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Summary

Hantaviruses are rodent-borne viruses with atripartite RNA genome that are transmitted to
humans through excreta of infected rodents; each hantavirus is carried by a specific rodent
host. Hantaviruses cause two diseases, hemorrhagic fever with renad syndrome (HFRS) and
hantavirus pulmonary syndrome (HPS), which vary in severity depending on the causaive
agent. Hantavird infections occur world-wide, but are especidly common in China, Kores,
Russia, and Northern Europe. In Finland d one on average onethousand nephropathi aepi demica
(NE) (a mild form of HFRS) cases are diagnosed annudly.

Oneam of this study wasto deve op new enzymeimmunoassays (EIA) based on recombinant
hantavirus antigens for hantavirus diagnosis. In Europe, two hantaviruses, Puumaa virus
(PUUV) and Dobravavirus (DOBV), ae known to occur. Recombinant PUUV and DOBV
nud eocapsid proteinswere expressed in bacterial or insect cells, and based on these antigens,
ElAs were devdoped to measure IgG and IgM antibody responses in humans. These tests
were found to be highly specific and sensitive in diagnostic use. The best format for early
diagnosis of acute infection was a p-capture EIA based on bacul ovirus-expressed full-length
nud eocapsid protein (PUUV-N and/or DOBV-N). Demonstration of IgM-d ass antibodies was
diagnostic, but in aserum sampletaken beforethe 6 day a ter onset of symptomsthelgM test
sometimes remai ns negativeand a second sampl eis heeded. Specific assays based on antigens
from viruses circulaing in each geographica region improve the sensitivity of the tests.

In order to further investigate the immune responses in hantavirus infections, PUUV
glycoproteins were expressed in mammadian cells using an dphavirus-derived vector. For
optima results, co-expression of the recombinant glycoproteins G1 and G2 was found to be
essentid. 1gG antibodies against glycoprotei ns appeared only in thelae convd escent phasein
NE-patient sera, while IgG antibodies against N were seen dready in the acute phasein high
titers. The presence of 1 gG antibodiesto glycoproteins|eadsto thediffusetype of fluorescence
in native PUUV | gG-immunofluorescence assay typicd of old-immunity sera.

In order to map the B-cdl epitopes on N by use of monodond antibodies, truncated PUUV
nucl eocapsid proteinswere used as antigens. In experimentd animas, theaminotermind part
of PUUV-N was shown to be highly immunogenic, and in protection experiments,
immunizations with totad recombinant PUUV-N or its aminotermina aa 1-118 (expressed in
insect and bacterid cells, respectively) were able to induce protection against PUUV infection
in bank voles. Therecombinant proteins, DNA vector constructs, and anima mode introduced
here provide a vauable tool for future vaccine research.
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Introduction

1. Introduction

1.1. Historical background

Thefirst descriptions of a hemorrhagicfever associaed with rend syndrome were recordedin
Chinesemedical literature about A .D. 960 [80], but itwasonly in 1951 during theKorean War
that the disease, named K orean hemorrhagic fever (KHF), was first encountered by western
medicine [86]. The causative agent, Hantaan virus (HTNV) was isolated in 1978 from the
rodent Apodemus agrarius and from KHF patients[82], and later propagated in a humen cdll
line[49].

Nephropathiaepi demi ca(NE) wasfirst described in Swveden in 1934 [108, 169], but the causetive
agent, Puumaavirus (PUUV), was not isolated until 1977 from abank vole (Clethriononys
glareolus) captured in Puumda, Finland [23]. By that time, many NE cases had been detected
and epidemiologicd and dinicd features described [77]. During theearly 1980s, virus-infected
lung sections of Clethrionomys glareolus[23] were used as antigen for serologicdiagnosis. In
1983 PUUV was adapted to cultured Vero E6 cdls [115, 133], which have been the man
source of antigen for immunofluorescence (IFA) and enzymeimmunoassay (EIA) [23, 115].

KHF and NE are classified as two distinct forms of hemorrhagic fever with renal syndrome
(HFRS), varying in the severity of symptoms. The causative agents of HFRS are called
hantaviruses according to the prototype member of thegenus, HTNV [133].

In the Bakans, thefirst HFRS cases were reported in 1952, and after tha, severd clinicd
cases have been reported throughout Eastern Europe. In 1995, Dobravavirus(DOBV), origindly
isolated from ayed low-necked mouse (Apodemusflavicollig in Sovenia[17], was char acterized
genetically and antigenicdly [16]. DOBYV is associaed with severe HFRS, similar to that
caused by HTNV [8, 15, 94].

In the early 1980s, Prospect Hill virus (PHV), considered gpathogenic to humans, was found
in the United States in Microtinae rodents [84, 85]. However, it was not until 1993 that
hantaviruses (e.g. Sn Nombre virus (SNV)) carried by New World rodents (S gmodontinae)
were recogni zed as the causative agents of ahighly letha human disease, hantavirus pulmonary
syndrome (HPS) [113], recently dso named hantavirus cardiopulmonary syndrome (HCPS).
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1.2. Structure and coding of hantaviruses

Hantaviruses, members of thefamily Bunyaviridae [133], are negative-stranded RNA viruses
with atripatitegenome; the S (smal) segment encodes a nud eocgpsid protein (N) [134], the
M (medium) segment two glycoproteins G1 and G2 [135], and the L (large) segment an RNA
polymerase [147] (Table 1). Somehantaviruses, induding PUUV and SNV but not HTNV and
DOBV, have an additiona open reading frame overlgoping with that of N and coding for a
putative non-structural NS, protein.

Table 1. Hantavirus genome and coding

Genome segment Sizein kb Protein Sizein kDa
S 1.7-2.0 N ~50
NSs* 10
3.6-3.7 Gland G2 ~68 and ~54
L 6.5 RNA polymerase ~200

* Putative for PUUV and SNV; not HTNV or DOBV

TheRNA molecules appear circular due to thecomplementary 5 and 3’ ends of the segments
which anned to form panhandl e-likestructures. The RNA segments and nucl eocapsid proteins
form ribonucleoproteins which indudethe RNA polymerase molecule, and are surrounded by
ahost cell-derived lipid bilayer in which theglycoproteins G1 and G2 are embedded, forming
heterodimers (Fig. 1). The two glycoproteins G1 and G2 are cotranslaiondly cleaved from a
singleprecursor polypeptide. Thevirus partices of prototypevirus HT NV mature by budding

g Gl
@ G2
= N

{Z2? RNA polymerase

~r RNA segments (S, M, and L)

Figure 1. Schematic structure of hantaviruses.
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from the Golgi complex [122]. Hantavirus particles are spherical or ovd in shape with a
meen diameter of 122 nm (range 78 to 210 nm) [148].

During viral entry, the G1 and G2 glycoproteins attach to host cdl proteins. Pathogenic
hantaviruses can attach to B,-integrins, which arepossiblereceptors for theseviruses, whereas
gpathogenic Prospect Hill virus uses 3 -integrins [51, 52].

1.3. Transmission

Hantaviruses are carried by specific rodent hosts, in which the viruses cause asymptomatic
infectionsthat can persist for severd months. The virus can be detected in different organs of
theanimadss, dthough the highest vird loads have been found in the lungs[50, 81-83, 85, 112,
164]. During the viremic period, the virus is transmitted to humans probably via aerosolized
excreta Among rodents, the virus istransmitted horizontdly likdy in the same way [18, 68,
69, 81, 164]. Maternal antibodies transmitted either in utero or through breast-feeding protect
theanima s agai nst i nfection during thefirst weeks of life[ 36, 37]. Transmission from human
to human does not usually occur, dthough for some HPS outbresks caused by Andes virus
(ANDV) in Argentinathis route has been reported [117].

Animad trappers, forestry workers, farmers, and mamma ogi sts have an i ncreased occupationd
risk of contracting PUUV infection [4, 140, 155, 156, 172].

1.4. Epidemiology

In Europe, only two hantaviruses pathogeni ¢ to humans are known to circulate, namdy PUUV
and DOBYV (Table 28). The bank vole (Clethrionomys glareolus) is the carrier of PUUV [22,
23], whichisfound in most of Europe, with the highest incidence of human PUUV inf ections
reported in Finland, Sweden, and Russia[1-3, 13, 24, 33, 53, 57, 59, 79, 100, 101, 116, 120,
140, 150, 172] (Table 338). The ydlow-necked mouse (Apodemus flavicollis) and the striped
field mouse (A. agrariug) have been shown to cary two geneticdly distinct lineages of DOBV
[14, 17,111, 127]. Human DOBY infections have been reported in Albania, Greece, Boshia
Herzegovina Slovenia Germany, Estonia, and Russia[8, 15, 91, 94, 100, 104]. Thetwo genetic
lineages of DOBYV gppear to be associ ated with different pathogenicity of the virus; DOBV in
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theBakans (carried by A. flavicollis) causes more sever e symptoms (with mortdity rates of 4-
12%) [15] than DOBYV in Estoniaand Russia (carried by A. agrariug), where no fatd cases
have been observed [91, 100].

Other human-pathogeni ¢ hantavi ruses incl ude Hantaan virus(HTNV) carried by thefid d mouse
(Apodemus agrarius), crculaing in Asia, and Seoul virus (SEOV) carried by rats (Rattus
norvegicus and R. rattus) [49, 82, 83] (Table2a). SEOV hasbeen found in rats throughout the
world, whilehuman illness has been reported primaily in Asia Inthe Americas, Sin Nombre

Table 3a. Hantavirus seroprevalence and the number of cases in Europe (PUUV/DOBY)

Country Seroprevalence Reference Cases per year
(PUUV/DOBYV)
Austria 1.2 [1] <10
Belgium ? [59] up to 200
Bosnia 5 [13] up to several hundred
Estonia 3(2/1) [101] ?
Finland 5 [24] ~1000
France ? [79] up to 200
Germany 17 [173] up to 200
Greece 4 [121] 10-20
Netherlands 0.9 [57] ?
Norway ? Folkhelsa, Norway** 50-100 (1998:200)
Slovakia 0.84 (0.42/0.42) [141] ?
Russia 15-4.3 [151] 2-18/100000
Sweden 5-9% [2,3] 50-200 (1998:500)

* Northern Sweden; ** Annual Report 1998, National Institute of Public Health, Norway, page 13

Table 3b. Examples of reported HPS casesin the Americas

Country HPS cases Mortality
(cumulative total)

Argentina >270* ~40 %

Brasil 65** 60 %

Canada 34rx* 38%

Chile 123**** 49 %

USA 245xx* %% 44 %

* up to 5/2000 (Promed Mail); **up to 10/2000 (Promed Mail)***up to
6/2000 (Health Canada Laboratory Centre for Disease Control); **** up
to 8/2000 (Departomento de Epidemiologica, Chile); ***** up to 6/2000
(CDC, UsA)

10
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virus (SNV) carried by deer mouse (Peromyscus manicul atus), and relaed viruses caried by
other Sigmodontinaerodents circulae [30, 44, 61, 88, 89, 106, 113,128, 129, 144] (Table 23).
The man pathogen causing HPS in North Americais SNV, and in South America, AND V.

Several other hantaviruses have been isolated and characterized throughout the world, but
none havebeen shown to be pathogenicto humans[19, 28, 45, 64, 84, 85, 125, 126, 145, 158,
160] (Teble 2b).

The phylogeny of hantaviruses based on aminoacid sequence of the nudeocapsid protein is
presented in Hg. 2[48].

RIOSV

PUUV-Rus
PUUV-Fin
PULV-Sw HTNV
DOBV-Slo
KBRY DOBV-Saa
TOPV
TULV-Mor PHV
TULV-Rus 'tV

Figure 2. Phylogenic tree of hantaviruses based on the aa sequence of N (with
Neighbour Joining Method using the PHYLIP program package [49]). Rus = strain
fromRussia; Fin= strain from Finland; Swv = strain from Sweden; Belg = strain from
Belgium; Saa = strain from Apodemus agrarius in Saaremaa, Estonia; So = strain from
Apodemus flavicollisin Sovenia; RIOSV = Rio Segundo virus; ELMV = El Moro Canyon
virus; LNV = Laguna Negra virus. Figure was provided by Alexander Plyusnin.
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1.4.1. NE epidemiology in Finland

In Finland, the incidence of |aboratory-confirmed NE follows the density of rodents during
different years and vari es depending on the geographica |ocation. Theincidence peaks occur
every 3-4yeas. Clinica NE cases are detected throughout the year, but the highest numbers
are diagnosed in November and December in rural populaions, and in August in urban
populaions[24] (Fig. 3). Eastern Finland has in general the highest rates (Fig. 4).

Mdes are infected at a mean age of 40 years and femdes a 44 years (Fig. 5), and the
md efemaleincidence ratioisabout 2:1. The number of serologicd diagnoses (19/100 000)
and the antibody prevdence (5%) indicate that a lesst 70% of PUUV infections reman
undiagnosed [24].

Figure 3. Monthly distribution of NE cases diagnosed in
Finland in 1995-1999.

. |-
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Source: National Register of Comminicable Diseases, KTL, Finland, 2000
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Figure4.

Incidence of PUUV
infectionsin each hospital
district and including the
Aland islandsin Finland.
Theincidences are calculated
as cases per 100 000
inhabitants. The number of
diagnosed casesin each

district isindicated.

Incidence/100 000 inhabitants

e
Bl 480
I 2140
1995-96 1996-97

11-20
I:I April-March April-March
[ ] 610 Total number of cases=724 Total number of cases = 872
L] o5

1997-98 1998-99 1999-2000
April-March April-March April-March
Total number of cases= 778 Total number of cases= 1668 Total number of cases = 2027

Source: Nationa Register of Communicable Diseases, KTL, Finland, 2000
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Figure 5. Age distribution of NE patients with diagnosed PUUV infection in Finland
(2.1. 1995-22.9.2000). Source: National Register of Communicable Diseases, KTL, Finland, 2000

1.5. Hantaviral diseases

Hantaviruses cause two human disesses. HFRS and HPS. NE caused by PUUV is generdly
mild form of HFRS the severity of the disease varying from asymptomatic infection or flu-
likeillnessto infections demanding intensive care, with amortdity of aéout 0.1% [24]. SEOV
causes a moderate form of HFRS, and HTNV and DOBYV (in the Bakans), a severe form of
HFRSwith mortdity rates of 4-15%. A connection between the severity of NE and the HLA
haplotypeof the patient has been demonstrated [107].

Theincubation period in HFRSis2 to 4 weeks, and the disease usudly starts with fever and
heaedache, foll owed by gastrointestind symptoms (nausea, vomiting, diarrheg) , abdomind pain,
myadgia and back pain, and, in most cases, by dinicad evidence of nephritis with varying
degrees of renal insufficiency [75, 151]. In PUUV infection, thesymptoms aregenerdly milder
and severecomplications, such as hemorrhages, are rarer thanin DOBV or HT NV infections
[6, 15, 75, 120, 139] (Table4). SNV, ANDV, and related viruses found in the Americas arethe
causative agents of HPS (Table 3b), a severe acute respiratory distress syndrome [38, 168]
with amortdity of aout 40%.

Ribavirin[27] lowered themortdity of HFRSinacontrolled clinicd trid carried out in China

14
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[66]. However, in HPS, no beneficial effects of its use were observed [29]. The treatment of
HFRS or HPS patients is thus mainly supportive and is based on understanding of the
pathophysiol ogy of the disease and on the evaluation of dinicd and laboratory findings.

In some cases, serology can be used as a prognostic marker. The presence of neutrdizing
antibodiesin HPS-patientsindicated better surviva from SNV infection [21].

Table 4. Clinical characteristics of HFRS

Symptoms NE* KHF* DOBYV infection**
and findings % Days after % %

of patients  onset of fever of patients of patients
Fever 100 1-7 100 84-100
Headache 0 2-8 86 50-100
Nausea 70 3-7 82 71-79
Stomachache and backache 70 39 90 59-85
Oliguria 50 2-8 67 47-100
Polyuria 97 7-14 92
Increased S-creatinine level 94 2-14 97 95
Proteinuria 94 3-8 100 100
Hematuria 58 3-8 85 100
Dialysis treatment 6 40 19-47
Petechiae 10 39 95 59
Hypotension, shock <10 35 40 21-59

* [75]; ** [6, 15, 121, 140]

1.6. Immune response in hantaviral infections

The induction of protective humoral immunity to hantaviruses in humans is believed to be
mostly due to vird glycoproteins, since virus-neutrdizing activity has been shown to be
connected to M A bsrai sed against theglycoprote ns, but not against the nud eocgpsid protein.
Passivetransfer of immune seraor M Abs against glycoprotei ns beforechdlenge with HTNV
protected experimental ly infected animad s against infection [9, 10, 34, 97, 132, 170].

In humans, IgM, 1gG, and IgA antibodies agai nst hantavirus nud eocapsid prote n appear soon
after onset of symptoms|[35, 40, 96, 118] [I11]. The IgM antibodies reman detectablefor only
1-3months, whereasthe IgG antibodies, and in somepatientsaso IgA antibodies, persist for
decades [35, 40, 96, 118] [lII].

15
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1.7. Laboratory diagnosis

Serology isthe best method to confirm clinicaly suspected hantavirusinfection. Initidly, the
|aboratory diagnosis of acuteirfection was based on IgG sroconversion in paired serum samples
using lung sections of infected rodents or virus-infected cell culturesas|FA antigen. IgM-I FA
tests based oncultured cdls haved so been used [43, 138]. To overcomethe specificity problems
connected to IgM-1FA, and to avoid theneed of collecting paired sera, an |gG-avidity IFA wes
devel oped [58]. In thisavidity assay, which isbased on thematurationof theaffinity of antibodies
against viral proteins during the course of infection, weak affinity is characteristic of early
phase sera, and strong afinity, of late phase sera[58]. Another single-serum test using 1gG-
IFA (discovered by M. Brummer-K orvenkontio) is based on the fluorescent pattern of the sera
inIFA; agranular pattern has been shown to be typical of serum samples collected during the
early phaseof immunity, and adiffuse pattern, to betypicd of serum samples collected during
thelae phaseof immunity [156].

Also, EIAsusing cdl culture-grown hantaviruses as antigen have been devel oped [114]. Since
hantaviruses are highly pathogenic and grow to low titers in cdl culture (demanding & leest
Biosafety leved 3laboratory fadilities), production of antigen for such antibody testsis dfficult.
Therefore, multiple atempts have been made to produce hantavirus antigens by recombinant
DNA technol ogy. Recombinant nud eocapsid proteins have been found suitabl e, as antibodies
to N agppear regularly early after onset of symptoms Bacterid [39, 41, 47, 55, 118, 172, 174,
175] [1], insect [26, 105, 130, 136, 159], and mammadian [47] expression systems have been
used for antigen production. Different EIA formats have been introduced, induding direct
coaing-based procedures and vari ous types of captureassays for both IgG and | gM antibodies.

In addition, immunoblotting assays based on recombinant hantavirus N or glycoprotens, or
peptides have been presented [47, 60, 71, 173]. For rdidble serotyping, i.e to distinguish
between eg. DOBV and HTNV infections, focus- or plague-reduction neutrdization tests
(FRNT or PRNT) [7, 78, 133] run on conval escent phase serum sampl es are needed due to the
high serol ogical cross-reactivity between hantaviruses [94].

For genetic characteri zati on of hantaviruses, severd rever setranscriptase (RT)-PCR protocol s
for detection of hantaviral RNA have been introduced [5, 56, 62, 65, 113, 124, 137, 149].
Sequencing of the amplified regions makes identification of the causative agents feasible,
whichisof spedid interest when epidemiol ogicd research is conducted in an areawhereseverd
cdosdy rdaed viruses co-circulate or when new hantaviruses are identified. However, for
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routinediagnostics RT-PCR istoo insensitive, especidly in thecase of PUUV infections[124].
Virus isolation from human samples istedious, and has very limited va ue for diagnostics, as

only afew successful isolaions from patients have been obtained [72, 161].

1.8. Protective immunity and vaccines against hantaviral
infections

Several atempts havebeen made to deve op avaccineagainst hantavird infections. In addition
to traditiona vaccines based on inactivated viruses, both recombinant N and glycoproteins,
produced in bacterid [152, 153] [II], insect [132, 167] [II], or mammdian [32, 132, 162]
expression systems, have been used in protection studies utilizing rodent mode's. Both N [I1]
and glycoproteins induce protective immunity, dthough in some studies, glycoproteins were
found to be crucid, and only partial protection was obtained with N alone [132, 162].
Furthermore, studies on DNA vaccinaion against SEOV [63, 74] and SNV infection [20] have
been carried out in laboratory rodents, and shown to have efficacy.

The protective effect of passively transferred antibodies against hantaviruses has been
demonstrated in several animd experiments[10, 87, 170] designed to eval uatethetherapeutic
potentid of neutraizing hyperimmune sera or M Absin post-exposure prophyl axis of hantavira

infections.

A formdin-inactivated HTNV vaccine (H antavax ™) has been commercially availablein Korea
since 1990. In human veccinetrids, booster vaccinations have been criticd for maintaining
the antibody leves for more than one year (antibody levels up to 94-100% of persons
vaccinated); neutrdizing antibody responses have, however, remaned at only 50% level of
vaccinees [31]. Severd other human vaccine trid s have been carried out usingeither inactivated
[90, 143, 171] or recombinant vaccines [102]. The vaccines were shown to be safe and well
tolerated in healthy vol unteers, and capable of diciting seroresponsesin thevacc nees. Booster
doses were, however, found to becrucial in order to maintain theantibody level s and potentid

protection is still unknown.
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2. Aims of the study

The a@ms of thepresent study were

1. to deveop safer and more efficient ways for hantaviral antigen production

2. to devedop and evduate ElAs for hantavirus antibody detection in human infections
caused by European hantaviruses

3. to study the kinetics of human antibody response in hantavird infections

4. to study the antigenic properties of PUUV-N and its role in protection against PUUV
infection in rodent hosts
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3. Material and Methods

For detail ed descriptions of Materid and M ethods used in this gudy, refer to the orignd articl g(s)
identified by Roman numerd(s).

Methods Usad in

Preparati ve agarose gel el ectrophores s I

SDS-PAGE LILIV,V
Immunobl otting LIV, V
Enzymeimmunoassay (ElA) LI LTV
Immunofluorescent assay (IFA) L, TV,
Virus cultivation I
Polymerase chai nreaction (PCR) 1,1V, v

Epitope mapping (PEPSCAN) I
Animal i mmuni zation I

Virus challenge I
Focus reduction neutrali zati on test I, 1V, Vv
Bacteria transformation I, 1V, VvV
Transfection 1V, V
Electroel ution v
Immunopreci pitaion \%
Monodond antibodies Source/[Reference] Usad in
Anti-b-galactosidase Boehringer |

Golg zone Calbiochem \%
PUUV-N specific MAbs

1C12 [93] ", v
4C3, 3E11, 3G5, 2E12 [93] v

PUU V-G specific MAbs

G1-1E7-1E5 [95] Il

1C9 [98] I

5B7 [97] 1Y
HTNV-N specific MAbs

G6, F23al, E5 [166] \Y)

TUL -N specific MAb

1C8 [99] v
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Expression vectors Manufacturer/[Reference] Used in
pEX 2 [146] [
pGEX-2T Pharmacia I, 1V
pAcY ML1 GibcoBRL, [136,159] IV
pFASTBAC1, GibcoBRL v
ELVS25 Chiron \%
Recombinant proteins Expression vector Used in
B-gal -PUUV-N PEX2 |
PUUV-rN-1a, -3, -2b, -2¢, 2/3 pGEX-2T I
PUUV-rN-1b (PUUV-1b-GST) pGEX-2T I, 1v
TUL-rN-Tot, -Eco pGEX-2T 1
Bac-PUUV-N pAcYML1 I, v
Bac-DOBV-N pFASTBAC1 v
Bac-HTNV-N pAcY ML1 v
DOBV-dN-GST pGEX-2T v
r-PUUV-GL, -G2, -N pELVS25 \%
Conjugates Manufacturer/[Reference] Used in
Aphos-anti-human 1gG OrionDiagnostica |
Aphos-anti-human IgM I
Aphos-goat anti-mouse 1gG - I
Aphos-donkey anti-mouse 1gG Jackson I
Perox-streptavidin Sigma I
FITC-anti-human 1gG K allestaad I
Perox-anti-human IgM DAKO I, 1v
Perox-MAb 1C12 [93] ", v
Perox-anti-human 1gG DAKO I
Perox-anti-mouse 1gG DAKO v
Perox-anti-human 1gG Cappd v
Substrates Manufacturer Usad in
pNPP Sigma 1L
DAB Sigma I

TMB Sigma I, v
OPD Sigma I
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4. Results and Discussion

4.1. Development and evaluation of antibody tests

4.1.1. PUUV antibody tests based on recombinant antigens

Thel gG-IFA in conjunction with thelgG-avidity-1FA [58] wereconsidered referencetestsfor
al recombinant 1gG and IgM EIAs devel oped, since these IFAs could provide a diagnosis of
acute infection from a single serum sample, and were the only tests routindy used in our
diagnosticlaboratory. Because thelgM-IFA had been found to have more specificity problems
than the IgG-1FA (data not shown), the IgM-EIAs were not compared with IgM-1FA.

4.1.1.1. Bacterial expression system (I)

Initidly, abacterid expression sysem with pEX2 vector was used for production of recombinant
PUUV-N as afusion protein with 3-gdactosidase (3-gd) [157]. The large size of the fusion
protein made purification by gel d ectrophoresis posd bl e According to immunoblotting anayses
using patient sera and rabbit anti sera rai sed against the3-gd -PUUV-N fusion [157], the3-gd
-PUUV-N proved to besuitablefor useas a diagnostic antigen. ThreeEl A testsbased on 3-gd -
PUUV-N were deve oped, one measuring IgM antibodies, one | gG antibodies, and one the
avidity of 1gG antibodies.

ThelgG-EIA corrdated wel with thereferencelgG-IFA. Thesensitivity and specificity va ues
of the IgG-EIA were 97.8% and 98.5%, respectivdy, suggesting that it isan excellent method
for diagnostic purposes and for screening of human serain seroprevalence studies.

Also, thePUUV IgG-avidity EIA showed agood correlaion with thelgG-avidity IFA (Fig. 6).
With acut-of f valueof 20% (ratio of absorbance va ues of urea-washed and control wells), dl
ol d-immunity seragavein IgG-avidity EIA resultsindicative of old immunity (>20%). Likewise,
dl of the acute-phase sera gave results bd ow 20%, indicating acute immunity.

ThelgM-EIA gave positiveresultsfor afew very early sera, in which no antibodies could yet
be detected by 1gG-EIA or 1gG-1FA, but where subsequent samples confirmed the diagnosis
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Figure 6. Correlation between b-gal-PUUV-N IgG AVI-EIA and native
PUUV IgG AVI-IFA..

by 1gG seroconversion. Theindirect IgM-EIA seemed, however, to givefdse-positiveresults
among some of theold-immunity sera

Thepossiblecross-reactivity between hantavi ruses was examined using apand of KHF-patient
sera. A pproximatdy onethird of the KHF-patient sera showed somereactivityin 3-gd -PUUV-
N El A testsaswel as in theimmunobl otting assay based on the 3-gd -PUUV-N antigen. Due
tothelow cross-reactivity leve, the EIA tests based on3-gd -PUUV-N cannot berecommended
for thediagnosisof HTNV infections.
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4.1.1.2. Baculovirus expression system (lll)

A more advanced expression system wasintroduced for production of recombinant PUUV-N
to increase the expression leve of the antigen and to avoid the unspecific reactivities caused
by the bacterial background in diagnostic tests. The antigenic properties of recombinant
bacul ovirus-expressed PUUV nucleocapsid protein (bac-PUUV-N) were initidly shown to be
as suitablefor useas adiagnostic antigen as native PUUV [25, 70, 159]. Theadvantage of bac-
PUUV-N ascompared with b-gad-PUUV-N was demonstrated by the reactivities of apand of
M Abs agai nst thetwo recombinant prote ns. Bac-PUUV-N was recognized by dl of theMAbs
used, whereastwo N epitopeswere not found in -ga -PUUV-N [159]. Thediagnostic va ueof
bac-PUUV-N was further evduated using different assay formats, and the kinetics of the
antibody responses studied (I11).

After expression in 9 insect cdls, the insoluble bac-PUUV-N was solubilized by 6 M ureg,
and runthrough aSephadex G20 column. Dueto the high expression level of theantigen, the
signd-noi srati o was suffic ently highto diminate background problemsin ElAs. Fivedifferent
ElIA test formats were studied: direct-IgM and —gG EIAs, p-capture IgM-EIA, Ag-capture
IgG-El A, and IgG-avidity EIA (Fg. 7). Theserum pand incuded serafrom NE-patients where
the first serum sample had been negative for PUUV IFA, but the second sampleindicated a
seroconversion. Among routine diagnostic samples, such sera normdly comprise 1-5% of dl
acute cases, whereas in this pand the proportion of such cases was 35%. Using this sd ected
serum pand, the possibl ediff erencesin sensitivities between the 1gG-1 FA and diff erent EIAS,
especidly inthe early diagnosis of NE, could be evd uated.

Y ™

Perox-conjug. Perox-conjug.

I.""r
n
a-human 1gG A specific MAb 1C12
* Perox-conjug. * Perox-conjug. A G.
A a-human IgG )\ o-human IgM Human 1gG
)\ Human 1gG Human IgM I::} Antigen %-{- Human IgM
(_:I Antigen Antigen T Specific MAb 1C12 T a-human IgM

Direct 1gG and IgM EIA _/')II\__ Ag-capture (1gG) EIA__,f'“'\,_ u-capture (IgM) EIA _,,"I

N

Antigen

Figure 7. Schematic presentation of the princeples of the different EI A formats used.

As compared with the reference 1IgG-1FA, the IgG-EIAs were found to be specific, since no
fd se-positivereactions were seen when 90 paired negati ve sera were tested. Certain differences
between the EIAs and | FA could be detected in thesensitivity (Fig. 8d), direct-lgG El A being
the most sensitive of thethree IgG assays. Direct PUUV-I gG EIA was found tobemore sensitive
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for the very early sera (taken on thethird day af ter onset of symptomsor earlier) (Fig. 8a) than
cgpture PUUV-IgG EIA, whereas for older immunity serathe sensitivities were equal. The
difference between the two EIAs using the same recombinant antigen was likdy to be dueto
coaing the antigen either directly or in a capture format through MAb 1C12, which might
occupy or shiddsomeof theaminotermind “early response’ epitopeson bac-PUU V-N. Possible
complex formation of bac- PUUV-N might overcomemost of this effect, but in some cases, the

“shidding effect” may be the resson for the negative results inthe early serawith IgG MAb-
capture assay.
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Figure 8 Comparison of different formats of bac-PUUV-N EIAs.
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ThelgG-avidity assay coulddetect maturation of IgG moleculesin srid sera, making it possible
to differentiaebetween ol d-immunity and acute-immunity sera. Thetest looked promising as
a confirmaory tool for timing IgG responses, dthough alarger pand of old-immunity sera
would be needed to verify the specificity of the low-avidity results.

The two IgM tests were also evaduated with the positive- and negative-control panels. All of
the patients became IgM-positive within seven days after onset of symptoms by ElAs (Fig.
8b). Of NE-patient serataken 0-7 days after onset, 88% (97/110) were positivewith p-capture
EIA, 86% (95/110) with direct IgM-EIA, and 65% (72/110) with 1gG-IFA.

4.1.1.3. Kinetics of PUUV-N IgM response (ll)

Of the bac-PUUV-N El As, especidly the p-capture IgM assay seemsto behighly suitable for
diagnosticsasa singletest. Itsspecid advantageistha diagnosis can be madevery early after
onset of illness, even though it should beremembered that a few (probably 1-5%) NE patients
can be IgM-negative even 5 days after onset of symptoms (Fig. 8b), inwhich case, a second
serum sampl e should betaken to confirm theinitidly negativeresult. Interestingly, the antibody
positivity of thesamplestaken during the first days (0 and 19) &f ter onset of symptomsiscose
to 100%, dedlining during the 2" and 3" days, and then rising again to dmost 100% (Fig. 8b).
This phenomenon might be random variaion due to smdl sample sizes during the first days,
or dueto differences in the severity of theillness in individud patients. The immunologicd
response may be stronger among those pati ents seeking medical careearlier than among those
who enter thehedth care system afew dayslater.

During the first month after onset of symptoms, rate of IgM-antibody positivity started to
dedine. The number of old seratested was quite smdl, but by using the p-capture assay, the
IgM leves declined earlier than by direct-IgM assay (Fig. 8b). The IgG-blocking reagent did
not have a significant eff ect onthe IgM results of rheumatoid factor (RF)- positivesera

4.1.2. Development of DOBV antibody tests based on
recombinant antigen (IV)

Inour study (1V), DOBV Saaremaastran cDNA (virusisolated from A. agrariusfrom Estonia)
[111] was used as atemplateto express DOBV-N in bacteriad and insect cell expression systems
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using pGEX-2T and Bac-to-Bac™ vectors, respectively. The antigens produced were used to
develop IgM and 1gG EIAs, and to compare the usefulness of different test formats and
recombinant protensin diagnosis of DOBV infection. In addition, tests based on recombinant
PUUV-N (bac-PUUV-N and PUUV-1b-N) and HTNV-N (bac-HTNV-N) [136] wereincluded
in thecomparison.

So far, mainly truncated recombinant antigens, such as ether recombinant DOBV-N (aa 1-
117) [41] or HTNV-N (aa 1-117 or aa 1-119) [41, 54] have been used in assays to diagnose
DOBYV infections in Europe. Although our truncated construct (DOBV-DN-GST, aa 1-165)
was longer than the previously described ones, thelgM assay aswell asthel gG assay based on
the truncated antigen failed to detect DOBV antibodies in several sera and the full-length
protein (bac- DOBV-N) was shown to be amoresensitiveantigen (Fig. 9). Using alargepand
of MAbs, the antigenic properties of bac-DOBV-N were shown to be identica to those of
native DOBV-N, dthough theaisenceof MAbs ra sed specificdly against DOBV prevented a
more compl ete antigenic evaluaion (Table 5).

DOBYV IgM-ElAs DOBYV IgG-ElAs
bac-DOBV-N IgM bac-DOBV-N I1gG

25 % 15

£ E * . *

HARRLY Chanid o ]f
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Figure 9. Comparison of recombinant DOBV-N EIAs.  @= acutephase; @= convalescent immunity,
o = oldimmunity; * patients whose diagnosis would have been missed with DOB-DN-GST IgM-EIA alone
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Table 5. MAD reactivity of recombinant proteins, measured by EIA

MAb Recombinant antigen Native antigen
MAb recognition site (ad)
(epitope specificity)*  bac-DOBV-N DOBV-dN-GST bac-HTNV-N bac-PUUV-N  DOBV- PUUV-
(aal-429) (aa 1-165) (aa 1-430) (aa 1-430) IFA IFA
1C12  PUUV-N, aa1-79 (N-f) + + + + + +
4C3 PUUV-N, aa1-79 (N-h) + + + + + +
3E11 PUUV-N,aa1-79 (N-) + + + + + +
3G5 PUUV-N, aa 1-79 (N-d) - - - + - +
2E12 PUUV-N, aa1-79 (N-g) + + + + +W +
5B7 PUUV-G2 (G2-b) - - - +
G6 HTNV-N, aa 166-176 + + + + +
F23A1 HTNV-N, aa205-402 + + + + +
ES5 HTNV-N, aa 166-175 + + + + +
C16D11 HTNV-N, aa244-429 + + + + +
1C8 TULV-N, aa1-79 - + - +

*From Table 9 and [166]; w= weak reaction

One of our aims was to evauate the suitability of EIAs based on other hantavirus antigens
(mainly HTNV and PUUV) for diagnosing DOBV cases in European laboratories. The
evd uation was peformed on aDOBYV serum pand that had been fully characterized and DOBV-

specificreactions were confirmed by cross-FRNT using severd hantaviruses and dso induding
convaescent sera of the patients. In our study, bac-HTNV-N was found to have nearly the
sameability to detect DOBYV antibodies as bac-DOBV-N (Tables6 and 7). Thisresultisinline
with thehigh srologica cross-reactivity withintheHTNV/DOBV/SEOV group, and indi cates
that thefull-lengthHTNV-N antigen isgenerally appropriaefor detection of DOBV antibadies.

However, recent datahaveshown that EIAsbased on HTNV antigen may in somecasesfail to
detect DOBV-specific antibodies, both in acute-phase and convdescent samples of HFRS
patients[141]. Bac-DOBV-N was not as sensitivein thedetection of HTNV-specific antibodies
asbac-HTNV-N (Tables 6 and 7), which further supports the concept that homol ogous antigens
are preferable for rdiable diagnosis of HFRS. The comparison results of bac-DOBV-N and
bac-HTNV-N may, however, havebeen affected by theexpression levels: theexpression leve

of bac-DOBV-N was significantly lower than that of baculovirus-expressed HTNV-N and
PUUV-N, possibly dueto the different baculovirus expression system (Bac-to-Bac™) used.

Despite the low expression levd of bac-DOBV-N, the need for purification of the antigen
could efficiently be drcumvented by the use of the MAb- or p-capture format in the EIAs.

Recent datafrom our laboratory show that DOBV-N can be efficiently expressed a high levels

asa GST fusion proteinininsect cells (Koistinen et al ., unpublished results).
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Table 6a. Results of IgM-EI As based on different hantavirus antigens

Negat. sera (N=90) DOBV-pos. sera (N=60)
(acute n=28) (conv./old n=32)
Antigen Pos. Specif. Pos. Sensit. Pos. %
% (high/gray-zone) % (high/gray-zone)
bac-DOBV-N 0 100 28(28/0) 100 10% (7/3) 31
DOBV-dN-GST 1 99 24(22/2) 86 4% (3/1) 13
bac-HTNV-N 0 100 28(28/0) 100 8* (5/3) 25
bac-PUUV-N 0 100 8 (1/7) 29 1*(0/1) 3

*All positive sera are conval escent samples (takenbetween 1 and 3 months after onset of symptoms);
** Three positive sera are conva escent samples, and one positive serum old-immunity sample (taken
later thanthree months after onset of symptoms)

Table 6b. Results of IgM-EI As based on different hantavirus antigens

HTNV-pos. sera (N=20) PUUV-pos. sera (N=23)
(acute) (acuten=18) (conv./old n=5)
Antigen Pos. Sensit. Pos. Sensit. Pos. %
(high/gray-zone) % (high/gray-zone) % (high/gray-zone)
bac-DOBV-N 20 (14/6) 100 2 (02 11 0 0
DOBV-dN-GST 18 (17/1) %0 5 (23) 28 1* (1/0) 25
bac-HTNV-N 20 (20/0) 100 5 (32 28 0 0
bac-PUUV-N 8(3/5) 40 18 (16/2) 100 0 0]
Table 7a. Results of 1gG ElAs based on different hantavirus antigens
Negative sera (N=90) DOBV-pos. sera (N=60)
(acute n=28) (conv./old n=32) Total
Antigen Pos. Specif. Pos. Pos. Sensit.
% (high/gray-zone) (high/gray-zone) %
bac-DOB-N 0 100 27(26/1) 32(32/0) 98
DOB-dN-GST 0 100 21(19/2) 32(32/0) 88
bac-HTN-N 0 100 27 (2413) 32(32/0) 98
bac-PUU-N 0 100 21 (16/5) 27 (18/9) 80
PUU-1b-GST 1 99 23 (12/11) 22 (11/11) 75
Table 7b. Results of 1gG ElAs based on different hantavirus antigens
HTNV-pos. sera (N=20) PUUV-pos. sera (N=23)
(acute) (acute n=18) (conv./old n=5) Total
Antigen Pos. Sensit. Pos. Pos. Sensit.
(high/gray-zone) % (high/gray-zone) (high/gray-zone) %
bac-DOB-N 15 (14/1) 70 4(1/3) 3(12) 30
DOB-dN-GST 13 (8/5) 65 2(0/2) 2(0/2) 17
bac-HTN-N 20 (18/2) 100 7(7/0) 4(1U3) 48
bac-PUU-N 5 (14) 25 18 (18/0) 5 (5/0) 100
PUU-1b-GST 9 (3/6) 45 22 (21/1) 5 (5/0) 96
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4.1.3. Hantavirus diagnostics: general aspects

Theearlier reports, laer unconfirmed, on HTNV and SEQV infectionsin Europeareexamples
of the difficulties in hantavirus typing based on serology using IFA, EIA, or immunoblotting
methods. It now gppears that the only reiable test for distinguishing the antibody responses
against different closdy rdated hantaviruses is the neutralization test. Notably, in these tests
thematuration of antibodiesis crucid for correct typing: very early sera cannot be used due to
cross-reactivity [94] probably caused by 1gM-d ass anti bodies. For diagnostic purposes, however,
it is most important that the tests sensitively detect early seroresponses against the locd

hantavirus(es), and dthough thedistinction between eg. closdy rel aed viruses can beachieved
in some cases with peptideand truncated recombinant protein based assays, thisusudly causes
alossof sensitivity [71, 105] (Araki e al., unpublished results)..

Serologicd assays are needed for hantavirus diagnostics, since only about 67% of PUUV
patients [124] and about 40% of DOBV patients [119] have been shown to be hantavirus
RNA-positive by RT-PCR, and the isolation of hantaviruses from HFRS pdients is rardy
successful [72, 161]. For serological diagnosisof hantavira infections, the assays messuring
IgM antibodies are the method of choice as the IgM levds rise earlier than those of 1gG
antibodies, and thel gM antibody response is definitively associ ated with acute infection [25,
43] [I11]. Yet, it should benoted that theformat of theassay has amgor impact on itsspecificity
and sensitivity. If the expression leve of an antigen is low, the use of a capture format may
minimizethe need f or purification of theantigen. On theother hand, thelessthan full length of
therecombinant protein can &f ect its cgpacity to bind antibodies to different epitopes and may
thus lower the sensitivity if capture assays are used [25].

Currently, afew diagnostickits ared so commercially avail abl efor hantavirus serol ogy. Progen
(Heidelberg, Germany) has provided PUUV and HT NV EIAs for detection of IgM and 1gG
antibodies. The tests are based on truncated recombinant nucdeocgpsid proteins. However,
according to aninternationd evaluation, these PUUV-specificl gM and IgG kitswere found to
be of lower sensitivity than FRNT, PUUV-IFA, or in-house El As based on bac-PUUV-N, E.
coli-expressed PUUV-DN, or native PUUV [25]. Furthermore, MRL Diagnostics (CA, USA)
has recently introduced EIAsfor detection of hantavirus 1 gM and | gG antibodies; thetests are
based on a cocktal of bacul ovirus-expressed recombinant DOBV and SEOV nudeocapsid
proteins. IFAs based on Vero E6 cells infected with ether PUUV or HTNV have dso been
provided by Progen. In addition, argpid PUUV IgM test using immunochromatography has
been deve oped based on bac-PUUV-N. The sensitivity and specificity vaues of this test are
97-100% [67].
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Them-captureassay for the early detection of PUUV and DOBYV | gM antibodies gavethe best
results. Furthermore, if a negative result is obtained from a sample taken bef ore the 6™ day
after onset of symptoms, a second sample is recommended to exdlude or confirm hantavirus
infection. The levd of cross-reactivity between hantaviruses is highest among the HTNV/
DOBV/SEQV group, and within the PUUV/SNV/TUL group, but for accurate diagnosisin
geographicd areas in which hantaviruses from both groups cocirculae, a least one antigen
from each group homol ogousto locd viruses should beused; i.e. in Europe PUUV and DOBV.

4.2. Characterization of PUUV-N (1)

Truncated PUUV-N proteins were produced as GST-fusion proteins in abacterial expression
system using a pGEX-2T vector (Fig. 10). The sequences for the expressed fragments were
sd ected according to possiblestructural domainsand hydrophilic/immunogeni cregionsfrom
hydrophilicity va ues and structure predictions. The immunogenicity of truncated recombinant
PUUV-N prote ns and bac-PUUV-N was andyzed, and an animd modd toinvestigaetherole
of PUUV-N in protective immunity in the carrier rodent was developed. Unlike in previous
experiments using hamsters, the natural host rodent of PUUV, bank vole (Clethrionomys
glareolus), was used in thisstudy (Fig. 11).

d PUUV S-segmentcDNA =
aal aa 433
bac-PUUV-N I PUUV-N |
aal aa 79
rN1a (GsT L PUUV-N
aal aa 118
N1 CGsT L PUUV-N
aal aa 267
N 2/3 GST PUUV-N |
aa 229 aa 327
N3 @ PUUV-N

Figure 10. Recombinant PUUV-N constructs for immunization studies.
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control construct challenge with
3x 10 000 ID50
/ PUUV-N constructs PUUV Kazan

laboratory colonized 2 weeks after 21 days post-
Clethrionomys last booster challenge
glareolus
Look for:  antibodies Look for: antibodies antigen
inserausing against GL/G2 inlungs
IFA and FRNT in serausing using EIA

EIA

Figure 11. Schematic representation of the PUUV protection assays in colonized bank voles
(Clethrionomys glareolus).

4.2.1. B-cell epitopes in PUUV-N

When truncated PUUV-N constructs were used f or epitope mapping of MAbs generated from
avirus-infected bank vole, six of seven epitopes were mapped within the N-termind 20% of
the PUUV-N (aa 1-79), thereby indicating that this part of PUUV-N isamgor antigenicregion
(Table8). Thisisin agreement with previous results based on additivity and competitive EIAS,
which together with thereactivity paternswith various hantavirus strains suggeststhat severd
of theepitopes were partidly or completdy overlgoping [93, 97]. TheMAb 3H9 that had been
char acterized previously [92] was dso in this study shown to react with themost varigbl e part
of PUUV-N (aa229-267). Our result isin linewith other studies on B-cdl epitopes on PUUV-
N, TULV-N, and HTNV-N [92, 99, 166].

Polydona sera from naturally or experimentaly infected bank vol es reved ed the presence of
B-cd | epitopes over the entire N. Although seraf rom infected anima s were non-reectivewith
therN-2b fragment (aa135-214), PEPSCAN dataindicated the presence of antigenic domans
aso withinthisregion. Studies on the human 1gG response to PUUV-N have shown asimilar
patern: truncated N protens indicated tha the amino-teemind part is the mgor antigenic
region, dthough PEPSCAN data reveal ed the presence of antigenic domansin other parts of
theprotein aswell [42, 55, 92,156, 157]. Similarly, for SNV and HTNV, themg or domain for
thehumora reactivity has been shown to residewithin the amino-terminusof E. coli -expressed
N proteins [71, 163, 166].
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Table 8. Summary of MAD reactivity in immunoblotting with truncated rN proteins

MAb (epitope)

Antigen
3H9 5E1 5BS 3G5 1C12 2E12 4E5
(N-a)  (N-b) (N (N-d) (Nf) (N-g) (N-h)
PUUV
rN 1a(1-79) - + + + + + +
rN 1b (1-118) - + + + + + +
rN 2/3 (1-267) + + + + + + +
rN 3 (229-327) + - - - - - -
bac-PUUV-N + + + + + + +
TULV
rN Eco (1-61) - - - - + - +
rN Tot (1-430) - - - (+) + + +

Epitoperegion 229-267 1-79 1-79 61-79 1-61 61-79 1-61
(recognized aas)

+ positive reaction; (+) weak reaction; - negative

4.2.2. Protective immunity in natural host by immunization with
PUUV-N (II)

Examinaion by IFA revealed tha all thedifferent recombinant PUUV-N fragmentsdicitedin
animd s significant 1gG | eve sreactivewith native PUUV-N (Table9). Thehighly immunogenic
nature of the amino-termind region wasfurther demonstrated by the relaivey high antibody
titers to native PUUV-N evoked in animas immunized with rN-1a (aa 1-79); none of the
pool ed antisera raised to thelarger rN fragments or to theentireN (i.e. bac-PUUV-N or during
vird infection) showed higher titers to native N (Teble 9).

Although HTNV causes systemic infection with lethal outcome in newborn mice[76, 103,
110], nudemice[109], and SCID mice[165], no anima modd for HFRS-like diseasehas been
found, making it impossible to evaluate the ability to moderate or prevent disease by
immuni zation with PUUV recombinant proteins. Thus, another experimenta gpproach, based
on infection of the naturd host, the bank vole, was used for messurement of protection from
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Table 9. Immune responses to PUUV in bank voles after immunization with different
recombinant PUUV-N or control constructs, and infection with PUUV

Reciprocal end-point titers

Immunogen N animals IFA FRNT G1/G2EIA
(aq) Native PUUV Native PUUV  Native PUUV
rN 1a(1-79) 2 6400 <40 < 200
3 3200 <40 <200
rN 1b (1-118) 3 3200 <40 < 200
rN 2/3 (1-267) 3 1600 40 < 200
rN 3 (229-327) 3 3200 <40 < 200
bac-PUUV-N (1-433) 2 1600 <40 < 200
GST-control 5 <100 <40 <200
PUUV (wild) a 5 1600 1280 6400
PUUV (Kazan) b 5 1600 1280 12800
Non-immune control 2 <100 <40 <200

8gerafrom PUUV |1gG-positive wild bank voles trapped in northern Sweden; PSera drawn 3 weeks after
experimental infection with PUUV strain Kazan.

PUUV infection. None of the bank voles immunized with the amino-termind fragments or
with compl eterecombinant N (bac-PUUV-N) displayed N antigen in ther lungs after challenge
withinfectious PUUV. Anima swere protected against cha lenge virus in up to 10“infectious
doses. When post-chdlenge sera of these anima's were andyzed, only one (immunized with
the shortest aminoterminal fragment (aa 1-79)) had glycoprotein-specific antibodies and
gppeared not to be fully protected (Table 10). Even though the number of animads in some
groups was smdl, dl animas immunized with proteins corresponding to aa 1-118 or with
larger amino-termind fragments of PUUV-N, were well protected against infection. Bank voles
have also been shown to be protected against PUUV infection when hepatitis B virus core
particles carrying PUUV-N constructswere used in similar protection experiments[152, 153].
In other experimentd settings, HTNV recombinant N has been shown to protect hamstersand
suckling micefrom HTNYV infection [132, 167]. Theresults from our anima modd emphasize
the importance of investigating not only the presence of vird antigen, but dso the antibody

responses.

Antibodies agai nst enve ope glycoprotei ns carry best protection in passivetransfer of antibodies
in experimenta mode's. Also neutrdizing activity isdetected invitrofor MAbs directed to G1
and G2, but not to N [9, 10, 34, 97, 132, 170].
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Table 10. Presence of antigen or G1/G2 antibodies after challenge
with PUUV/Kazan in bank voles immunized with recombinant
PUUV-N constructs

Immunogen (aa) Antigen in lungs G1/G2 antibody
rN 1a(1-79) 052 15

rN 1b (1-118) 0/3 0/3

rN 2/3 (1-267) 0/3 0/3

N 3 (229-327) 3 3
bac-PUUV-N (1-433) 0/8 0/8
GST-control 5/5 5/5
Non-immune control 8/8 8/8

@Number of N-antigen positive/number inoculated; BNumber of GL/G2-
specific antibody positive/number inocul ated

The significance of the N-specific antibody responsein vivo is, however, not yet completdy
understood. A MADb specific to HTNV-N has been shown to protect from virus infection, and
N-specific polyclond sera, to significantly increase thesurvival timein amousemodel [167].
N-specific MAbs are known to partidly protect bank volesfrom PUUV infection (Lundkvist
et d., unpublished). Accordingly, thehumord responseto N may, in addition totheglycoprotein-
specific response, be of importancefor theimmunity, eg. viaantibody-dependent cdl-mediated
cytotoxicity and/or complement-mediated cytolysis.

Cdl-mediaed response to HTNV has been shown to be induced in experimental infection in
rodentsand also to bea | esst partidly protectiveagainst infection [11, 12, 167]. Human CD4+
and CD8+ cytotoxic T lymphocyte (CTL) epitopes have been identified on SNV-N (aa 131-
139, aa234-242, and aa372-380) during the acute phase of HPS [46], and on HTNV-N (aa 12-
20 and aa 421-429) years after laboraory-acquired subdinicd HTNV infection [154]. T-cdl
epitopes on HTNV-N (aa 221-228, aa 328-335, and aa 422-429) have dso been described
using amouse modd [121]. Recently, CTL responses against both PUUV G1 and G2 were
seen innaturd PUUV infection (Van Epps et al., persona communication). Our recombinant
proteins, which were found to be protectivein bank voles, covered the ssme PUUV-N regions
shown to be important as human T-cd| epitopes.

Our data suggest that recombinant PUUV-N proteins are cagpable of inducing a response that
can protect animas from infection after chalenge with high doses of infectious virus.
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4.3. Expression of PUUV proteins in mammalian cells (V)

To establish arecombinant expression sygem for theglycoproteins, and to comparethekinetics
of human antibody responses towards recombinant PUUV-N, G1, and G2, these proteins were
expressed in mammaian BHK-21 cdls using an dphavirus replicon system. This expression
system was selected to allow proper post-translational processing of the recombinant
glycoproteinsin mammadian cells, as our previous experiencewith thebacul ovirus expression
system suggested that the glycoproteins were not properly folded in insect cdls [159].

The antigenic properties of the recombinant proteins were evauated using pands of specific
MADbs raised against PUUV-N, G1, or G2. Recombinant PUUV-N and glycoproteins, when
expressed together, were found to react with the M Abs reactive agai nst conformationa epitopes
identicaly to nativeviral proteins (Table11), suggesting proper folding of these recombinant
proteins. Co-expression of G1 and G2 was essentid, sinceindividualy expressed G2 was not
recogni zed by dl G2-specific MAbs, and was thusgpparently not properly processed. A stronger
response against MAbs was obtained when G1 and G2 were simultaneously expressed from
separate transcripts as compared with expression from a single open reading frame
Immunoprecipitation by polydond rabbit antisera aganst G1, G2, and N showed tha the
sizes of the recombinant proteins were similar to those of native vird protens.

Table 11. Reactivity of PUUV-specific monoclonal antibodies with the recombinant
proteins, as analysed by IFA

MAb Recombinant protein Native
recognition site antigen
MAb  (epitope specificity) Gl G2 M* Gl+G2** N PUUV

Sotkamo
MAb5A2  PUUV-G1(a) + - +W + nd +
MAb4G2  PUUV-G2 (al) - + + + nd +
MAb1C9 PUUV-G2(a2) - + + + nd +
MAb5B7  PUUV-G2 (b) - - +w + nd +
MAb3H9 PUUV-N (a) nd nd nd nd + +
MAbB5E1  PUUV-N (b) nd nd nd nd + +
MAbS5F4  PUUV-N (¢) nd nd nd nd + +
MAb 1C12 PUUV-N (f) nd nd nd nd + +
MAb2E12 PUUV-N (g) nd nd nd nd + +
MAb4C3  PUUV-N (h) nd nd nd nd + +

*pELV S-PUUV-M- transfected to express G1 and G2 proteins; **pELVS-PUUV-G1 and
pELVS-PUUV-G2 transfected simultaneously; w= weak reaction; nd=not determined
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Previous studi es using vacci niavirus-based expression systems haveindicated that HTNV G1
and G2 can beexpressed separatdy, but tha thetransport of G2 from the endoplasmic reticulum
totheGolgi complex is dependent on coexpression with G1. However, thetransport of G1 has
been debated; it has been found to be targeted to Golgi when expressed done [122] or to be
dependent on coexpression with G2 [131]. Our results on obtaining conformationdly properly
folded PUUV G1and G2 by coexpression further support thed oseinterplay between thetwo
glycoproteins in hantaviruses, but whether the dependence of proper folding of G2 on the
presence of Gl isassociaed with Golgi transport awaits further studies. Moreover, hantavirus
glycoproteins may differ in ther targeting [128], and no thorough localization studies have
been done for PUUV.

To evaluae the human | gG-antibody responses against recombinant G1, G2, and N, severd
pand s of serawere tested by IFA. Thebest reactivity was obta ned when G1 and G2 expressed
together were used as antigen. Only 2% of the acute-phase sera (N= 133) contained 1gG
antibodies against PUUV G1+G2, whereas of ol d-immunity sera (N= 100), 87% were G1+G2-
positive (Table 12). Theseresults arein line with previous data obtained by assays based on
nativestructurd PUUV proteins[96]. Using a pand of serid paient sera, it was shown that as
the immunity matures, 1gG antibodies against recombinant glycoprotens gppear and findly
high titers are reached a late convaescence, while antibodies to nudeocgpsid protein are
present in high titersdready inthe acutephase of infection (Table13).

Table 12. Presence of 1gG antibodies to recombinant PUUV-G1 and -G2-antigensin
PUUV- and DOBV-patient sera by IFA

PUUV-patient sera DOBV-patient sera
Recombinant Acute-phase Old-immunity Acute-phase Convalescent- or old-
antigen sera (tot=19) sera (tot=81) sera (tot=24) immunity sera (tot=16)

N pos. % pos. N pos. % pos. N pos. % pos. N pos. % pos.

Gl 1 5 65 80 nd nd
G2 0 0 27 33 nd nd
G1+G2* 1 5 70 86 0 0 5 31
M** 0 0 60 74 nd nd

*Separate pELV S-PUUV-G1 and pELV S-PUUV-G2 transfected simultaneously; **whole pELVS-PUUV-M
segment encoding for G1 and G2 transfected, nd = not determined
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Of the acute DOBV sera, none were reactive (Table 12). This result is consistent with the

recombinant PUUV G1+G2 antigen was observed to be quite low (36% of the sera showed
somereactivity) (Table12), and the intensity in IFA was weak among the ol d- mmunity sera

With a panel of FRNT-verified DOBV sera, the cross-reactivity between the sera and
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finding that glycoproteins are the most variable of hantavird proteins [123]. Whether the
comparison of thetiters of patient serum antibodies agai nst different hantavirus glycoprote ns
could be used for typing of the causative agent remains to be seen.

Our results are in contrast to those obtained with early-phase sera of HPS patients, which
reacted with bacteridly expressed truncated recombinant SNV G1 protein. However, inthose
experiments, no reactions between acute PUUV sera and SNV G1 were seen [60] (no old-
immunity PUUV serawere induded in that materid). One explanation for the discrepancy
could be that the reactivity is due to antibodies against virus-type specific linear epitopes. A
similar phenomenon has been documented in human parvovirus infections, in which certain
linear epitopes are detectable only in the acute phase of immunity [73, 142].

Serawith IgG antibodies against recombinant N showed in native PUUV IgG-1FA thegranular
fluorescence pattern associated with the acute phase of immunity [156] (Teble 14). Whereas
serawith I gG antibodies d so aga nst the recombinant glycoprote ns showedin naive PUUV
IgG-1 FA the diffuse fluorescence pattern associated with late phase of immunity (Table 14).
Thisfurther confirmsthat thenativelgG-1FA fluorescence pattern, which has been used in our
routine diagnostics as a rgpid test to distinguish acute PUUV infections from old PUUV
immunity, i shighly useful for timingtheantibody response. In our pand, agranul ar fluorescence
pattern had a specificity of 100% and a sensitivity of 97% for acute PUUV infection (Table
14), as compared with m-capture IgM EIA. In addition, dl cases with a diffuse fluorescence
pattern were PUUV | gM-negative(Tables 13 and 14).

Table 14. Reactivity and fluorescence pattern of sera in native PUUV-1gG-1FA as compared
to IgM-EIA and to reactivity with recombinant PUUV-G1 and -G2 antigensin IgG-IFA

1gG- IFA (native PUUV) IgM-EIA 1gG-IFA
Sera Total IFA pattern bac-PUUV-N ELVSG1+G2
(PULV) Positive (%) Granular (%) Diffuse(%) Positive(%) Positive (%)
Acutephase 104  101(97) 101 (97) 0 104 (100) 2(2)
Old-immunity 9 9 (100) 0 9(100) 0 8(89)
Negative 87 0 - - 0 0

ThepELV'S constructs can al so be gpplied in DNA vaccination studies. Prdiminary evidence
suggests tha the pELVS-PUUV-N construct provides protection in the bank vole model
(Lundkvist et d, unpublished results).
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5. Concluding remarks and Future prospects

Hantavirusesind ude several world-wide distributed human pathogens, transmitted to humans
viaexcretaof infected carrier rodents. Theseviruses areassociated with two dlinical disesses,
HFRSand HPS, which vary in severity depending on the causati ve agent. Hantavirusinfections
are espedially common in China, Korea, Russia, and Northern Europe; in Finland done
gpproximaey one thousand cases are diagnosed annually.

This thesissummari zes our results on the producti on and use of recombinant hantavird proteins
in studies on the antigenic properties of these prote ns, char acterization of domainsinvolvedin
protective immunity, and deve opment of diagnostic goplications for hantaviral diseases.

For hantavirus diagnostics, serology isthe method of choice, because virusisolationis rardy
successful, and the vdue of detecting vird RNA by RT-PCR islimited in practice & lesst for
PUUV. For optimd sensitivity, assays based on antigens from viruses circulating in each
geographicd region are recommended. In Europe, two hantaviruses causing HFRS, namey
PUUV and DOBYV, are circulaing. Recombinant PUUV and DOBV nudeocapsid proteins
were expressed in bacterid or insect cdls, and based on these antigens, EIA swere devel oped
to messurel gG and IgM antibody responsesin humans. Thesetests were found to be specific
and sensitive for diagnostic use. For diagnosis of acute infection, p-capture EIA based on
baculovirus-expressed full-length nucleocapsid protein (PUUV-N and/or DOBV-N) is
recommended. Furthermore, if anegative IgM result isobtained from a sample taken before
the 6" day after onset of symptoms, a second sample should be taken to exdude or confirm
hantavirus infection.

Co-expression of the recombinant glycoproteins G1 and G2 was found essentid for proper
post-translationd processing of the protens as evduaed by MAbs against conformationd
epitopes. 1gG antibodies against glycoproteins gopeared only in the late convd escent phase,
whereas 1gG antibodies against N were seen in high titers dready in the acute phase of NE-
patient sera The gppearance of 1gG antibodiesto glycoproteins was assocdiated with a diff use
type of fluorescencein native PUUV IgG-IFA; the granular fluorescence dueto early anti-N
response was shown to be diagnosticfor acute infection.

Determination of the type of the causative agent of hantaviral infection is of interest in
seroepidemiological and clinical studies. The method of choice at the moment is the
neutralization assays perf ormed on conval escent-immunity sera. Attempts have been made to
devel op other typing methods based on truncated nudeocapsid proteins as antigens in EIA,
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and dternative gpproaches could dso be based on the use of recombinant glycoprotens.

Truncated PUUV nudeocapsid proteins were used to map the B-cdll epitopes on N by use of
MAbs. The aminotermina part of PUUV-N was shown to be highly immunogenic, and in
protection experiments, immunization with recombinant PUUV-N or its aminoterminal
fragments (expressed in insect or bacterid cells) werefound to be capabl e of inducing protection
against PUUV infection in bank vol es. Becausearodent modd may not bedirectly comparable
with PUUV infection in man (a dead-end for the virus), our future vaccine prospects will
indude the use of a primae anima model to further study the suitability of PUUV-N and
glycoprotein constructs described in this study asrecombinant protein or DN A vaccines.
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