2*10°°). Human tubulin beta was found as a
major component of the cross-reactive band with a molecular weight of
~50 kDa (23 peptides matched/88 masses submitted, expect value:
1.6¥107" (¢)

The Cox mAB 31A2 antibody only recognizes CVB3 viral
proteins

Clone Cox mAB 31A2 antibodies were purified by pro-
tein A-based affinity chromatography and tested for cross-
reactivity on HeLa cells infected with enteroviruses
CVB2, CVB4, EV7 and CVA9. As shown in Fig. 3b, by
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Fig. 3 Immunofluorescence staining of infected Vero cells to test the
ability of the serum from immunized mice to detect viral proteins.
CVB3-infected and fixed monolayers were incubated with different dilu-
tions of sera (positive cells are red), nuclei were counterstained with
DAPI. Positive control of infection was done by staining the infected
monolayers with clone 5-D8/1 (a). Comparison of cross-reactivity of
the clones 5-D8/1 and Cox mAB 31A2 in cultured enterovirus—infected
HeLa cells. Detection of VP1 (green) of different enteroviruses in HeLa

immunofluorescence no staining was observed with other
enteroviruses, indicating high specificity for CVB3

EmAb Cox 31A2
mEmAb 5-D8/1

CcvB4 CvVB5

cells by indirect immunofluorescence staining with Cox mAB 31A2 (up-
per row) or 5-D8/1 (lower row), nuclei are counterstained with DAPI (b).
Western Blot analysis detecting VP1 of different enterovirus serotypes in
HeLa cells, indicating that Cox mAB 31A2 detects only CVB3 (Nancy
and PD strain) (c¢). ELISA experiments reveal a strong reaction with
CVB3 and a minor reaction for CVB5 with Cox mAB 31A2 whereas
the 5-D8/1 reacts also with CVB2, 3, 4 and 5 (d). The results are shown
from three independent experiments

proteins. Only minimal CVBS5 cross-reactivity was ob-
served. Specificity was confirmed in Western blotting
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Fig. 4 Visualization of CVB3 infection in acute myocarditis. Human
myocardium with a with CVB3 infection is identified by positive
radioactive in situ hybridization showing CVB3 RNA (black silver
grains) (a). Immunohistochemistry of the same heart shows infected
myocytes (green) without staining of surrounding tissue (b) as confirmed
at higher magnification in (d). Negative control of the same tissue (c). (a,
b, ¢ X200, d x600). Comparison of radioactive in situ hybridization (ISH)
and immunohistochemistry (IH) using Cox mAB 31A2 in acutely (8 days
pi) CVB3-infected mice. ISH was used to the presence of CVB3 in a virus

experiments on lysates from enterovirus infected HeLa
(Fig. 3¢). By ELISA Cox mAB 31A2 efficiently detected
CVB3 with slight cross-reactivity with CVBS5 (Fig. 3d).

MALDI-TOF identifies VP1 CVB3 protein as recognized
by Cox mAB 31A2

We again applied peptide mass fingerprinting to identify
the CVB3 protein detected by the Cox mAB 31A2 anti-
body. Virus containing supernatants of CVB3-infected
cells were concentrated by ultrafiltration, subjected to
SDS-PAGE and Western blotting and the detected band
was cut out and after digestion with trypsin or chymo-
trypsin subjected to MALDI-TOF. VP1 was identified as
the CVB3-protein that is recognized by Cox mAB 31A2
(Suppl. File 2, Fig.1).
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positive control heart (e), pancreas (i). The same patterns of infection are
detected in mouse organs by specific IH in the myocardium (green
myocytes in g and h) and also in the exocrine pancreas (j) without back-
ground staining. Negative control of the heart (f). Detection of infected
myocytes by indirect immunofluorescence (positive cells in green, nuclei
counterstained with DAPI) in acutely CVB3-infected mouse hearts (1).
Mock-infected mouse hearts were negative (k). (e, f, g, k, 1) x200, (h)
%800, (i, j) x600

Cox mAB 31A2 specifically stains VP1 CVB3 protein
in human and mouse hearts by immunohistochemistry

We performed immunohistochemical staining on formalin-
fixed paraffin embedded myocardial tissue of patients with
proven enterovirus infection using Cox mAB 31A2. As
shown in Fig. 4b and d, the antibody stains CVB3-infected
myocytes without background staining. As positive control,
CVB3 viral RNA was detected by radioactive in situ hybrid-
ization (Fig. 4a). Immunohistochemistry was consistently
negative when the first antibody was replaced by an isotype-
specific IgG antibody (Fig. 4c). Similar experiments on mouse
hearts with acute viral myocarditis (8 days post-CVB3 infec-
tion) revealed immunohistochemical staining patterns of
CVB3 RNA congruent with those obtained by radioactive in
situ hybridization (e) and VP1 (Fig. 4e-1). Negative controls
showed no staining (f). Figure 4h shows single infected
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Fig. 4 (continued)

myocytes already on day 4 after infection. Likewise, similar
patterns of infection were observed in acutely CVB3-infected
pancreas by in situ hybridization for the detection of viral
RNA (i) and immunohistochemistry with the Cox mAB
31A2 antibody (j). Specific staining of different mouse organs
was confirmed by immunofluorescence staining of CVB3-
infected murine tissue (Fig. 4k and 1).

Cox mAB 31A2 does not show non-specific staining
as observed with mAb 5-D8/1

We compared immunohistochemical staining patterns of both
antibodies on myocardial tissue from patients with different
enterovirus-negative heart diseases. As shown in Fig. 5a and
¢, the 5-D8/1 antibody stains numerous myocytes in myocar-
dium of a patient with virus-negative chronic myocarditis
while neither the Cox mAB 31A2 (d) antibody nor the nega-
tive control (b) on consecutive sections show any staining.
Similar findings are shown in Fig. 5e-j, on myocardial tissue
samples of patients with enterovirus-negative chronic myocar-
ditis, dilated cardiomyopathy and ischemic cardiomyopathy:
5-D8/1 antibody shows strong non-specific staining of

affected and disrupted myocytes while staining with Cox
mAB 31A2 antibody is negative.

FACS analyses

To determine suitability of Cox mAB 31A2 antibody for FACS
use, HeLa cells were infected with different MOI (1, 5 and 10)
of CVB3 Nancy strain and analyzed by FACS. The antibody
showed highly sensitive MOI-dependent detection of VP1 pos-
itive but not of mock infected cells by FACS. No staining was
detected in mock-infected cells (Suppl. File 2, Fig. 2).

Discussion

The anti-enterovirus 5-D8/1 antibody is widely used for the
detection of enterovirus infection in diagnostic and experi-
mental settings. This antibody does detect enteroviral VP1
by immunohistochemistry, immunofluorescence and
Western blotting notably in infected cultured cells [21, 28].
However, strong cross-reactivity of this antibody has been
reported in tissue samples of the pancreas, heart and other
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Fig. 5 Comparison of staining
patterns with Cox mAB 31A2 and
5-D8/1 in tissue samples of
patients suffering from non-viral pan
chronic myocarditis (a-f), dilated
cardiomyopathy (g,h) or ischemic 2 ?
cardiomyopathy (i, j). Unspecific “ette
staining of myocytes by 5-D8&/1 R
(a, ¢; c is inset of a). Negative
control in the same tissue from (a) ¢ :
is shown in (b). IH using Cox e P e | RN
mAB 31A2 does not stain :
myocytes in this heart in compar- -
ison to (a) (d). Similar non- ; :
specific staining patterns in af- . ~ e
fected myocytes are observed
with 5-D8/1 in patients with
chronic myocarditis, dilated car-
diomyopathy and ischemic car-
diomyopathy (e, g, i) whereas the
Cox mAB 31A2 does not cross-
react with uninfected but dam-
aged myocytes (f, h, i).(Bar size: —
(a-d) = 30 um; (¢) = insert of (a). 3 & iy 4
(a, b, ¢, d) = 30 um; @i, j) Sy TR el
=100 pum) G e 3

e

mAb 5-D8/1

organs, especially by immunohistochemistry [12]. These find-
ings suggest that the antibody cross-reacts with epitope(s) of
cellular proteins homologous with residues 40—48 of VP1
[26]. Some controversy exists with regard to the exact nature
of the cross-reacting antigens. In the pancreas cross-reactivity
of this antibody with two mitochondrial proteins, creatine ki-
nase B-type and ATP synthase beta subunit, was reported by

@ Springer

mAb Cox 31A2
= b : “control . - chronic
myocarditis
= d =
chronic
myocarditis
v if r
dilated
cardiomyopathy
't
<
N h Tl
ischaemic
cardiomyopathy
) s

Western blotting, two-dimensional gel electrophoresis, and
mass spectrometry [10] but this was not confirmed in another
study, which found cross reactivity in lysates of HeLa and
HepG2 cell by Western blotting [21]. Here, the authors con-
clude that the 5-D8/1 antibody recognizes only denatured
forms of CKB. We have not been able either to immunopre-
cipitate or detect in ELISA defined cellular proteins with the
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5-D8&/1 antibody from lysates of uninfected HeLa cells (un-
published data).

In order to identify target molecules of the 5D8/1 anti-
body, we performed peptide mass fingerprinting and identi-
fied beta tubulin (TBB5) and creatine kinase B-type as
reacting with the antibody, confirming earlier published data
obtained from human pancreas islets by using LC/MS/MS
[10]. This finding provides an explanation for the strong
background staining in heart tissue with the 5-D8/1 anti-
body. Another issue with the 5-D8/1 antibody is that in
different diseases of the heart, including ischemic heart dis-
ease, not all myocytes are uniformly stained as shown in
Fig. 5. The patchy staining pattern suggests that only affect-
ed (apoptotic/necrotic) myocytes are stained, which we have
confirmed by parallel immunohistochemical staining of
damaged myocytes (unpublished results). This might be
due to differential exposure in affected myocytes of epitopes
of specific cardiac proteins, which can then be detected by
cross-reacting antibodies. This is supported by the finding
that in patients with myocarditis or cardiomyopathy anti-
heart autoantibodies such as anti-myosin antibodies develop
[7] as a consequence of myocyte destruction. In addition,
CVB3 VPI appears to share about 40 % identity with car-
diac myosin in a 14- to 15-amino acid overlap, which ex-
plains cross-reactivity between VP1 and cardiac myosin [8].

Cross-reactivity between antiviral antibodies and cellular
epitopes was not only found in enterovirus infections but also
in herpesvirus infections. An anti-Varicella Zoster Virus (VZV)
antibody cross-reacted with various myocytes (smooth includ-
ing arterial, skeletal and cardiac), purportedly due to shared
epitopes between VZV proteins and myocytes [20]. The prob-
lem of shared epitopes leading to cross-reactivity in immuno-
histochemistry is well-known and is a main concern when val-
idating antibodies for diagnostic and research purposes [6].

To overcome the problems with 5-D8/1 antibody we gen-
erated a new monoclonal antibody, Cox mAB 31A2, which
recognizes coat protein VP1 from CVB3 as shown by peptide
mass fingerprinting. We performed comprehensive validation
of the Cox mAB 31A2 antibody according to the “Rimm Lab
Algorithm”, including Western blot analyses of different cells
lines infected with various enteroviruses over a range of dilu-
tions in different assays and antibody lots [6]. Finally, the
staining pattern obtained using the Cox mAB 31A2 antibody
was compared that of the 5-D8/1 antibody in immunohisto-
chemistry and immunofluorescence and with localization of
viral RNA by in situ hybridization in consecutive tissue sec-
tions of CVB3 positive tissue. The new antibody shows no
cross-reactivity with other coxsackievirus serotypes by
Western blotting using lysates of infected HeLa cells. In im-
munofluorescence staining experiments and ELISA, minimal
cross-reactivity with CVB5 was observed, which is not sur-
prising as VP1 of CVB3 and CVB5 have a high sequence
similarity.

Detailed immunohistochemical experiments revealed that
Cox mAB 31A2 recognizes only VP1 in human as well as in
murine tissue samples but no other cellular proteins (see Figs. 4
and 5). Specificity for CVB3 infection was confirmed by the
presence of viral RNA as detected by RT-PCR and radioactive
in situ hybridization [11, 13]. Inmunohistochemical staining of
heart tissue of patients with non-infectious myocarditis re-
vealed no background staining, which makes the new antibody
a reliable screening tool for CVB3 infection in patients with
suspected myocarditis and dilated cardiomyopathy. The anti-
body can also be used in Western blotting, shows high speci-
ficity and sensitivity in FACS analyses and can be used in
ELISA.

In conclusion, the monoclonal 5-D8/1 antibody should not
be used for diagnosing enterovirus infections in diagnostic
samples. The new Cox mAB 31A2 antibody provides a sen-
sitive and specific alternative. Moreover, the detection of en-
terovirus infection especially in the heart by immunohisto-
chemistry should be complemented by other molecular ap-
proaches, such as (quantitative) RT-PCR and in situ
hybridization.
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