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Abstract Monoclonal antibodies are important tools for
various applications in hantavirus diagnostics. Recently, we
generated Puumala virus (PUUV)-reactive monoclonal
antibodies (mAbs) by immunisation of mice with chimeric
polyomavirus-derived virus-like particles (VLPs) harbour-
ing the 120-amino-acid-long amino-terminal region of the
PUUV nucleocapsid (N) protein. Here, we describe the
generation of two mAbs by co-immunisation of mice with
hexahistidine-tagged full-length N proteins of Sin Nombre
virus (SNV) and Andes virus (ANDYV), their characteriza-
tion by different immunoassays and comparison with the
previously generated mAbs raised against a segment of
PUUV N protein inserted into VLPs. All of the mAbs
reacted strongly in ELISA and western blot tests with the
antigens used for immunization and cross-reacted to varying
extents with N proteins of other hantaviruses. All mAbs
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raised against a segment of the PUUV N protein presented
on chimeric VLPs and both mAbs raised against the full-
length AND/SNV N protein reacted with Vero cells infected
with different hantaviruses. The reactivity of mAbs with
native viral nucleocapsids was also confirmed by their
reactivity in immunohistochemistry assays with kidney tis-
sue specimens from experimentally SNV-infected rodents
and human heart tissue specimens from hantavirus cardio-
pulmonary syndrome patients. Therefore, the described
mAbs represent useful tools for the immunodetection of
hantavirus infection.

Introduction

Hantaviruses, genus Hantavirus, family Bunyaviridae, are
enveloped viruses with a segmented RNA genome of
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negative polarity [55]. The small (S) genome segment
encodes the nucleocapsid (N) protein, which is associated
with the RNA genome. The medium (M) genome segment
codes for a glycoprotein precursor that is cleaved into the
proteins G1 and G2, which are incorporated into the viral
envelope. The large (L) genome segment contains the cod-
ing information for the RNA-dependent RNA polymerase
responsible for virus transcription and replication [67].

In general, wild living rodents of the families Muridae
and Cricetidae are the hantavirus reservoirs and thereby
define the geographical distribution of the different hanta-
virus species. To this end, each hantavirus species is closely
associated with a single rodent species or at least a closely
related species of the same genus. According to this host
specificity and other criteria of the International Committee
on Taxonomy of Viruses, 22 different hantavirus species
have been defined so far. Hantaan virus, the prototype virus
of the genus, has been isolated from a striped field mouse
(Apodemus agrarius, family Muridae, subfamily Murinae)
trapped in Korea [32]. This hantavirus and Seoul virus,
another Asian hantavirus transmitted by rats (Rattus rattus,
R. norvegicus, R. losea; subfamily Murinae), can cause
hemorrhagic fever with renal syndrome (HFRS) in humans,
with case fatality ratios of 5-10% and 1-2%, respectively
[47]. Milder courses of HFRS in Europe with a case fatality
ratio of <1% are caused by Puumala virus (PUUV) carried
by bank voles (Myodes glareolus, formerly Clethrionomys
glareolus, subfamily Arvicolinae) [6]. Tula virus (TULV)
represents another species of Arvicolinae-associated han-
tavirus that so far have only rarely been detected by sero-
logical assays as causative agents of human infections
[25, 71, 79]. In contrast, human infections by Dobrava-
Belgrade virus strains are well documented for several
European countries, causing up to 12% case fatalities [2, 5,
43, 44, 48, 59, 65, 72]. This virus species includes three
distinct genetic lineages associated with the striped
field mouse (Apodemus agrarius), yellow-necked mouse
(A. flavicollis) and the Caucasian wood mouse (A. ponticus),
which most likely differ in their pathogenicity to humans
[5, 27, 53, 72]. In 1993, a new disease, later designated as
“hantavirus cardiopulmonary syndrome” (HCPS), was
discovered in the Four Corners region, located in the
southwestern United States [54]. This disease, characterized
by pulmonary dysfunction, has a high case fatality ratio of
about 36% [8]. The most important causative agents of
HCPS in North and South America are Sin Nombre virus
(SNV), carried by the deer mouse (Peromyscus maniculatus,
subfamily Sigmodontinae), and Andes virus (ANDV), car-
ried by the long-tailed pygmy rice rat Oligoryzomys longi-
caudatus (subfamily Sigmodontinae), respectively [66]. In
addition to the rodent-borne hantaviruses, a large number of
novel shrew- and mole-associated hantaviruses have been
discovered recently [7, 23, 24, 26].
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The diagnostics of human hantavirus infections is
mainly based on serological assays. Hantavirus infections
have been detected by indirect immunofluorescence assays
(IFA), hemagglutination inhibition test, immune adherence
hemagglutination test and high-density particle agglutina-
tion and different ELISA formats based on viral antigens
[56]. More recently ELISA, immunoblot (western blot and
strip blot) and rapid immunochromatographic assays have
been developed using recombinant N protein antigens [20,
21, 31, 50]. Due to the strong cross-reactivity between N
proteins of members of closely related hantavirus species,
the use of N proteins of only selected hantaviruses of the
Murinae, Arvicolinae and Sigmodontinae/Neotominae
groups have been suggested to be sufficient for serological
diagnostics [31]. However, in certain cases, a “homolo-
gous” antigen that is closely related to that of the infecting
hantavirus might be required for a highly sensitive diag-
nosis in the acute phase of infection [12, 58, 68, 70, 74].

Monoclonal antibodies (mAbs) have widely been used as
tools for diagnostic purposes, e.g., for detection of virus-
specific antibodies in humans by different capture ELISA
formats [37, 49, 84] or of viral antigen in infected cell culture
or rodent tissues [39]. A comparative study using different
recombinant N antigens and IgG ELISA formats has sug-
gested the superior performance of the capture ELISA for-
mat using native viral antigens or baculovirus-expressed
whole N antigens, in terms of specificity and sensitivity [73].

Recently, we developed a platform based on hamster
polyomavirus major capsid protein (VP1)-derived chimeric
virus-like particles (VLPs) for the generation of mAbs with
the desired specificity. Immunisation of mice with VLPs
harbouring the amino-terminal 120 amino acids (aa) of
PUUV N protein at certain surface-exposed sites of VP1
resulted in the induction of a high-titered N-protein-specific
antibody response [14]. Using these VLPs and a similar
immunisation scheme, hantavirus N-protein-specific mAbs
were generated [85].

The objective of the present study was to raise SNV- and
ANDV-specific mAbs, to characterize these mAbs and
compare them to those raised previously against a PUUV N
protein segment presented on chimeric VLPs in terms of
their cross-reactivity and reactivity with native viral
antigens.

Materials and methods

Recombinant antigens

For immunisation of mice, yeast-expressed His-tagged N
proteins of SNV strain 3H226 and ANDV strain AH-1

were used [68, 70]. In addition to these two recombinant
proteins, different recombinant N proteins were used for
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cross-reactivity studies. For ELISA and western blot tests,
yeast-expressed amino-terminally His-tagged N proteins
of PUUV strains Vranica/Hillnds (PUUV-Vra), Kazan
(PUUV-Kaz) and Sotkamo (PUUV-Sot), HTNV strain
Fojnica (HTNV), DOBV strain Slovenia (DOBV-Slo)
[10, 62], SEOV [69], and TULV strain Moravia (Mertens
et al., unpublished data) were used. The N proteins of
PUUV strains Sotkamo and Kazan contain the entire
sequence, whereas all others are lacking the amino-termi-
nal methionine. For cross-reactivity testing of mouse
antisera, yeast-expressed amino-terminally His-tagged N
proteins of rabies virus (RABV) and human parainfluenza
virus type 3 (hPIV3) were used (Petraityte et al., unpub-
lished data). All of these recombinant proteins were
expressed in yeast Saccharomyces cerevisiae strain gcn2
and purified by nickel chelation chromatography under
denaturing conditions according to a protocol described
previously [62]. For strip immunoassay (SIA), E. coli-
expressed carboxy-terminally His-tagged N proteins were
generated using the pET21 system (T7 system/E. coli;
EMD Chemicals-Novagen, Gibbstown, NJ, USA). In each
case, the N gene of ANDV, SNV, Muleshoe virus (MULEV),
Bayou virus (BAYV), Rio Mamore virus (RMV), PUUV
strain P360, Prospect Hill virus (PHV) and SEOV was
amplified from animal tissues, virus-infected cells or from
a pre-existing plasmid clone and inserted into the pET21b
backbone using, usually, the HindIIl and Xhol cloning
sites. Two N proteins, those from ANDV and from SEOV,
were slightly truncated, by 4 and 5 amino acids, respec-
tively, at the carboxy terminus. The remaining N proteins
were full-length. In all cases, the N proteins were expressed
from the pET21b backbone in BL21 (DE3) cells using
IPTG for induction. The proteins were affinity-purified
using nickel chelation columns (Qiagen, Valencia, CA,
USA).

Generation of monoclonal antibodies

The generation of mAbs against non-His-tagged chimeric
polyomavirus-derived VLPs harbouring the 120-aa-long
segment of PUUV-Vra N protein (clones 7AS, 5C5, 5E11
and 2C6; see Table 1) has been described recently [85].
The mAbs against SNV/ANDV N proteins were generated
by immunization of BALB/c mice (n=3) subcutaneously
with 50 pg of either ANDV or SNV His-tagged N proteins
according to the following scheme: the first and the third
immunizations were done with ANDV N protein; the
second and the final boost were done with SNV N protein.
These immunizations were administered with 28-day
intervals between each. For the primary immunization, the
antigen was emulsified in complete Freund’s adjuvant
(Sigma Aldrich, St. Louis, MO, USA), and the subsequent
immunizations were performed without any adjuvant. All

Table 1 Characterization of mAbs raised against recombinant
hantavirus N proteins

Clone Raised against: Epitope
localization
4H3 Full-length His-tagged n.d.
7G2 ANDV/SNV N proteins aa 120-433
2C6* Chimeric VLPs harbouring aa 1-45
5C5% PUUV-Vra N protein aa 1-45
SE11* segment (aa 1-120) aa 1-45
TAS5* aa 1-120

SNV, Sin Nombre virus; ANDV, Andes virus; PUUV-Vra, Puumala
virus, strain Vranica/Héllnés; N, nucleocapsid protein; aa, amino acid

n.d., Not determined
* The mAbs are described in Ref. [85]

procedures involving experimental mice were performed
at the breeding colony of the Institute of Immunology
(Vilnius University, Lithuania) under controlled laboratory
conditions in strict accordance with Lithuanian and Euro-
pean legislation. The approval to use BALB/c mice for
immunization experiments and mAb production was
obtained from the Lithuanian State Food and Veterinary
Agency (No. 0127, valid through 31.12.2010). Hybridomas
were generated essentially as described by Kohler and
Milstein (1975) [29]. Four days after the last immunization
(corresponding to day 88 from the initial immunization),
spleen cells of the best responder mouse were fused with
mouse myeloma Sp2/0 cells using PEG 1500 as a fusion
agent (PEG/DMSO solution, HybriMax, Sigma). Hybrid
cells were selected in growth medium supplemented with
hypoxanthine, aminopterin and thymidine (50x HAT media
supplement, Sigma). Viable clones were screened by
indirect ELISA using 96-well microtiter plates coated with
the recombinant SNV and ANDV N proteins. Positive
clones were stabilized by limiting dilution cloning on a
macrophage feeder layer. Hybridoma cells were main-
tained in complete Dulbecco’s modified Eagle’s medium
(DMEM) containing 15% fetal calf serum (FCS, Bio-
chrom) and antibiotics. Heavy chain types of mAbs were
determined by ELISA using a Monoclonal Antibody Iso-
typing Kit (Sigma, ISO-2). Specificity of mAbs was tested
by ELISA and western blotting as described below.

Indirect ELISA

The specificity of mAbs was tested by an indirect ELISA.
Microtiter plates (Nunc MaxiSorp, Roskilde, Denmark)
were coated with the indicated antigens by adding 100 pl
of the antigen solution (2 pg/ml) in coating buffer (50 mM
Na-carbonate, pH 9.5) and incubation overnight at +4°C.
The plates were blocked for 30 min at RT with 1% BSA
in PBS and then incubated with undiluted hybridoma

@ Springer



I. Kucinskaite-Kodze et al.

supernatants for 1 h at RT. After washing, the plates were
incubated with horseradish peroxidase (HRP)-labeled anti-
mouse IgG (Bio-Rad, 1:5000 in PBS-T) for 1 h at RT.
Supernatants containing antigen-specific antibodies were
detected with TMB substrate (Sigma), and the optical
density (OD) was measured at 450 nm in a microtiter plate
reader (Tecan, Groedig, Austria).

SDS-polyacrylamide gel electrophoresis and western
blot analysis

Purified proteins (100 ng/lane) or crude cell lysates (1 pg
of total protein per lane) were fractionated by sodium
dodecylsulfate polyacrylamide gel electrophoresis (SDS-
PAGE) in 12% minigels and transferred to polyvinyldi-
fluoride (PVDF) membranes (Millipore, Bedford, USA)
under semidry conditions. Membranes were blocked with
1% gelatin in PBS for 1 h at RT, washed with PBS con-
taining 0.1% Tween-20 (PBS-T) and incubated with
hybridoma supernatants for 1 h at RT. After washing,
membranes were incubated with HRP-labelled anti-mouse
IgG (Bio-Rad, 1:5000) for 1 h at RT. Blots were visualized
using TMB-blotting (3°,5,5’-tetramethylbenzidine) ready-
to-use substrate (Sigma).

Strip immunoblot assay

Affinity-purified recombinant N proteins were loaded at
2.5 ng/lane onto nitrocellulose membranes and applied to
the membrane by suction. Control lanes included a Coo-
massie blue lane, which specified the orientation of the strip,
and one or more lanes devoted to human or murine IgG or
IgM to help the user determine that the anti-immunoglobulin
conjugate has been correctly deployed in the assay. The
intensity of mAb reactivity after probing the membrane was
determined visually as positive or negative as compared to
the anti-immunoglobulin controls. Hybridoma supernatants
were used at dilutions of 1:500 and 1:2000. The results were
scored visually as positive or negative in the context of the
corresponding appropriate known positive or negative serum
controls.

Indirect immunofluorescence assay

Indirect immunofluorescence assay (IFA) was done using
commercial IFA slides with PUUV (strain Héllnds B1
83-223L)-, HTNV (strain 76-118)- and SEOV (strain R22)-
infected Vero E6 cells (Progen Biotechnik, Heidelberg,
Germany) and PUUV (strain Sotkamo)-, DOBV (strain
Slovenia)-, Saaremaa virus-, SEOV-, HTNV- and SNV-
infected Vero E6 cells (Eurolmmun, Liibeck, Germany) as
recommended by the manufacturers. Briefly, cell culture
supernatants of hybridomas were added to the slides in a
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dilution of 1:50 in PBS or undiluted. The negative control
mAbs directed against Neospora caninum surface proteins
were used at the same dilutions. Detection was done by
incubation with a fluorescein isothiocyanate (FITC)-con-
jugated anti-mouse immunoglobulin (H+L) goat IgG
(DakoCytomation, Hamburg, Germany) diluted 1:20 in
PBS. Cells were counterstained with Evans blue and IFA
slides were analysed using a Olympus VANOX AHBT 3
fluorescence microscope (Olympus Optical Co. Europa
GmbH, Hamburg) with a 40x objective at an excitation of
495 nm and analySIS 3.2 software.

In addition to the commercial IFA, an in-house IFA
using ANDV-infected Vero E6 cells cultivated in LabTek
16-well chamber slides (Nunc) was used. Cells were
infected with ANDV stock, and after 7 days, they were
dispersed by trypsinization, washed with PBS, fixed with
acetone and incubated with the mAbs. After washing three
times, FITC-labelled polyclonal rabbit anti-mouse F(ab’)2
(DakoCytomation) was added. Lung and heart tissues from
seropositive rodents were also employed in the IFA tech-
nique to evaluate the reactivity of mAbs. Tissues were
rinsed twice with PBS, and cells were attached to cover
slips and stained as above. Preliminary experiments were
done to select the optimal mAb concentration. The mAbs
and the conjugate were diluted in PBS, and Evans blue
(1:30000) was added to the conjugate dilution.

Immunohistochemistry of human and deer mouse tissue

Immunohistochemistry (IHC) was performed as described
previously [19]. Tissue samples were fixed in 10% neutral-
buffered formalin for 24-48 h before they were embedded
in paraffin and subsequently sectioned at 4-6 pum thickness.
The sections were placed onto (4)-charged poly-L-lysine
microscope slides, subjected to antigen retrieval, depa-
raffinized and exposed to a 1:10,000 dilution in PBS of
hyperimmune rabbit antiserum raised against recombinant
SNV N protein or the indicated mAb diluted to 1:50 on an
automated platform (Ventana Medical Systems Inc.,
Tucson, AZ, USA) for 1 h as described previously [19]. As
a negative control, mAb against human influenza hemag-
glutinin (HA) at a 1:100 dilution was used (clone HA.CS5,
Abcam, Cambridge, UK). After antibody binding and
several washes in PBS, the antibody-protein complexes
were detected initially with a biotinylated goat anti-rabbit
or goat anti-mouse secondary antibody applied for 1 h,
followed by an HRP-avidin conjugate (Jackson Immuno-
Research Laboratories, Inc., West Grove, PA, USA). After
further washes, the immune complexes were visualized
with Fast Red substrate (Sigma, St. Louis, MO, USA),
coverslipped, and analyzed by light microscopy. Specific
staining appeared as red, punctate, cytoplasmic granules.
Images were taken with the 60x magnification objective.
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Results

Generation of mAbs against recombinant N proteins
of ANDV and SNV

Subsequent immunizations with recombinant N proteins of
ANDV and SNV elicited a strong N protein-specific anti-
body response in immunized mice. After the final immu-
nization, the titers of IgG antibodies against SNV and
ANDV N proteins in the sera of immunized mice were in
the range of 1:70,000 - 1:100,000 (Fig. 1A). The specificity
of the sera was confirmed by the fact that they did not
show any reactivity with irrelevant yeast-expressed amino-
terminally His-tagged N proteins of RABV and hPIV3 used
as a negative control (Fig. 1A). Antisera were cross-reac-
tive to varying extents with recombinant N proteins of
other hantaviruses: they showed moderate to high reactiv-
ity to PUUV and HTNV N proteins (Fig. 1A). When
compared to the cross-reactivity of antisera elicited by
immunization with a PUUV N protein segment presented
on chimeric VLPs [85], the immunization with full-length
SNV/ANDV N proteins resulted in a higher level of cross-
reactivity of mouse antisera. Nevertheless, immunization
with chimeric VLPs harbouring a fragment of the PUUV N
protein elicited a considerable level of cross-reactive
antibodies against N proteins of SNV, ANDV and the
different PUUV strains (Fig. 1B). The pattern of cross-
reactivity of the antisera allowed us to conclude that
immunization with recombinant antigens elicited the pro-
duction of broadly cross-reactive antibodies.

Fusion of spleen cells of the SNV/ANDV N-protein-
immunized mouse with mouse myeloma cells resulted in
two stable hybridoma clones (4H3 and 7G2; see Table 1).
Typing by ELISA revealed a IgG1 subclass for both mAbs
produced. The specificity of their immunoreactivities was
confirmed by western blot analysis using the homologous
recombinant SNV and ANDV N proteins used for immu-
nization (see Fig. 2 and Table 3).

Cross-reactivities of mAbs raised against SNV/ANDV
N protein with N proteins of different hantaviruses

The cross-reactivities of the novel mAbs 4H3 and 7G2 were
analyzed in parallel by ELISA and western blot analysis
using N proteins of SNV, ANDV, different PUUV strains,
TULV, HTNV, DOBV-Slo and SEOV (Fig. 2, Tables 2 and
3) and by strip immunoblot assay (SIA) using N proteins of
SNV, ANDV, BAYV, MULEV, RMV, PUUV and PHV and
SEOV (Table 3). The mAb 4H3 reacted in ELISA and
western blot exclusively with the SNV and ANDV N proteins
used for immunization (Fig. 2B, Tables 2 and 3). In contrast,
the mAb 7G2 demonstrated in the ELISA a broad cross-
reactivity with the SNV and ANDV N proteins used for

A swv
ANDV
PUUV-Vra
PUUV-Sot
PUWV-Kaz
HTNV
DOBV-Slo
RABV
hPIV3

0 10 20 30 40 5 60 70 8 90 100 110
Anti-ANDVISNV titer (IgG), 1x10°

N proteins

B SNv
ANDV
PUUV-Vra
PUUV-Sot
PUUV-Kaz
HTNV
DOBV-Slo
RABV
hPIV3

0 10 20 3 4 5 60 70 & 9% 100 110
Anti-VP1/1-120 titer (IgG), 1x10°

Fig. 1 Immunoreactivity of antisera collected from mice immunized
either with full-length His-tagged SNV/ANDYV N proteins (A) or non-
His-tagged chimeric VLPs harbouring a 120-aa-long PUUV N protein
segment (B) compared to recombinant N proteins of Sin Nombre
virus (SNV), Andes virus (ANDV), Puumala virus strains Kazan
(PUUV-Kaz), Sotkamo (PUUV-Sot) and Vranica-Hillnds (PUUV-Vra),
Hantaan virus (HTNV) and Dobrava-Belgrade virus, strain Slovenia
(DOBV-Slo). As a negative control, yeast-expressed His-tagged N
proteins of rabies virus (RABV) and human parainfluenza virus type 3
(hPIV3) were used

immunization as well as the N proteins of Arvicolinae-
associated PUUV and TULV and Murinae-associated HTNV
and SEOV (Table 2). This reactivity pattern, as well as the
non-reactivity of this mAb with DOBV N antigen, was
confirmed by western blot analysis (Fig. 2C, Table 3). The
SIA analysis of mAb 7G2 confirmed the western blot reac-
tivity pattern and demonstrated additional reactivities of this
mAb with the N proteins of BAYV, MULEV, RMV and PHV
(Table 3). Similarly, the mAb 4H3, which was reactive in the
Western blot exclusively with SNV and ANDV N antigens,
was found to react in SIA with N proteins of New World
hantaviruses (BAYV, MULEV, RMV; Tables 2 and 3).

Cross-reactivities of mAbs raised against a PUUV N
protein segment with N proteins of different

hantaviruses

In addition to the previously reported cross-reactivities of
mAbs 7A5, 5C5, 5E11 and 2C6 in western blot with N
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Fig. 2 Western blot analysis of the cross-reactivity of the mAbs 4H3
(B) and 7G2 (C) with N proteins of Sin Nombre virus (lane 1), Andes
virus (lane 2), Puumala virus (PUUV), strain Kazan (lane 3), PUUV,
strain Sotkamo (lane 4), PUUV, strain Vranica/Hillnéds (lane 5), Tula
virus (lane 6), Hantaan virus (lane 7), Dobrava-Belgrade virus, strain

antigens of three different PUUV strains (see Table 3), we
further evaluated the cross-reactivity characteristics of
these mAbs with other antigens by ELISA, western blot
and SIA analysis (Tables 2 and 3). In line with previous
findings, the mAb 2C6 was found to react in the ELISA and
western blot test exclusively with the N protein of PUUV
strain Vranica/Hillnds (Tables 2 and 3). Interestingly, this
mAb reacted in the SIA with the N protein of PUUV strain
P360, suggesting its antigenic relationship to the Vranica-
Haillnas strain (Table 3). The mAbs 5C5 and 5E11 reacted
with N proteins of almost all Arvicolinae and New World
rodent-associated hantaviruses (except MULEV), but only
with one or two of the three analysed N antigens of
Murinae-associated viruses (HTNV, DOBV and SEOV;
Tables 2 and 3). The mAb 7AS5 showed a similar reactivity
pattern, but with a much lower intensity in SIA and with no
reactivity in ELISA and western blot tests to the N proteins

ERERL

B C

Slovenia (lane 8), and Seoul virus (lane 9). Lane 10, crude lysate of
non-transformed yeast cells. Lane M, PageRulerTM Prestained
Protein Ladder (UAB Fermentas, Vilnius, Lithuania, #SM0671). A,
as a control, the same yeast cell crude lysates were run in a SDS
polyacrylamide gel and stained with Coomassie blue

of HTNV, DOBV and SEOV that were tested (Tables 2
and 3).

Reactivities of mAbs with Vero cells infected
with different hantaviruses in the immunofluorescence
assay

The reactivities of all six mAbs with hantavirus-infected
cells were tested by different commercial and an in-house
immunofluorescence assays (IFA). All mAbs reacted with
at least one antigen in the IFA, demonstrating that the
mAbs are able to detect viral antigen in a native confor-
mation (Table 4). In general, the results obtained correlate
well with data from ELISA, western blot and STA analysis.
In addition, the reactivity patterns of the mAbs using two
different commercially available slides (from Progen and
Euroimmun) were similar. The mAb 4H3 was reactive with

Table 2 The reactivity of mAbs with recombinant yeast-expressed hantavirus N proteins in ELISA

Recombinant N proteins Reactivity of mAbs raised against:

Full-length N proteins of ANDV/SNV

PUUV-Vra N protein segment (aa 1-120)

4H3 7G2 2C6 5C5 SE11 7AS5
SNV +++ +++ - ++ ++ +++
ANDV +++ +++ - + ++ +++
PUUV-Kaz - + - + +++ +++
PUUV-Sot - ++ - + +++ +++
PUUV-Vra - ++ +++ +++ +++ +++
TULV - ++ - + 4+ ++
HTNV - + - - - -
DOBV-Slo — - — — 44 —_
SEOV - +++ - - +++ -

—, Negative, OD<0.2; +/4++/+++, Positive; 4+, OD 0.2-0.49; ++, OD 0.5-1.0; +++, OD>1

SNV, Sin Nombre virus; ANDV, Andes virus; PUUV-Kaz, Puumala virus, strain Kazan; PUUV-Sot, Puumala virus, strain Sotkamo; PUUV-Vra,
Puumala virus, strain Vranica; TULV, Tula virus; HTNV, Hantaan virus; DOBV-Slo, Dobrava-Belgrade virus, strain Slovenia; SEOV, Seoul

virus
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Table 3 The reactivity of mAbs with recombinant hantavirus N proteins in western blot and strip immunoblot assays

Recombinant N protein Reactivity of mAbs raised against:

Full-length N proteins of ANDV/SNV

PUUV-Vra N protein segment (aa 1-120)

4H3 7G2 2C6 5C5 5E11 7A5
SNV*® + + - + + +
ANDV*® + + - 4 + +
BAYV® + + - +/— + +/—
MULEV® + +/— _ _ _ _
RMV® +/— + - + + -
PUUV-Kaz* - + _* 4k 4 4
PUUV-Sot* — + —k 4 4 4
PUUV-Vra® - + 4k 4k 4% 4
PUUV-P360° - + + + +/— o/
TULV® - + — + + n
PHV® - + - +— + +/—
HTNV? - + - _ _ _
DOBV-Slo? - - _ + _
SEOV* - + - + + _

—, Negative; +, Positive; +/—; Weak reactivity

SNV, Sin Nombre virus; ANDV, Andes virus; BAYV, Bayou virus; MULEV, Muleshoe virus; RMV, Rio Mamore virus; PUUV-Kaz, Puumala
virus, strain Kazan; PUUV-Sot, Puumala virus, strain Sotkamo; PUUV-Vra, Puumala virus, strain Vranica; TULV, Tula virus; PHV, Prospect
Hill virus; HTNV, Hantaan virus; DOBV, Dobrava-Belgrade virus, strain Slovenia; SEOV, Seoul virus; N, nucleocapsid protein

* Data taken from [84]
* Yeast-expressed N proteins
 E. coli-expressed N proteins

SNV and ANDYV antigens, but not with those from PUUV,
HTNYV, SEOV, DOBYV and Saaremaa virus (Table 4). The
mAb 7G2 demonstrated a broad cross-reactivity with dif-
ferent hantaviruses, whereas mAb 2C6 was found to react
with PUUV exclusively. The mAb 2C6 showed a slightly
different immunoreactivity pattern from that observed in
western blot: it was reactive with PUUV strains other than
Vranica/Hillnds and P360 (Fig. 3, Table 4). The other
three mAbs raised against the PUUV N protein segment
(clones 5C5, 5E11 and 7A5) showed a broader cross-
reactivity with different hantaviruses (Fig. 3, Table 4).

In addition, the mAbs SE11 and 4H3 were investigated
for their reactivity with lung and heart tissues from 11
naturally hantavirus-infected rodents from Argentina that
were confirmed by positive reverse transcriptase polymer-
ase chain reaction (RT-PCR) and detection of anti-ANDV-
IgG to contain ANDV of the South lineage. These included
tissue specimens from 8 Oligoryzomys longicaudatus, 2
Abrothrix olivaceus and 1 A. longipilis captured in southern
Argentina. One O. nigripes rodent captured in northern
Argentina was confirmed to be infected with Juquitiba
virus. Lung and heart tissue specimens from all 12 animals
reacted with mAb 4H3. The reactivity of the mAb 5E11
was slightly lower. This antibody was not reactive with one
O. longicaudatus tissue specimen (Table 5).

Reactivities of selected mAbs with tissue samples
from SNV-infected mice and HCPS patients

To analyse the immunohistochemistry reactivity with tis-
sue samples from hantavirus-infected mice and humans,
we selected two mAbs that demonstrated strong reactivi-
ties by ELISA, western blot test, SIA and IFA. These
mAbs were (i) mAb SEIl1, raised against a PUUV N
protein segment; and (ii) mAb 4H3, raised against full-
length N protein of SNV/ANDV. To evaluate the immu-
nodetection of viral antigen in situ, a known positive
human heart tissue obtained from a subject who had
succumbed to HCPS due to SNV infection, as well as deer
mouse kidney tissue at day 14 after experimental infection
with SNV were used. We found that both mAbs reacted
strongly against SNV-positive tissue (Fig. 4A, B, E, F)
and did not show any cross-reactivity on the non-infected
tissue specimens used as a negative control (data not
shown). The detection levels of SNV in human and mouse
tissues were similar to those of a control hyperimmune
rabbit serum raised against the SNV N protein (Fig. 4C,
G). The irrelevant mAb used as a negative control did not
show any reactivity with SNV-infected tissue specimens
(Fig. 4D, H). This confirms the specificity of the mAb-
based IHC test.
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Table 4 Reactivity of N-protein-specific mAbs with hantavirus-infected Vero E6 cells in commercial and in-house indirect IFA

Hantaviruses used in the test Reactivity of mAbs raised against:

Full-length N proteins of ANDV/SNV

PUUV-Vra N protein segment (aa 1-120)

4H3 7G2 2C6 5C5 5E11 TA5
SNV P6° +++ n.d. - ++ +++ ++
ANDV* +++ - - + ++ -
PUUV Hillnis B1 83-223L° - + - N T+ 4+
PUUV Sot ® - + +++ +++ +++ +++
PUUV Kaz p21° - nd. +++ +++ +++ 4+
HTNV 76-118*¢ - - - _ .
DOBV Slo”* - - - - + _
Saaremaa virus™® - - — - + _
SEQV R22% - + — + 4t _
SEOV p-332227° - nd. - - +++ _

—, Negative; +, Weakly positive; ++, Positive; +++, Strongly positive; n.d., Not determined

SNV, Sin Nombre virus; ANDV, Andes virus; PUUV-Kaz, Puumala virus, strain Kazan; PUUV-Sot, Puumala virus, strain Sotkamo; HTNV,
Hantaan virus; DOBV-Slo, Dobrava-Belgrade virus, strain Slovenia; SEOV, Seoul virus

* Progen indirect immunofluorescence test kit
® Euroimmun FB 0866-0110 kit
¢ Euroimmun Hantavirus Mosaic 1 kit

9 In-house indirect immunofluorescence assay

Fig. 3 Immunofluorescence assay with commercial slides based on
Puumala virus, strain Sotkamo, with mAbs raised against SNV/
ANDV N protein (clones 4H3, 7G2) and PUUV N protein segment

Discussion

The generation of hantavirus-specific mAbs followed dif-
ferent approaches. In the first attempts, HTN V-infected lung
tissue from A. agrarius coreae or non-inactivated HTNV
and SEOV were used to inoculate BALB/c mice, which
resulted in the generation of mAbs with different properties
[13,75, 82]. Alternatively, complete but inactivated HTNV,
SEOV and PUUV were used for immunization and sub-
sequent generation of mAbs [4, 63]. A third approach was
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(clones 2C6, 5CS5, SE11, 7AS). As a negative control, the same slides
were incubated with the mAb specific for Neospora caninum surface
proteins (NC)

based on the infection of bank voles, the natural rodent host,
with infectious PUUV, resulting in the generation of
N-protein- and glycoprotein-specific mAbs [35, 36]. A
fourth approach to generate hantavirus-specific antibodies
explored materials from HFRS patients [38] in combination
with the use of phage display techniques [28, 33, 34, 64].
Finally, recombinant N proteins were exploited for the
generation of mAbs against HTNV, PUUV and TULV in
laboratory mice [42, 46, 83, 84]. In a previous paper, we
demonstrated that yeast-expressed polyomavirus-derived
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Table 5 Reactivity of mAbs 5E11 and 4H3 with infected rodent tissues from Argentina that were analyzed using an indirect immunofluo-

rescence assay (IFA)

Species Province Viral lineage Number of IFA-reactive/ number of IFA tested samples*
with mAb SE11 with mAb 4H3
A. longipilis Chubut ANDYV South 171 171
A. olivaceus Chubut ANDV South 3/4 1/1
A. olivaceus Chubut ANDV South 2/3 212
O. longicaudatus Chubut ANDYV South 1711 1/1
O. longicaudatus Chubut ANDV South 171 1/1
0. longicaudatus Chubut ANDV South 172 1/1
O. longicaudatus Chubut ANDV South 172 2/2
0. longicaudatus Chubut ANDV South 0/1 171
O. longicaudatus Rio Negro ANDV South 172 1/1
O. longicaudatus Rio Negro ANDV South 172 2/2
O. longicaudatus Rio Negro ANDYV South 2/2 171
O. nigripes Misiones Juquitiba virus 172 2/2

* Tissue used: heart and lung

Human heart

N

Fig. 4 Immunohistochemistry detection of N protein in SNV-
infected human and rodent tissue samples using mAbs 4H3 and
SE11. Photomicrographs are representative IHC stains for SNV N
antigen of positive human heart tissues obtained post-mortem from an
individual who succumbed to HCPS (A-D) and deer mouse kidney
tissues at day 14 after experimental infection (E-H). Reactivities of
the mAbs 4H3 (A, E) and 5E11 (B, F) are shown at 1:50 dilution of

VLPs harbouring a PUUV N segment allowed the genera-
tion of specific mAbs in mice [85]. As we have previously
demonstrated a strong immunogenicity of yeast-expressed
His-tagged whole hantavirus N proteins in rabbits and mice
[15, 62], we continued this approach by proving the potential
of His-tagged yeast-expressed full-length N proteins of
SNV/ANDV to induce a strong antibody response in mice
and subsequently generate SNV/ANDV-reactive mAbs.
The broad analysis of mAbs raised against the amino-
terminal segment (aa 1-120) of the PUUV N protein and
those raised against the entire SNV/ANDV N proteins with
N proteins of 14 different hantavirus strains, including four

hybridoma supernatant. Control positive staining shown for both
tissue types were done using SNV-N hyperimmune rabbit serum at
1:10,000 dilution (C, G). Control negative staining of infected tissue
specimens were done using an irrelevant mAb against HA at a 1:100
dilution (D, H). Positive N-antigen expression in cells is seen as
reddish, punctate staining. Arrows highlight representative positive
stains as seen at 60x magnification

different PUUV strains, resulted in the identification of
different cross-reactivity patterns. For both groups of
mAbs, highly cross-reactive ones were identified reacting
with almost all of the N proteins. The mAb 7G2, raised
against full-length SNV/ANDV N protein, and the mAb
SE11, raised against a PUUV N protein segment, reacted
with N proteins of SNV/ANDV, Arvicolinae- and Murinae-
associated hantaviruses. This broad cross-reactivity pattern
reflects the fact that the N protein is the most highly con-
served hantaviral antigen [1]. Other mAbs demonstrated a
lower level of cross-reactivity. The mAb 4H3, raised
against full-length SNV/ANDV N protein, detected only

@ Springer



I. Kucinskaite-Kodze et al.

PUUOV-Kaz MSDLTDIQEEI TRHEQQLVVARQKLKDAERAVEVDPDDVNKNT LQARQQTVSALEDKLAD 60
PUUV-P360 MSDLTDIQEEI TRHEQQLVVARQKLKDAERAVEVYPDDVNKNT LQARQQTVSALEDKLAD 60
PUUV-Sot MSDLTDIQEDITRHEQQOLIVARQKLKDAERAVEVDPDDVNKNT LOARQOTVSALEDKLAD 60
PUUV-Vra MSD LTD IQEDI TRHEQQLVVARQKLKDAEKAVEMYPDDVNKNT LOARQQTVSALEDKLAD 60
TOLV MSQLKEIQEEI TRHEQQIVIARQKLKDVEKTVEADPDDVNKST LOSRRAAVSALEDKLAD 60
PHV MSQLRETQEEI TRHEQQLVIARQKLKEAERTVEVDPDDVNKSTLOSRRSAVSTLEDKLAE 60
BAYV MSTLKEVQENI TVHEQQLVTARQKLKDAERTVEVDPDDVNKSTLOQSRRAAVSALETKLGE 60
MULEV MSNLKEVQENI TVHEQQLVAAKQKLKDAERTMEVDPDDVNKST LOQSRRAAVSALETKLGE 60
SNV MSTLKEVQDNITLHEQQLVTARQKLKDAERAVE LDPDDVNKST LQSRRAAVSALETKLGE 60
ANDV MSTLQE LOQENI TAHEQQLVTARQKLKDAEKAVEVDPDDVNK STLOSRRAAVSTLETKLGE 60
RMV MSNLOQEVQEGI TLHEQQLVAARQKLKDAEKAVEVDPDDVNKST LOSRRAAVSTLENKLAE 60
HTNV MATMEE LQREINAHEGQLVIARQKVRDAEKQYEKDPDE LNKRT LTDREGVAVSIQAKIDE 60
SEOV MATMEE IQREI SAHEGQLVIARQKVKDAEKQYEKDPDD LNKRALHDRESVAASIQSKIDE 60
DOBV-Slo MATLEE LQKEINNHEGQLVIARQKVKDAEKQYEKDPDD LNKRALSDRES IAQSIQGKIDE 60
*p oz o3k &, Rk kg kekhggo hy ok hkgakk ok kK, gp: Ny g
PUUOV-Kaz YKRRMADAVSRKKMDTKP TDP TGIEPDDHLKERSSLRYGNVLDVNAIDIEEPSGQTADWY 120
PUUV-P360 YKRRMADAVSRKKMDTKPTDP TGIEPDDHLKERSSLRYGNVLDVNAIDIEEPSGQTADWY 120
PUUV-Sot YKRRMADAVSRKKMDTKPTDP TGIEPDDHLKERSSLRYGNVLDVNAIDIEEPSGQTADWY 120
PUOOV-Vra FKRRMADAVSRKKMDTKPTDPTGIEPDDHLKERSSLRYGNVLDVNAIDIEEPSGQTADWY 120
TOLV FKRQLADLVSS QKMGEKPVDP TG LEPDDHLKERSSLRY GNVLDVNAIDIDEPSGQTADWF 120
PHV FKRQLADVISROKMDEKPVDPTGIELDDHLKERSSLQYGNVLDVNS IDIEEPSGQTADWL 120
BAYV LXRQLADLVAAQK LAAKPVDPTGIEPDDHLKEKSSLRYGNVLDVNS IDLEEPSGQTADWK 120
MULEV LKRQLADLVAAQKLAAKPVDPTGLEPDDHLKEKSSLRYGNVLDVNS IDLEEPSGQTADWK 120
SNV LKRELADLIAAQKLASKPVDPTGIEPDDHLKEKSSLRYGNVLDVNS IDLEEPSGQTADWK 120
ANDV LKRQLADLVAAQKLATKPVDPTGLEPDDHLKEKSSLRYGNVLDVNS IDLEEPSGQTADWK 120
RMV LKRQLADLVAAQKLASKPVDPTGLEPDDHLKEKSALRY GNVLDVNS IDLEEPSGQTADWK 120
HTNV LEXRQLADRIATGKNLGKEQDPTGVEP GDHLKER SML SYGNVLD LNHLDIDEPTGQTADWL 120
SEOV LXRQLADRIAAGKNIGQDRDPTGVEP GDHLKERSALSYGNT LD LNS LDIDEPTGQTADWL 120
DOBV-Slo LRROLADRVAAGKNIGKERDPTGLDPGDHLKEKSMLSYGNVID LNHLDIDEPTGQTADWL 120

vk _akk 2. K Ak sy  hkkkhak ok kAk, skadk sy akdshdkRad

Fig. 5 Multiple amino acid (aa) sequence alignment of the amino-
terminal region (aa 1-120) of the N proteins of Puumala virus strains
Kazan (PUUV-Kaz, GenBank accession No. Z84204), P-360 (PUUV-
P360, L11347), Sotkamo (PUUV-Sot, X61035), Vranica/Héllnds
(PUUV-Vra, U14137), Tula virus, strain Moravia (TULV, Z69991),
Prospect Hill virus (PHV, M34011), Bayou virus (BAYV, L36929),
Muleshoe virus (MULEV, U54575), Sin Nombre virus (SNV,

the ANDV/SNV antigens used for immunisation and N
antigens of other closely related Sigmodontinae/Neotomi-
nae-associated hantaviruses. Similarly, the mAbs 5C5 and
7AS, raised against a PUUV N protein segment, reacted
almost exclusively with the N proteins of Sigmodontinae-,
Neotominae- and Arvicolinae-associated hantaviruses.
This pattern of cross-reactivity reflects the close phyloge-
netic and resulting antigenic similarity of these viruses [9].
The different cross-reactivity pattern is represented by
mAb 2C6, which reacted in the ELISA, western blot and
strip blot assay exclusively with the N proteins of PUUV
strains Vranica/Hillnds and P360, but not with the N pro-
teins of other PUUYV strains or with the N proteins of other
hantaviruses. This is highly surprising, as the aa sequence
divergence between N proteins of different PUUV strains
reached only 5% at maximum [1, 9].

Previous investigations of the immune response in nat-
ural infection as well as experimental infection or immu-
nisation demonstrated that the the amino-terminal region of
the hantavirus N protein is highly immunogenic and cross-
reactive [12, 16-18, 22, 41, 81]. In addition, the mAbs
raised against the N proteins of PUUV, HTNV and TULV
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NC_005216), Andes virus (ANDV, AF004660), Rio Mamore virus
(RMV, U52136), Hantaan virus, strain Fojnica (HTNV, M14626),
Seoul virus (SEOV, AY273791) and Dobrava-Belgrade virus, strain
Slovenia (DOBV-Slo, L41916). The alignment was generated using
ClustalW software. “*” indicates identical aa residues in all
sequences in the alignment, “:” indicates conserved substitutions,
and “.” indicates semi-conserved substitutions in the alignment

were found to bind to the amino-terminal region of the
corresponding N proteins [41, 42, 83]. In line with these
data, our mAbs 5C5, SE11 and 7AS, which mapped to aa
1-45 or aa 1-120 of the N protein, were found to be cross-
reactive to N proteins of related hantaviruses. However, the
differences of the cross-reactivity patterns of mAbs 5C5
and 5E11 suggested a slightly different epitope localisation
of these two mAbs. In line with these data, a previous
investigation also identified different epitopes in the
amino-terminal region (aa 1-45) of the PUUV N protein
[45]. The exclusive reactivity of mAb 2C6 with the N
proteins of PUUYV strains Vranica/Hillnéds and P360 can be
attributed to aa position 35, where only these two strains
showed a D35Y aa exchange (Fig. 5). Interestingly, an aa
exchange exactly at this position was shown previously to
abrogate binding activity of the mAb 5A3 to the amino-
terminal region of N protein of PUUV strain Vranica/
Hillnds while maintaining its reactivity to the corre-
sponding region of the CG18-20 N protein [45]. In addition
to the amino-terminal region, further B-cell epitopes have
been identified along the N protein when human or animal
sera or murine mAbs were studied [40, 41, 57, 76, 78, 83].
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Previously, a region with a high degree of sequence vari-
ation has been identified in the hantavirus N protein
between residues 241 and 300 [1, 60, 61], where a binding
site for TULV-specific mAbs has been mapped between aa
residues 226-293 [42]. Similarly, studies on the cross-
reactivity of SNV- and ANDV-specific mAbs with differ-
ent hantavirus N proteins have indicated that epitopes
located within aa 244-286 are related to serotype specificity
[77]. The lack of reactivity observed here for the PUUV-
cross-reactive mAb 7G2 with the amino-terminal region
(aa 1-120) of the PUUV N protein suggests that the epitope
may lie downstream from this sequence.

The observed cross-reactivity pattern of different mAbs
and their epitope localization confirms the presence of
multiple cross-reactive epitopes and few serotype-specific
epitopes in the N protein of different hantaviruses. There-
fore, the type-specific diagnosis of closely related hanta-
virus infections is complicated by the cross-reactivity of
antibodies generated against the immunodominant amino-
terminal N protein segment. This assumption was the basis
for previous approaches to generate amino-terminally
truncated N protein derivatives and their use for serotyping
of hantavirus infections [3, 30, 51, 52, 80].

The mAbs characterized here were demonstrated to
react with native viral antigen in infected Vero E6 cells in
the indirect IFA as well as IHC with native viral antigen in
tissue samples of naturally infected rodent reservoirs and
human patients. This observation indicates that the
recombinant antigens, both the N protein derivatives pre-
sented on polyomavirus-derived VLPs and the His-tagged
N proteins, share linear and accessible epitopes with the
native viral antigen in hantavirus-infected cells. The dif-
ferent reactivity patterns of the mAbs that were observed in
the IFA may also allow their use for strain typing or
antigenic characterization of different hantavirus strains, as
already demonstrated previously for other mAbs [11, 35,
42, 75]. Interestingly, the strain-specific mAb 2C6 dem-
onstrated a slightly increased cross-reactivity in the IFA
with N proteins of PUUV strains other than Vranica/
Hillnéds and P360 than in the western blot, suggesting an
influence of the protein folding or a discontinuous structure
of the antibody binding site in the N protein. In line with
this assumption, a previous investigation also suggested a
discontinuous nature of the epitopes of PUUV N-specific
antibodies [45].

In conclusion, these novel mAbs represent useful tools
for future immunohistochemistry-based pathogenicity
studies in rodent reservoirs as well as in human samples,
allowing a comparative analysis of the antigen expression
in different tissue and cell types. In addition, the antibodies
can be used for establishment of novel serological assays in
hantavirus diagnostics, including antigenic classification of
hantavirus strains.
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