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specific reaction of sheep sera during the detection of
antibodies to the virus by enzyme-linked immunosozr-
bent assay (ELISA}.

In order to overcome these problems, we developed
an ELISA using recombinant nucleoprotein of Crimean-
Congo hemorrhagic fever virus and an indirect immu-
nofluorescence assay using HeLa cells expressing the
recombinant nucleoprotein for the detection of immu-
noglobulin G (IgG) to the virus in sheep sera. We
describe an effective Crimean-Congo hemorrhagic fever
virus antibody detection system for use with sheep sera
using the recombinant nucleoprotein.

2. Materials and methods

2.1. Sera

Eighty sera samples collected from sheep in the
western region of the Xinjiang Uygur Autonomous
Region, PR China, were used. The region is known to
be an endemic area of Crimean-Congo hemorrhagic
fever (Yen et al, 1985). Thirty-nine sera samples
collected from sheep in Shandong province (the dis-
ease-free area), one of the eastern provinces in PR
China, were used as a control. These sera were collected
in 2001 and used for the evaluation of the recombinant
nucleoprotein-based antibody detection systems. The
sera collected in the Xinjiang Uygur Autonomous
Region and Shandong province were designated as
Xinjiang sera and Shandong sera, respectively.

Fifty and 51 sera samples collected from sheep in the
Xizang Autonomous Region (Tibet), a mountainous
region, and Hainan province, an island province in
southern China, respectively, were also used. These sera
were collected in 1998 and were stored at —30 °C until
use. The sera collected in the Xizang Autonomous
Region and Hainan province were designated as Xizang
sera and Hainan sera, respectively.

2.2. Expression of recombinant nucleoprotein of
Crimean-Congo hemorrhagic fever virus

The recombinant nucleoprotein of the virus was
expressed in insect cells with a recombinant baculovirus.
The recombinant baculovirus, which expressed a full-
length nucleoprotein of Crimean-Congo hemorrhagic
fever virus tagged with 6 x histidine on the N-terminus,
was generated as reported previously (Saijo ct al,
2002a). The His-tagged recombinant nucleoprotein was
expressed in insect cells by infection with the recombi-
nant baculovirus and then purified (Saijo et al., 2002a).
The negative control antigen was also prepared in the
same way as described previously (Saijo et al., 2002a).

The HeLa cell line continuously expressing recombi-
nant nucleoprotein of the virus was established as
reported previously (Saijo et al., 2002b).

2.3, Indirect immunofluorescence assay

The details of the indirect immunofluorescence assays
performed in the study were reported previously (Saijo
et al., 2002b). The authentic antigens [Vero E6 cells
infected with Crimean-Congo hemorrhagic fever (Chi-
nese isolate 66019)] and the recombinant antigens (HeLa
cells expressing the recombinant nucleoprotein) as well
as the negative control antigens were prepared in the
same way as reported previously (Saijo et al., 2002h).
For the authentic antigens and recombinant antigens,
non-infected Vero E6 cells and HelLa cells were used as
control antigens. The authentic antigen- and recombi-
nant antigen-positive slides were designated as authentic
antigen-slides and recombinant antigen-slides, respec-
tively. The authentic virus antigens were made in a high
containment laboratory according to the regulations of
the Institute of Epidemiology and Microbiology, Chi-
nese Academy of Preventive Medicine, PR China.

Sheep serum samples were diluted at a dilution of 1:50
and placed on the authentic antigen-siides, recombinant
antigen-slides and respective control slides. These slides
were incubated under humidified conditions at 37 °C
for 1 h. After washing with PBS, the antigens were
reacted with fluorescein isothiocyanate (FITC)-conju-
gated rabbit gniti-sheep IgG antibody (Vector Labora-
tories, Inc., Burlingame, CA) at a dilution of 1:70.
Following another round of washing with PBS, the
slides were examined for a staining pattern under a
fluorescent microscope (Olympus, Tokyo, Japan) with
an appropriate barrier and excitation filters for FITC
visualization. The antibody-positive and -negative con-
trols were included in each assay.

2.4, Enzyme-linked imunosorbent éssay

ELISA was carried out as described previously except
for the secondary antibody, the blocking reagents and
washing solution (Satjo et al., 20024). The blocking and
the washing solutions were prepared according to the
method used by Meegan et al. (1987). The blocking
solution was composed of PBS containing 0.5% Tween-
20, 500 pg dextran sulfate/ml and 5% heat-inactivated
horse serum (Life Technologies) and the washing
solution was composed of PBS containing 0.25%
Tween-20 (Meegan et al., 1987). Briefly, half of the
wells of the ELISA plates (PRO-BIND™, 96 well, flat
bottom, Becton Dickinson Labware, Franklin Lakes,
NJ) were coated with the predetermined optimal quan-
tity of the purified recombinant nucleoprotein (approxi-
mately 100 ng/well) and the rest were coated with the
negative control antigen at 4 °C overnight. After coat-
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ing the plate with the antigen, each well of the plates was
inoculated with 200 pl of the blocking solution and
incubated for 1 h. After washing the plates three times
with the washing solution, the antigen-coated and
negative control antigen-coated wells were inoculated
with the test samples (100 pl/well), which were 400 times
diluted with the blocking solution. After a 1-h incuba-
tion period, the plates were washed three times with the
washing solution. Then, each well of the plates was
inoculated with a rabbit anti-sheep IgG antibody
labeled with HRPO (1:1000-dilution; Zymed Labora-
tories, San Francisco, CA). After a further 1-h incuba-
tion period, the plates were washed and 100 ul of ABTS
solution (Roche Diagnositics, Mannheim, Germany)
was added to each well. The plates were incubated for
30 min at 37 °C and optical density (OD) was measured
at 405 nm with a reference at 490 nm. The adjusted OD
was calculated by subtracting the OD of the non-coated
wells from that of the corresponding wells.

2.5. Statistical methods

Sensitivity, specificity and predictive values for posi-
tive and negative tests were calculated by standard
methods (Griner et al., 1981). Sensitivity and specificity
were defined as the probability that the target assay
result was positive when the immunofluorescence assay
using authentic antigen-slides showed a positive result
and the probability that the target assay result was
negative when the immunofluorescence assay showed
negative result, respectively. The positive and negative
predictive values were defined as the probability that the
immunofluorescence assay using the authentic antigen-
slides showed a positive reaction when the target assay
was positive and the probability that the immunofluor-
escence assay showed a negative reaction when the
target assay was negative.

Receiver operating characteristics (ROC) and two-
graph-ROC (TG-ROC) curves were analyzed using Stat
Flex ver. 5 software (Artech Co. Ltd., Osaka, Japan).

3. Results

3.1. Detection of antibodies to Crimean-Congo
hemorrhagic fever virus by recombinant nucleoprotein-
based indirect immunofiuorescence assay

The staining patterns of the recombinant nucleopro-
tein expressed in HeLa cells and the authentic antigens
in Vero E6 cells incubated with a sheep serum sample
containing IgG antibodies to the virus are shown in Fig,
1. The staining patterns of the recombinant nucleopro-
tein in Hela cells were granular, as were those of the
Crimean-Congo hemorrhagic fever virus-infected Vero
E6 cells.

Forty-nine of the 80 Xinjiang sera showed an anti-
body-positive reaction at a dilution of 1:50 and the rest
showed a pegative reaction in the authentic virus
antigen-based indirect immunofluorescence assay.
Forty-six of the 49 antibody-positive Xinjiang sera
also showed a positive reaction in the immunofluores-
cence assay using the recombinant antigen-slides. On the
other hand, two of the 31 antibody-negative Xinjiang
sera showed a positive reaction in the recombinant
nucleoprotein-based immunofluorescence assay. The
Shandong sera were confirmed to be negative by both
assays. All the data are summarized in Table 1. The
sensitivity and specificity of the recombinant nucleopro-
tein-based indirect immunofluorescence assay were
calculated as 94 and 97%, respectively. Both the positive
and negative predictive values were calculated as 96%.

3.2, Detection of antibodies to Crimean-Congo
hemorrhagic fever virus by recombinant nucleoprotein-
based IgG ELISA

IgG antibodies to the virus was detected by the
recombinant nucleoprotein-based IgG ELISA. The
OD,ys of each serum sample at a dilution of 1:400 is
plotted in Fig. 2. ROC and TG-ROC curves are shown
in Fig. 3. The area under the curve in ROC is 0.9%4 (Fig.
3a). If the cut-off is defined as the value at which
sensitivity and specificity were equal (intersection point
of the sensitivity curve and specificity curve), the cut-off
value would be approximately 1.4 and sensitivity and
specificity would be 95%. If the cut-off is defined as an
ODys of 1.8, the sensitivity would decrease to 90% but
specificity would increase to 100% (Fig. 3a). In the case
of a cut-off value of 1.8, 45 of the 49 antibody-positive
Xinjiang sera would be confirmed as antibody-positive
by the recombinant nucleoprotein-based IgG ELISA.
The rest of the Xinjiang sera and all the Shandong sera
showed a negative reaction in the IgG ELISA. The
sensitivity and specificity were calculated as 92 and
100%, respectively.

3.3. Seroepidemiology

While 46 of the 80 Xinjiang sera showed a positive
reaction in the indirect immunofluorescence assay using
the recombinant antigen-slides, none of the Shangong,
Xizang or Hainan sera were positive.

4. Discussion

The efficacy of the IgG ELISA using the recombinant
nucleoprotein in detecting the IgG antibody to Crimean-
Congo hemorrhagic fever virus has been reported
previously for human serum samples (Marriott et al.,
1994; Saijo et al., 2002a). A skim milk-based blocking

- 137 —



114 T. Qing et al. | Journal of Virological Methods 108 (2003) 111-116

(b)

Fig. 1. Positive immunofluorescence staining of recombinant nucleoproicin-expressing Hela cells (a) and Crimean-Congo hemorrhagic fever virus-
infected Vero E6 cells (b) with a CCHFV antibody-positive sheep serum at a dilution of 1:50. The respective negative control cells, HeLa cells {c} and

Vero cells (d) stained with the same serum are also shown.

Table 1

Relationship of the results between the authentic virus antigen-based
and recombinant nucleoprotein-based indirect immunofluorescent
assays

Authentic antigen-assay

(N=119)
Positive Negative
Recombinant antigen-assay Positive 46 2
Negative 3 68

reagent was used in the IgG ELISA for human serum
samples (Saijo et al., 2002a). However, we could not
detect the specific antibody to the virus in this ELISA
with high sensitivity and specificity because of a very
strong non-specific reaction (data not shown). There-
fore, we evaluated the IgG ELISA with a horse serum-
based blocking solution containing dextran sulfate and
Tween-20 and a washing solution containing a higher
concentration of Tween-20 (0.25%). The non-specific
reaction could be successfully reduced by these mod-
ifications.

The antibody-positive rates for Crimean-Congo he-
morrhagic fever virus among the Xinjiang sera as
determined by the authentic virus antigen-based indirect
immunofluorescence assay, by the recombinant nucleo-

Negative G e

Positive a——na

0 05 1 L5 2 25 3 35
ODy05

Fig. 2. Distribution of ODy; values obtained by the recombinant
nucleoprotein-based IgG ELISA among the Crimean-Congo hemor-
rhagic fever virus antibody-positive and -negative serum samples as
determined by the authentic virus antigen-based indirect immuno-
fluorescence assay.

protein-based indirect immunofluorescence assay and
by the IgG ELISA were 61, 56 and 56%, respectively. It
was found that there was no evidence of Crimean-
Congo hemorrhagic fever virus infections in sheep in
Shandong, Xiznag or Hainan, while approximately half
of the sheep in Xinjiang were infected with CCHFV.
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Fig. 3. ROC (2) and TG-ROC (b) analyses of the recombinant nucleoprotein-based IgG ELISA.

The highest ODggs value among the Shandong sera
samples was 0.901. Seven sera showed higher values
than this value in the sera found to be Crimean-Congo
hemorrhagic fever virus antibody negative by the 1gG
ELISA (Fig. 2). These 7 sera were all from the Xinjiang
area. Some of these 7 Xinjiang sera were considered to
be virus antibody positive, If the cut-off value were
defined 0.901, the positive predictive value of the I1gG
ELISA was calculated as 87%. This indicates that the 7
Xinjiang sera were Crimean-Congo hemorrhagic fever
virus antibody positive with an 87% of probability.

Various methods including ELISA, indirect immunc-
fluorescence assays, complement fixation methods, and
reversed passive hemagglutination and inhibition meth-
ods have been used for detecting antibodies to Crimean-
Congo hemorrhagic fever virus in sheep sera (Burt et al.,,
1993; Khan et al., 1997, Morrilt et al., 1990; Saidi et al..
1975; Swanepoel et al.. 1983a,b; Williams et al., 2000).
Nevertheless, all these methods require the handling of
the live virus at some stage, necessitating the use of a
high security containment laboratory. The efficacy of
the recombinant nucleoprotein as an antigen for IgG
ELISA and immunofluorescence assay has been re-
ported for human sera (Marriott et al., 1994; Saijo et al.,
20024,b), but not for sheep sera. In the present study, we
demonstrate that the recombinant nucleoprotein is also
a useful antigen for IgG ELISA and indirect immuno-
fluorescence assay techniques for sheep sera. Unfortu-
nately, outbreaks of Crimean-Congo hemorrhagic fever
occur in areas so remote that insufficient sheep sera
samples could be collected. Therefore, it is necessary to
evaluate the recombinant nucleoprotein-based antibody
detection systems for Crimean-Congo hemorrhagic
fever virus using more serum samples to confirm the
efficacy.

In summary, recombinant nucleoprotein-based anti-
body detection systems were developed for Crimean-
Congo hemorrhagic fever virus. We believe that these
systems may be of use in facilitating the epidemiological
study of Crimean-Congo hemorrhagic fever infections.
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Ebola virus consists of four genetically distinguishable subtypes. We developed monoclonal antibodies
{MAbs) to the nuclcoprotein (NP) of Ebola virus Zaire subtype and analyzed their cross-reactivities to the
Reston and Sudan subtypes. We further determined the epitopes recognized by these MAbs. Three MAbs
reacted with the three major subtypes and recognized a fragment containing 110 amino acids (aa) at the
C-terminal extremity. They did not show specific reactivities to any 10-aa short peptides in Pepscan analyses,
suggesting that these MAbs recognize conformational epitope(s) located within this region. Six MAbs recog-
nized a fragment corresponding to aa 361 to 461 of the NP, Five of these six MAbs showed specific reactivities
in Pcpscan analyses, and the epitopes were identified in two regions, aa 424 to 430 and aa 451 to 455. Three
MAbs that recognized the former epitope region cross-reacted with all three subtypes, and one that recognized
the same epitope region was Zaire specific. One MAb, which recognized the latter epitope region, was reactive
with Zaire and Sudan subtypes but not with the Reston subtype. These results suggest that Ebola virus NP has
at least two linear epitope regions and that the recognition of the epitope by MAbs can vary even within the
same epitope region, These MAbs showing different subtype specificities might be useful reagents for devel-

oping an immunological system to identify Ebola virus subtypes.

Ebola virus is a filamentous negative-strand RNA virus,
which naturally infects humans and nonhuman primates. In
these hosts, Ebola virus causes severe hemorrhagic fever with
very high mortality (27, 28). Despite an extensive search, the
natural reservoir of Ebola virus is not yel known (2, 10). Ebola
virus consists of four genetically distinguishable subtypes:
Zaire. Sudan. Cote d’Ivoire, and Reston (3). The former three
cause severe hemorthagic fever both in humans and nonhu-
man primates. Of them, the Zaire and Sudan subtypes have
been the cause of major outbreaks (21, 26, 27, 29). The mor-
tality in the infected patients varies depending on the subtype
(1. 26. 29}, Notably, the Reston subtype has infected humans
on several occasions but with no associated clinical symptoms
{12, 13, 17), whereas it caused severe hemorrhagic fever in
nonhuman primates. especially in Macaca monkeys, like the
other subtypes (4, 14). Therefore, it is important to distinguish
between these subtypes and to elucidate the molecular basis
for the differences.

Ebola virus contains seven structural proteins (16). Nuclco-
protein (NP) is one of the most abundant structural proteins
among the Ebola virus-encoded proteins (8) and consists of
739 (Zaire and Reston) or 738 (Sudan) amine acids (aa) (6, 20)
(GenBank accession no. AF173836). The N-terminal hall of
the NP is highly hydrophobic and relatively conserved among
subtypes, whereas the C-terminal half is variable. Cylotoxic T
cells specific to aa 43 to 53 of NP have shown the potential to

* Corresponding author. Mailing address: 4-7-1 Gakuen, Musashi-
murayama, 208-0011 Tokyo. Japan. Phone: 81-42-561-0771, ext. 791.
Fax: 81-42-561-203Y. E-mail: morikawa@nih,go.jp-

T Present address: USDA-ARS Avian Discase and Oncology Labo-.
ratory. Fast Lansing. MI 48823.

protect animals from experimental Ebola virus infection, al-
though NP-specific antibodies failed to protect these animals
(25).

Monoclonal antibodies (MAbs) specific to the glycoprotein
(GP) of Ebola virus have been reported, and functional aspects
of these MAbs were analyzed (7, 11, 23, 24). Several linear
epitopes on GP molecules were also defined (24). However,
considering its abundance and strong antigenicity, NP should
be a better target for viral antigen detection. We have been
developing MAbs to the NP of Ebola virus subtype Zaire for
laboratory diagnostic purposes. We have already reported that
an MAD that recognizes 26 aa near the C terminus is reactive
with at least three subtypes of Ebola virus NP, and we applied
this MADb to an antigen capture enzyme-linked immunosorbent
assay (ELISA) (15). In the present study, we report MAbs that
show different Ebola virus subtype specificities, and define
linear epitopes on NP recognized by these MAbs.

MATERIALS AND METHODS

Cells. The P3/Ag568 myeloma cell line and all hybridomas were maintzined in
RPMI 1640 (Life Technologies, Rockville, Md.) supplemented with 10% fetal
bavine serum and antibiotics (100 U of penicillin and 100 g of streptomycin/ml;
Life Technologies). HAT supplement (160 pM sodium hypoxanthine. 4.4 WM
aminopterin. and 16 M thymidine; Life Technologies) was added as necessary.
Tn3 cells were maintained in TC100 (Life Technologies) supplemented with 5%
tryptose phosphate broth (Difco, Detroit. Mich.), 10% fetal bovine serum, and
kanamyein (60 wg/mi; Meiji Seika, Tokyo. Japan).

Recombinant proteins. The full-length tecombinant NP (1NP) of Eboela virus
Zaire subtype (Mayinga strain) was expressed in TnJ cells with a histidine tag at
the N-terminal end by using the recombinant baculovirus system and then pu-
rified as deseribed previously (18). Partial peptides of Zairc NP were expressed
with a glutathione S-transferase (GST) tag at the N-terminal end in bacteria by
using 8 pGEX2T vector (Amersham Pharmacia, Little Chalfent, United King-
dom). The expressed fusion proteins were purified by using glutathione-agarase
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TABLE 1. Summary of the MAD characteristics

1FA result?

- ’
. C I
with subtype: Recognition result

MAb :::c : :
: Zaire Resiton Sudan .No. ol o Peptl;ie aa®

fragments no.

39E @Gl + - - 5 420-424 D, DDIPF,,,

33A G2+ + + 5 421-426 D, IPFP,,,

1-5D Gl + -+ + 5 421-426 D, IPFP 5,

29D Gl + + + 5 421-426 D6l PFP 5

1-7C Gl + - + Sand 6 446451 D, TTIP,

3D Gl + + + 5

33D GlI + + + 8

31E Gl + + + 8

19E G3 + “+ + 8

2-11G Gl + + - 8

2-11C Gl -+ + +

“That is. the number of GST-fused partial fragments that showed reactivity
with cach MAb in an ELISA.

® Peptide numbers reactive in the Pepscan analyses are shown as the first
amino acid number of the representative amino acid sequence of the NP.

€ The minjimum amino acil sequence recognized by each MAb was deduced
from the results of the Pepscan analyses. The positions of the amino acids in the
NP sequence are in subscript.

9 %“+™ indicates a positive reaction, and “—> indicates a negative reaction.

as described previously (18). NP-5, NP-6, NP-7, and NP-8 represent aa 361 to
461, aa 431 to 551, ana 541 to 640, and aa 630 10 739 (C-terminal end) of Zaire
NP. respectively (18). For the comparison of reactivities among the subtypes,
GST fusion peptides corresponding to aa 421 to 458 were expressed by pGEX2T
in bacteria according to the amino acid sequences of Zaire (20), Reston (6). and
Sudan (GenBank accession no. AF173836) subtypes, respectively,

Immunvlogical assays, ELISA was performed as reported previously (18) with
purified rNP or partial NP peptides as the antigen. Linear epitopes on the NP
were determined by using Pepscan {Chiron Technologies, Clayton, Australia)
according to the manufacturer’s instructions. Briefly, 194 peptides were prepared
as 14-aa biotinylated peptides, including a 4-2a spacer sequence (5GSG) at the
N-terminal end, according to the amine acid sequence of the Zaire subtype. The
peptides were shifted by 1 aa, with a consecutive overlap of 9 aa to cover the
entire NP-5 (aa 361 to 461) and NP-8 (aa 630 to 739) fragments. Immunoplates
were coated with streptoavidin and blocked by sodium casein. The biotinylated
peptides were added to each well, and the bound peptides were examined for
their reactivity to MAbs with horseradish peroxidase-labeled anti-mouse immu-
noglobutiv G (IgG; H+L) conjugate (Zymed. San Francisce, Calif.) and ABTS
[2.2'azinobis(3-ethylbenzthiazolinesulfonic acid)} substrate (Roche Diagnostics,
Mannheim, Germany). The average and standard deviation (SD) of each MAb
were calculated based on the optical density (OD) values for the entire peptide
set representing either NP-5 or NP-8, The peptides that showed ODs above the
average + 2 8Ds were considered positive. The peptide whose neighboring two
peptides were both positive was also considered positive. To determine subtype
specificities, 14-aa biotinylated-peptides, including a 4-aa spacer sequence
(8GSG) at the N-terminal end, corresponding to aa 421 10 430 and aa 449 to 458
were synthesized accarding to the amino acid sequences of the Reston, Sudan,
and Zaire subtypes, respectively (Sawady Technology, Tokyo, Japan).

Immunoblot analyses were performed with a semidry apparatus by a standard
method with nylon membranes (Millipore, Bedford. Mass.}. Reacted MAbs were
detected with the horseradish peroxidase-labeled anti-mouse 1gG (H+L} con-
jugate and a POD immunostain set (Wako Pure Chemicals, Osaka, Japan).
Indirect immunoflucrescence assay (IFA)Y was done as previously described with
HelLa cells stably expressing rNP derived from either the Zaire or the Reston
subtype as the antigen (19). [FA with the Sudan subtype was performed with an
IFA antigen provided by J. B. McCormick (then at the Centers for Disease
Contrel and Prevention, Atlanta, Ga.) in 1987, This antigen consisted of Maleo
strain-infected Vero E6 cells fixed in acetone after gamma irradiation. The
c¢DNA encoding the NP of the Reston subtype was isolated from infected mon-
key specimens as previously described (6) and stably expressed in Hela cells
{6a).

MAbs. Hybridemas and MADs were prepared as described previously (15).
Briefly, BALB/c mice were immunized with purified INP of the Zaire subtype
that was expressed by using a baculovirus expression system. The spleen cells
were fused with P3/Ag568 myelema line cells, and hybridomas were established.

CLiN. DiaGn. LAB. IMMUNOL.

“The hybridemas were primarily screened by ELISA with purified tNP of the

Zaire subtype. For IFA, either mouse ascitic fluids or culture supernatants of the
hybridomas were used at a dilution of 1:100 or without dilution, respectively. For
ELISA and immunoblotting, the ascitic fluids and culture supernatants werg
used at dilutions of 1:1,000 and 1:10, respectively. Isotypes of the MADbs were
determined by using « mouse MAD isotyping kit (Life Technologies),

RESULTS

Subtype specificity of MAbs in IFA. Ebola virus subtype
specificity of 11 IgG MAbs was examined by IFA. Although
these MAbs were initially selected on the basis of their reac-
tivity to the INP of the Zaire subtype in ELISA, all were
reactive in IFA, as well with HeLa cells expressing TNP of
Zaire (Table 1). Eight MAbs reacted with all three subtypes.
MAD 1-7C reacted with the Zaire and Sudan subtypes but not
with the Reston. 2-11G reacted with the Zaire and Reston
subtypes but not with the Sudan. 3-9E reacted only with the
Zaire subtype. These results that suggest these MAbs recog-
nize different antigenic epitopes on the NP.

Definition of the epitopes recognized by the MAbs. We at-
tempted to elucidate the basis for the different patterns of
specificity of these MAbs. The localization of epitopes was
determined by ELISA with four partial overlapping fragments,
INP-5 to NP-8, representing the C-terminal half of the NP (Fig.
1). Six clones recognized the NP-5 fragment, indicating that the

04 o }OE 0.8+ 334 124 15D
OLIIIII, o-l-~l 0

S 6 7 8NP 56 7 8NP 56 7 8NP
1.0+ 29D 1.2- 1-7C 124 37D
OJLJ O-L

56 7 8NP 56 7 8NP 56 7 8NP
284 33D 204 *IE 05 1-9E
0_‘I.— O_Jl

36 7 8NP 56 7 8NP 56 7 8NP
l4o  2-11G 0.4 2-11C
O_Al OL-I

5 6 7 81NP 5 6 7 8NP

FIG. 1. Localization of antigenic epitopes on the NP, The reactivity
of each MAb with GST-fused partial polypeptides of the NP (Zaire)
was examined in ELISA, NP-5, NP-6, NP-7, and NP-8 (columns 5, 6,
7 and 8. respectively) represent aa 361 to 461, aa 451 to 551, aa 341 to
640, and aa 630 to 739 of the NP, respectively, As a positive control,
NP (entire open reading frame) expressed with a histidine tag was
included. Results are expressed as absorbance at OD at 405 nm
(ODqs).

— 142 —



Vou. 10, 2003

415 420 425 430

415 420 425 430

20
L5

n
210
=]

0.5

436 441 446 451

AA no 416 426 436

Pepscan

Zaire: KTSGHYDDDDDIPFEGFINDDDNPGHQDDDPTDS

B-CELL EPITOPES ON EBOLA VIRUS NP 85

3-3A

413 420 425 430

20
15 2-9D
8
10
8
0.5
0
415 420 425 430
Pepscan
446 456 ]
I
TIPDVVVDPDDGS

Reston: NLGSRODDDNEIPFEGPISNNPDQDHLEDDPRDS ITPNSAIDPEDGD

Sudan: KVGDRYPDDNDIFFHGPIYDDTHPNPSDDNPDDS

'IPGGVVDRPYDDE
Start of NP-6 —Jp» = End of NP-5
|

GST-fusion

FIG. 2. (A) Pepscan analyses to determine the linear antigenic epitopes recognized by MAbs. Each overlapping peptide contains a 10-aa
sequence of NP {Zaire) and is indicated by the position of the first amino acid. Results are expressed as absorbance at OD,y;. The average
absorbance values (8Ds) for each MAb were as follows 0.31 (0.36), 1.07 (0.17), 0.43 (0.38), 0.28 {0.30), and 0.33 (0.38) for 3-9E. 3-3A, 1-3D, 2-9D,
and 1-7C, respectively. (B) Amino acid sequences, including the linear epitope regions on the NP of three Ebola virus subtypes. The sequence of
Zaire and the identical amino acid in the Reston and Sudan sequences are shown in boldface. Amino acid positions in the entire NP (AA no) are
indicated above the sequence. The last and the first amino acid for NP-5 and NP-6, respectively, are indicated by arrows below the sequences. The
regions used in the immunoblot assay (GST fusion) and ELISA (Pepscan) for comparison among subtypes are also indicated below and above the

sequences, respectively. Epitope regions identified by Pepscan are boxed.

epitopes of these MAbs were located within aa 361 to 461.
Among them, MAb 1-7C was reactive with both NP-6 and
NP-5. Four MAbs recognized NP-8, indicating that they rec-
ognize amino acid sequences within the sequence from aa 630
to 739. 2-11C did not show specific reactivity with any of the
partial fragments and was not characterized further,

To further localize the cpitopes recognized by these 10
MAbs, Pepscan analyses were employed. Selected results are
shown in Fig. 2A. No MAb specific to NP-8 (3-3D, 3-1E, 1-9E.
and 2-11G) was reactive to any oligopeptides (data not shown),

indicating that these MAbs recognize conformational epi-
tope(s). Five of six MADs specific to NP-5 showed reactivities
in the Pepscan analysis. 3-9E reacted with 10-aa oligopeptides
starting from aa 420, 421, 423, and 424 of the NP, indicating
the recognition of the amino acid sequence of D4, DDIPF,,,
(Fig. 2B). 3-3A, 1-5D, and 2-9D reacted with peptides start-
ing from aa 421 through 426, indicating the recognition of
D4y IPFP, 4, 3-3A inherently showed higher background in
this assay; yet it showed a unique positive spike at these pep-
tides. 1-7C reacted with peptides starting from aa 446 through
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FIG. 3. (A) Reactivities of MADs to Ebola virus subtypes in immu-
noblot assay. GST fusion poelypeptides representing aa 421 to 438 of
the NPs of Zaire, Reston, and Sudan subtypes were expressed in E.
coli, and equal amounts were separated by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis. Atter sampies were blotted to ny-
lon membrancs, the reactivity of the MAbs was examined. {B) Reac-
tivities of MAbs to Ebola virus subtypes in ELISA. Oligopeptides
containing the linear epitope regions (aa 421 to 430 and aa 449 to 438,
respectively) of the NPs of Zaire {Z), Reston (R), and Sudan (8) sub-
types were examined by ELISA. For 3-9E, 3-3A, 1-5D, and 2-9D. the
oligopeptide representing aa 421 to 430 was used. For 1-7C, the oli-
gopeptide representing aa 449 to 458 was uscd. The results are ex-
pressed as the absorbance at 0D, ;.

451, indicating the recognition of D, TTIP,ss, which is on
both NP-5 and -6 (Fig. 2B). This agreed with the results that
1-7C was reaclive to both NP-5 and -6 in ELISA. 3-7D failed
to react with any of the 10-aa oligopeptides (data not shown).

Cross-reactivities of MAbs in immunoblotting and ELISA.
We next examined the subtype specificities of these five epi-
tope-mapped MADbs by other immunological methods. Reac-
tivities in immunoblot analyses were examined by using GST
fusion peptides representing the epitope regions (aa 421 to
458) of the Zaire, Reston, and Sudan subtypes (Fig. 2B and 3).
3-3A, 1-5D, and 2-9D were reactive with all three subtypes in
the immunoblotting, as in IFA. 3-9E and 1-7C also showed the
same reaction pattern in the immunoblotting as in IFA; 3-9E
reacted with only the Zaire subtype, whereas 1-7C reacted with
the Zaire and Sudan but not with the Reston subtype,

The recognition patterns among the three subtypes were
further examined by ELISA by using 14-mer oligopeptides
representing the epitope regions (Fig. 2B and 3B). 3-3A, 1-5D,
and 2-9D showed reactivity to all three subtypes, as in the other
two assays. 3-9E reacted only with the Zaire, whereas 1-7C
reacted with both the Zaire and Sudan subtypes bul not with
the Reston subtype, as in IFA and immunoblotting. The reac-
tivity of 1-7C with the Sudan subtype was. however, weaker
than that with the Zaire subtype. These results indicate that
3-9E is Zaire specific and that 1-7C is cross-reactive for Zaire
and Sudan subtypes, respectively. 3-3A, 1-5D, and 2-9D were
cross-reactive for all three subtypes.

DISCUSSION

We have established MADbs to the NP of Ebola virus subtype
Zaire, With these MAbs. two lincar epitopes that seem useful
for the differentiation of Ebola virus subtypes were identified.
In fact, the NPs of the Zaire. Sudan and Reston subtypes of
Ebola virus were successfully segregated by using combinations

CrLiN, DraGy, LaB. IMMUNOL.

of these MAbs. Unfortunately, since sequence information or
antigenic materials of the NP of the Céte d’Ivoire sublype was
not available to us, we could not examine whether these MAbs
were reactive to this subtype. Comparison of the GP sequences
among Ebola virus subtypes indicated that the Cde d’ivoire
subtype was closer to Zaire than to Reston (3, 22). Although
only a single case of confirmed human infection caused by
subtype Cote d’Ivoire has been reported (5. 9), it is necessary
to examine whether these MADbs may react with the NP of this
subtype to further determine the usefulness of this pancl of
MADs for subtype identification,

We determined that 9 of 10 MAbs recognized the C-termi-
nai half of NP. The highly hydrophobic nature of the N-termi-
nal half of NP (16) may be one of the reasons why most of the
MADs recognized the C-terminal half. In the C-terminal half,
only NP-5 and NP-8, which span aa 361 to 461 and aa 630 to
739, respectively, were reactive with these MAbs. We identified
two linear antigenic epitope regions on NP-5 by Pepscan anal-
vses. None of the MAbs specific to NP-8 showed reactivity in
the Pepscan analyses, suggesting that these MAbs recognize
conformational epitope(s) formed by morce than 10 aa or dis-
continuous oncs. We have previously reported that one of
these MAbs, 3-3D, recognized a nonlinear epitope formed by
26-aa residues spanning aa 648 to 673 (15). Considering that
2-11G failed to cross-react with the Sudan subtype in IFA
whereas the others were reactive with all three subtypes, we
assume that at least two different recognition sites exist on this
C-terminal region.

One linear epitope region on NP-5 was located between aa
420 and 426. Recognition of this epitope region by MAbs
varied both in the minimum amino acid requirement and the
critical amino acid residue within the epitope. This diversity
resulted in differences in subtype specificities and cross-reac-
tivities of the MAbs (Fig. 2B). Three MAbs—3-3A, 1-3D, and
2-9D—recognized amino acid sequence of D, IPFP,., and
cross-reacted with Reston, in which D, was changed to E.
This means the amino acid replacement from D,,, to E,,, was
not crucial for recognition by these three MAbs. 3-9E recog-
nized the amino acid sequence of D,,,DDIPF,,, and reacted
only with the Zaire subtype. This specificity may be attributed
to the amino acid difference at position 425 that is D for Zaire
but N for bolth Reston and Sudan sublypes.

The other linear epitope recognized by 1-7C was identified
as D, TTIP,... This amino acid sequence is conserved be-
tween the Zaire and Sudan subtypes. whereas aa 453 is I in
Reston (Fig. 2B). MAb [-7C was reactive with Zaire and Su-
dan subtypes as expected, but it failed to recognize Reston
subtype in all three assays. In ELISA, 1-7C showed lower OD
values with the Sudan subtype than with the Zaire subtype. It
is not clear whether this is due (o a partial interference by the
surrounding amino acid on the binding of the MAb {o the NP
or to that on the binding of the biotinylated peptide to strepta-
vidin coated on the plate.

1-7C recognized an amino acid sequence conserved between
the Zaire and Sudan subtlypes and was reactive with these two
subtypes in all three immunological assays but not reactive with
Reston. 3-9E showed a Zaire-specific reaction in all three
assays. Thus, thesc two MAbs, as well as others reactive with afl
three subtypes, are uscful for discriminating the subtypes of
Ebola virus.
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Abstract

To establish the rapid detection. method of airbome bacterial spores, we examined Bacillus anthracis spores by real-time
PCR. Ouve umdred Jiters of air were trapped on a filter of an air monitor device. After it was suspended in PBS, spores of 5.
anthracis were artificially added. The suspension was also heated at 95 °C for 15 min and used for real-time PCR using
anthrax-specific primers. A single cell of B. anthracis was detected by reai-time PCR within 1 h. Our results provide evidence
that anthrax spores from the atmosphere can be detected rapidly, suggesting that real-time PCR provides a flexible and powerful

tool to prevent epidemics.
© 2003 Elsevier Science B.Y. All rights reserved:

Keywords: Realtime PCR; Airborne microorganism; Spdre; Anthrax

1. Introduction

Many kinds of microorganisms exist in the air,
which are mostly non-pathogenic to humans. How-
ever, though it may be artificial or rarely occur,
pathogenic microbes sometimes exist in the air and
cause respiratory infection, They usually exist in the
air as small particles like aerosol, spore or micro-
organism-binding dust, but most of them will drop on
the ground scon because of their own weights, How-
evet, they are floating in the air for houss if their
diameters are about 1-3 pm and if they are m dried

states. Therefore, the spore forming of microorgan-

isms are most suitable for airbome pathogens. Espe-
ciaily, Baciflus anthrax is important because of their

* Comresponding author. TelMax: +81-15549-5386.
E-mail address: smakino{@obihiro acjp. (S. Makino).

pathogenicity, meaning that anthrax spores have been
assumed as the most effective candidate for the bio-
logical weapon for over 80 years and had been used
actually in 2001.

Three forms of buman anthrax are known: cuta-
neous, gastrointestinal and pulmonary (inhalation)
anthrax, The cutancous form is often self-limiting,
but inhalation anthrax is sometimes severe because
antibiotics only suppress the infection if administered
shortly after exposure (usually within the first 24—48
h). If not treated by the time the symptoms develop,
death is likely 1o occur in 99% of cases in unprotected
individuals (James et al.,, 1998). Although inhalation
anthrax is generally contracted from breathing in
airtborne anthrax spores, monitoring the exposure of
Bacillus anthracis spores in the atmosphere is ex-
tremely difficult because the spores are not visible to
the naked eye, and are colorless, odorless and taste-

0167-7012/03/F - sec front maner € 2003 Elscvier Science B.V. Al rights reserved,
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less. Therefore, a rapid and sensitive technique to
detect anthrax spores in the atmosphere is important
for public health and probably enough to detect
various kinds of airborne microorganism by PCR. In
this review, to detect rapidly anthrax spores, we show
a PCR detection system vsing real-time PCR technol-
ogy.

2. Materials and methods
2.1, Bacterial strains

Nine B. anthracis isolates listed in Table 1 (Makino
et al., 2001) were used for the PCR. Those strains were
inoculated on nutrient agar (NA; Difco Laboratory,
Detroit, Mich.) plates and suspended in sterile PBS,
followed by preparing their spore suspensions, as
previously described (Uchida ef al.. 1985).

2.2. Isolation of bacterial cells from air samples

One hundred liters of air were trapped on a 0.45-
pm nitrocelfulose membrane filter using an aerosol
analysis monitor (Millipore, Tokyo, Japan), followed
by suspending in 1 ml of sterilized PBS or water.
As an option, au aliguot of the sample can be
inoculated in the appropriate agar plate and broth
to detect the organisms, and air-samplers supplied
from some companies using NA or blood agar
plates are convenient. For B. anthracis, blood agar
supplemented with polymyxin B, PLET plates (Kni-
sely, 1966) or Bacillus cereus selection agar (BCA,;
Oxoid, Hampshire, England or Merck, Japan) are
available,

Table 1
Baceillys strains used in this study

4

Bucillus straing CAP

Shikan
Moariaka
Pasteur 11
Pasteur ]
Nakagawa
Ryugasaki
52

Pl

34-F2

A
I+ + + + + + + +

+ + + |

2.3. Preparation of DNA samples for PCR

The suspension is centrifnged at 15,000 rpm for 5
min and resuspended in 10 pl of sterile water, fol-
lowed by beating at 95-100 °C for !5 min and
centrifugation at 15,000 rpm for few minutes at 4
°C, and then 1 pl of the supernatant was directly used
for PCR. Since spores might be contained in the
samples, a class llb safety cabinet should be used
for the preparation.

24. PCR

Oligonucleotide primers for PCR were as follows:
specific primers (CAP primers) to amplify a 591-bp
DNA fragment of the cap region essential for encap-
sulation {(Makino et al., 198%9), MO1l (5'-GACG-
GATTATGGTGCTAAG-3") and MO1l2 (5'-
GCACTGGCAACTGGTTTTG-3); specific primers
(PA primers) to amplify a 211-bp fragpment of the
pag gene to produce a component of the toxin (Price
et al, 1999), PA7 (5-ATCACCAGAGGCAAGA-
CACCC-3") and PA6 (5-ACCAATATCAAAGAAC-
GACGC-3). For standard PCR, all primers, 20 pmol
each, were mixed in 2 reaction tube, and PCR was
performed in a reaction mixture {25 pl) vsing model
9600 (Applied Biosysteras Japan, Tokyo, Japan). The
following PCR cycles were vsed: 1 X 95 °C for 2 min;
35 (95 °C for 15 s followed by 60 °C for 15 s
followed by 72 °C for 30s); 1 X 72 °C for 5 min; cool
to 4 °C. The real-time PCR was performed using two
systemns of Light Cycler (Roche Diagnostic, Tokyo
Japan} and Smart Cycler (Takara shuzo, Kyoto Japan),
which was originally from Cepheid, CA, USA. PCR
amplification was performed according to the suppli-
er’s instructions. For the Light Cycler system, Light
Cycler™ FastStart DNA Master SYBR Green 1
(Roche Diagnostic) was used. For the Smart Cycler
system, ToKaRa B. anthracis PCR Detection Kit
(Real-Time PCR Version) (Takara shuzo) was used,
which consisted of each primer set as described above
and internal control to prevent false positive; in the
negative reaction, 152 and 395 bp PCR products with
80 and 82 °C melting pesks using CAP and PA
primers, respectively. The following PCR cycles were
used: 195 °C for 10 min; 40 X (95 °C for 10 s
followed by 64 °C for 10 s followed by 72 °C for 20
s) for the Light Cycler and 1% 95 °C for 30 s;
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40 » (95 °C for 5 s followed by 68 °C for 30 s} for the
Smart Cycler.

3. Results and discussion
3.1. Standard PCR Technology

Generally, 10—1000 bacterial cells in the suspen-
sion prepared from 100 1 of air should be detected on
the NA. plates. When anthrax spores were artificiaily
contaminated into such suspensions followed by
spreading on the BCA plates, background bacterial
eells grew, but large rough colonics of B. anthracis
cells were detected on the plates (Fig.1). These
rough colonies were subscquently confirmed by
PCR.

Standard PCR with two sets of primers was per-
formed using the DNA samples prepared, showing
that those primers amplified the right sizes of two
DNA fragments using DNA samples containing over
10 spores, but that the DNA fragments detected were
faint using DNA samples containing only one spore
(Fig. 2, panel A, lane 2).

3.2, Light Cycler

The conditions for real-time PCR using Light
Cycler were found using DNA samples prepared as
in the standard PCR and CAP primers. The highest
annealing temperature was the temperature at which
no amplified fragment was detected using a sample
with no spores. Thus, the PCR cycle for the Light
Cycler system was determined as described in Mate-
rials and methods (Fig. 3, pancl A). Simultaneously,
the fluorescence signals were measured using the
quantification program of Light Cycler software ver-
sion 4.2 (Roche Diagnostics). As the copy number of
the cap gene correlates with numbers of spores, the
relative numbers of spores in the samples should be
estimated by measoring the fluorescence signals.
When the copy numbers of the cap gene in the
samples containing one spore was one, the relative
copy number of the cap gene in the samples contain-
ing 10 and 100 spores were estimated as 9.95 and
100.02, respectively. Thus, when samples containing
known numbers of cells were used as standards in
real-time PCR, the number of spores in a sample can
be estimated,

Fig. 1. Isolation of anthrax spores on a BCA plate. The suspension from 100-1 2ir sample confaining one spore was pluted on a BCA plate. The

arrow shows a colony of B, anthracis.
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Fig. 2. IDetection of anthrax DNA from air samples using PCR. Template PN As were prapared from air samples containing 0 {lane 1), 1 (lane 2),
10 (lanie 3) and 100 (lane 4} anthrax spores, and then were used for standard PCR (A) and real-time PCR (B). M, A DNA digested wiih Hindl]l

us the molecular size marker; tane 5, purified DNA.
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Fig. 4. Fluorescence gruphs using PA (A} and CAP (B} primers in
the Smart Cycler system, Internal contro] was always amplified after
30 cycles in negative samples.

To analyze the melting curve, the PCR products
was set up with a target temperature of 95 °C using
Light Cycler software version 4.2, which was per-
formed immediately after the amplification finished.
This program can differentiate between signals
obtained from specific PCR products and nonspecific
DNA fragments, such as primer-dimer, and thus,
specific PCR products must show the same melting
peaks. In this study, the melting peaks of the amplified
products were about 84.5 °C (Fig. 3, panel B), show-
ing that we could recognize amplified specific prod-
ucts without electrophoresis. To confirm that PCR was
successtul, the amplified products were electrophbor-
esed in agarose gel. Specific PCR products were
detected, even in the sample containing one spore
(Fig. 2, panel B). The same PCR conditions and results
were abtained vsing PA primers except with a melting
peak of about 82 °C (data not shown).

3.3, Smart Cycler
The real-time PCR with Smart Cycler was per-

formed using aithome samples, which were artifi-
cially contaminated with each 100 spores from nine

strains, by 4 new PCR kit, and then the fluorescence
signals were measured using those samples. The
signals were detected at about 20 cycles in positive
samples, but the signals, which were generated from
the intemal control, were detected at about 30 cycles
in negative samples (Fig. 4). :

To analyze the melting curve, the PCR products
was set up with a target temperature of 95 “C. In this
study, the melting peaks of the amplified products
using PA primers were about 82 °C in positive
samoples and about §0 °C in negative samples (Fig.
3, panel A}). The peaks using MO primers were about
85 “C in positive samples and about 82 °C in negative
samples (Fig. 5, panel B), showing that we could
recognize amplified specific products without electro-
pharesis, To confirm that PCR was successful, the
amplified products were electrophoresed in agarose
gel. Specific PCR products of 211 and 152 bp in
positive and negative samples, respectively, were
detected using PA primers (Fig. 6. panel A}, and also
positive 591 bp and negative 395 bp DNA fragments
were detected using CAP primers (Fig. 6, panel B).

Fig. 5. Melting curves using PA {A) and CAF (B) primers in the
Smart Cycler system. Melting peaks of the PCR products amplified
by PA and CAP primers were about 82 and 85 *C, respectively.
Lower peaks were derived fromi the PCR praducts amplified by the
mtemal contral.
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Fig. 6. Detection of anthrax DNA from air sumples using the Smart
Cycler system. Ternplate DNAs were prepared fom air samples
conlaining about 100 anthrax spores of Shikan (lene 1), Morioka
{lane 2}, Pasteur 11 (lane 3), Pasteur [ (June 4], Nakagawa (lane 5),
Ryugasaki (lane 6), 52 (lane 7). P-I {lane 8) and 34-F2 (lane %) vsing
PA (A) and CAP (B) primners. M, 100 bp DNA ladder; lane 10,
without spores. The arrow shows PCR product in the positive
sample. Shorter products were amplified by the intemal control in
the negative sample.

We showed that template DNA for PCR could be
prepared from air samples within 1 h by heating. We
also purified template DNA using a DNA extraction

kit (Qiagen K.K. Japan, Tokyo) with the results of
PCR identical to those by heating, but preparing
template DNA using this kit took about 2 h. From
the results, heat treatment alone proved sufficient to
prepare template DNA for PCR and had the advantage
of a shorter time than using the kit.

Target fragments were detected within 4 h using
the standard PCR systemn, and within 1 h vsing the
real-time PCR system, which also had the advantage
of making it possible to estimate the number of
anthrax spores in the air and fo confirm the amplifi-
cation of target products using only melting curve
analysis without agarose gel electrophoresis. In addi-
tion, the PCR kit used in this study might be more
convenient because of an internal control. Generally,
detecting B. anthracis infection and diagnosing
anthrax in humans is difficult because early symptoms
are nonspecific. However, moaitoring anthrax spores
in the environment, especially in the air, can aid
detection and prevent B. anthrucis infections in
humans. This real-time PCR system using the Light
Cycler is a flexible and powerful tool to prevent
epidemics because it can detect one spore in an air
sample. Also, this real-time PCR system can defect B.
anthracis cells from food, drink and soil, which are
thought to be other sources of anthrax, However,
preparation of template DNA for PCR would be more
difficult from these other sources than from air sam-
ples because of the large number of cells of various
bacterial species, organic compounds, etc. (manu-
script in preparation).

Tn this study, we showed that one B. anmthracis
spore in 100 ! of air sample can be detected using PCR
and we also showed the isolation of one spore on a

Fig. 7. Hacmolysis on blood agar plaies of Bacillus strains. B. cecreus (1), 8. mycoides (2), B. thuringiensis (3) and B. anthracis {4—6) strains
were streaiced on blood agar plates supplemented with the BCA supplement. Those plates were incubated at 37 “C for 16 h.
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BCA plate. As we can isolatc B. anthracis vegefative
cells from meat and tissue effectively using BCA
plates {Cheun et al, 2001), a BCA plate would be a
effective tool to detect B. anthracis from various
samples. At the same time, blood agar plates supple-
mented with the same supplement used with BCA
were also effective because hemolysis was easily
detected {Fig. 7). Finally, for the initial examination,
real-time PCR and direct plating onto selection plates
would bave to be done ai the same time. If the
samples contain more than one spore, the PCR
method can detect the existence of B. anthracis spores
in the air within 1 b and can isolate B. anthracis cells
within 2 days. Such an automatic monitering system
for B. anthracis might be an essential tool for epi-
demiological surveys and for the prevention of B.
anthracis infections in the future. In this article, we
showed the application of the real-time PCR ouly in
anthrax spores, but this procedure should be available
to detect rapidly other airborne microorganisms.
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Brucella spp. are facultative intracellular pathogens that have the ability to survive and multiply in profes-
sional and nonprofessional phagocytes and cause abortion in domestic animals and undulant fever in humans.
The mechanism and factors of virulence are not fully understood. To identify genes related to internalization
and multiplication in host cells, Brucella aborfus was mutagenized by mini-Tn3Km2 transposon that carryied
the kanamycin resistance gene, 4,400 mutants were screened, and HeLa cells were infected with each mutant.
Twenty-three intracellular-growth-defective mutants were screened and were characterized for internalization
and intracellular grewth. From these results, we divided the mutants into the following three groups: class I,
no internalization and intracellular growth within HeLa cells; class I1, an internalization similar to that of the
wild type but with ne intracellular growth; and class IIE, internalization twice as high as the wild type but with
no intracellular growth, Sequence analysis of DNA flanking the site of transposon showed various insertion
sites of bacterial genes that are virulence-associated genes, including virB genes, an ion transporter system,
and biosynikesis- and metabolism-associated genes. These internalization and intracellular-growth-defective
mutants in HeLa cells also showed defective intracellular growth in macrophages. These results suggest that
the virulence-associated genes isolated here contributed to the intracellular growth of both nonprofessional

and professional phagocytes.

Brucellosis is a major bacterial zoonosis that causes a serious
debilitating disease in humans and abortion and sterility in
domestic animals. The etiologic agents of brucellosis are Bru-
cella spp., small gram-negative and facnltative intracellular
pathogens that can multiply within professional and nonpro-
fessional phagocytes (9, 10). In contrast to other intracellular
pathogens, Brucella species do not produce exotoxins, anti-
phagocytic capsules or thick cell walls, resistance forms, or
fimbriae and do not show antigenic variation (16). A key aspect
of the virulence of brucella is its ability to proliferate within
professional and nonprofessional phagocytic host cells and
thereby successfully bypasses the bactericidal effects of phago-
cytes, and their virulence and chronic infections are thought to
be due to their ability to avoid the killing mechanisms within
host cells {30, 41). The molecular mechanisms and genetic
basis for intracellular survival and replication, however, are not
understood completely. Some studies with nonprofessional
phagocytes have shown that Brucella invades host cells and is
contained within early endosome-like vacuoles. These vacuoles
rapidly fuse with early autophagosomes that acquire vacuolar
[H*]ATPase and lysosome-associated membrane proteins
(LAMP), mature into a late autophagosome, inhibit fusion
with lysosomes, and finally become a replicating vacuole nor-
mally associated with the endoplasmic reticulum (5, 11, 31, 32).
The genetic basis of Brucelle virulence is still poorly under-

* Corresponding author. Mailing address: Department of Applied
Veterinary Science, Obihiro University of Agriculture and Veterinary
Medicine, Inzda-cho, Obihiro-shi, Hokkaido 080-8555, Japan. Phone:
81-155-49-5387. Fax: 81-155-49-5386. E-mail: watarai@obihiro.ac.jp.

3020

stood. The VirB type IV secretion system of Brucella has been
identified recently (29). This operon is composed of 13 open
reading frames (ORFs) that share homology with other bacte-
rial type IV secretion systems in the intracellular traflicking of
pathogens. Deletion or polar and nonpolar mutations of these
ORFs were not able to replicate and survive within phagoceytes
(39, 44). Thus, the VirB proteins of B. abortus are thought to
be constituents of the secretion apparatus.

To identify bacterial virulence genes, transposon mutagen-
esis is the most frequently used approach as a genctic tool (19).
Various mini-Tn§ derivatives carrying standard selectable an-
tibiotic resistance markers have been described for genetic
analysis (6). Transposon insertion in any Brucella gene con-
cerned with intracellular survival and replication may reduce
the virulence of Brucella in phagocytes or experimental ani-
mals, and the identification of Brucella virulence associated
genes may be easier,

We identified here several genes that encode factors re-
quired for the internalization and intracellular growth of B.
abortus within professional and nonprofessional phagocytes by
using mini-TnSKm?2 transposon, and we examined their char-
acteristics. The virulence of mutants was evaluated by infecting
mice with transposon mutants. Possible roles in the virulence
of Brucella for the different factors identified are discussed.

MATERIALS AND METHODS

Bacterial culture and media. All B. abortus derivatives were from 544 (ATCC
23448), smooth virulent B. gbortus biovar 1 strains. B. aborius strains were
maintained as frozen glycerol stocks and were cultered in brucella broth (Becton
Dickinson, Sparks, Md.) or brucetla broth containing 1.5 agar, Kanamyuin (30
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wg/ml) and nalidixic acid (25 pg/ml) were used when necessary. Escherichia coli
DH5a and E. coli $-17Apir pUT mini-Tn5Km2 were used for transformation and
transposon conjugation, respectively (17, 40). Each E. colf was cultured in Luria-
Bertani broth or agar. If necessary, ampiciltin (100 jg/mi} and kanamycin (30
pg/ml) were used. Bacterial growth rates were measured spectrophotometrically
at 600 nm,

A modified version of the antibiotic agar dilution method of the National
Committee for Clinical Laboratory Standards was used for determination of
MIC for gentamicin (35). The MIC was defined as the lowest concentration of
the antibiotic tested giving complete inhibition of bacterial growth compared
with drug-free control.

Cell cultare. HeLa cells were grown at 37°C in a 5% CO, atmosphere in Eagle
minimum essential medium (MEM; Sigma, St. Louis, Mo.) containing 10% fetal
bovine serum (FBS). Bone matrow-derived macrophages from female BALB/c
mice were prepared by the method deseribed previously (42). After culture in
L-cell conditioned medium, the macrophages were replated for use by iifting
cells in phosphate-buffered saline (PBS} on ice for 5 to 10 min, harvesting by
centrifugation, and resuspension in RPMI 1640 {Sigma) containing 10% FBS.
The HeLa cells or macrophages were seeded (2 % 10° to 3 x 10 per well) in
24-well tissue culture plates 1 day before infection for afl assays.

Construction of mini-Tn5Km2 mutanis. To obtain a selectable marker for
conjugation, mini-Tn3Km2 transposon (6) carrying the kanamycin resistance
gene was introduced into pUT, a transposon donor vector, to form pUT mini-
TnSKmZ. The mini-TnSKm2-bearing plasmid pUT mini-Tn5Km2 was intro-
duced into B. abostus from an E. coli K-12 derivative, SM17\pir (7}, by conju-
gation, and transposon mutagenesis of B. abortus by conjugation was done as
described previously (17, 27). The mutants thus obtained were purified on agar
plates containing kanamycin (30 pg/ml) and were serecned intracellular growth
defective mutants within HeLa cells, and the mutants were kept in 20% glycerol
in brucetla broth at —80°C.

Infection and intracellular survival assay. Bacterial infection and intracellular
survival assay was done by using the modified method deseribed previously (43),
Briefly, B. abortis mutants were deposited onto Hela cells grown on 96-well
microtiter plates filled with MEM plus 10% FBS at a multiplicity of infection of
20, centrifuged at 150 X g for 10 min at toom temperature, incubated at 37°C in
5% COQ, for 1 h, washed twice with 0.5 ml of sterile PBS, and incubated with
MEM plus gentamicin (30 pg/ml) for 48 h. After incubation, the cells were
washed and lysed with 0.1 ml of sterile distilted water, and 235 ul of the sample
was dropped onto brucella agar and was incubated at 37°C for 48 h. After
incubation, no growth samples on brucella agar were considered intracellular-
growth-defective mutants and were selected, This assay was done at least three
times.

DNA sequencing. The DNA was sequenced by the following standard tech-
niques (37}, Chromosomat DNA of the mutants was digested with EcoRI, cloned
to plasmid pBluescript IT KS(+) (Toyobo, Tokyo, Japan), transformed into E.
coli DH5e, and plated onto Luria-Bertani agar containing ampicillin (100 pg/mi)
and kanamycin (30 wg/ml). Plasmid DNA was exiracted by using the plasmid
Mini Kit (Qiagen), and the chromosomal DNA sequence was analyzed by using
the mini-TnJKm2 transposon O'-end primer (5'-CCTCTAGAGTCGACCTGC
AG-3%). The chromosomal DNA sequence database was searched by using
BLASTX and BLASTN search algorithms (http:/fwww.genome.ad jp/and http://
www.nebi.nml.nih.gov/blast/).

Southern blot amalysis. After chromosomal DNA was extracted, it was di-
gested for 2 h with BamHI restriction enzymes (none of which digest a DNA-
specific probe for mini-TnSKm2), separated by electrophoresis in 0.8% agarose,
and transferred to positively charged nylon membranes. A 1.7-kb EcoRI and
Xbal fragment that contained the kanamycin resistance gene of mini-TnSKm2
was labeled by using a biotin nonisotopic labeling kit, and it was used as the DNA
probe for Southern hybridization under stringent conditions.

Determination of efficiency of bacterial uptake and intracellular growth by
cultured HeLa cells and macrophages. To determine the uptake of bacteria and
intracellular growth, HeLa cells and mouse bone marrow-derived macrophages
were infected with B. abortus as described above. For analysis of bacterial uptake
efficiency, both types of cells were washed once with medium after 0, 5, 15, 25,
and 35 min of incubation at 37°C and then ircubated with MEM or RPMT 1640
with gentamicin (30 pg/ml) for 30 min. Both types of cells were then washed
three times with PBS and then lysed with distilled water. CFU were measured by
serial dilutions on bruceila plates. For intracellular growth efficiency, both in-
fected celis were incubated at 37°C for 30 min, washed once with medium,
incubated with MEM or RPMI 1640 plus gentamicin (30 pg/ml), and then
incubated for 2, 24, and 48 h. Cell washing, lysis, and plating procedures were the
samc as for the analysis of the efficiency of bacterial uptake. The percent pro-
tection was calculated by dividing the number of bacteria surviving the assay by
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the number of bacteria in the infectious inoculum, as determined by viable
courts,

LAMP-1 staining. LAMP-1 staining was performed by using the method de-
scribed previously (43). Briefly, infected macrophages were fixed in 4% perio-
date-lysine-paraformaldehyde-sucrose for 1 h at 37°C. All antibody-probing steps
were for 1 h at 37°C. Samples were washed three times in PBS for 5 min and then
permeabilized at —20°C in methanol for 10's. After three 5-min incubations with
a blocking buffer (2% goat serum in PBS), the samples were stained with
anti-LAMP-1 rat monoclonal antibody 1D4B diluted 1:100 in blocking buffer.
After three washes for § min in blocking buffer, the samples were stained with
Texas red-goat anti-rat immunoglobulin G. The samples were stained with an-
ti-B. abortus polyclonal rabbit serum and fluorescein isothiocyanate-conjugated
goat anti-rabbit immunoglobulin G in blocking buffer to identify the bacteria,
placed in mounting medium, and then visualized by fluorescence microscopy.
One hundred bacteria within macrophages were selected randomly, and the
extent of LAMP-1 acquisition of bacteria was determined.

Bacterial adherence assay. Bacterial adherence was assayed by a previously
described method (45). Briefly, before bacterial infection HeLa cells were incu-
bated with MEM containing cytochalasin D (500 p.g/ml) for 40 min at 37°C, and
bacterial infection, fixation, staining, and microscopic evaluation were done as
described above for bacterial detection. One hundred HeLa cells were selected
randomly, and the adherent bacteria on cells were counted,

Labeling bacterial surface proteins. To examine the modification of bacterial
surface proteins, 1-ml samples of cultured bacteria were harvested by centrifu-
gation, washed twice with PBS, and suspended in 200 wl of PBS. Then, 10 wl of
1% of Sulfo-NHS-Biotin (Pierce, Rockford, Til.) was added, and the mixture was
placed on ice for 2 min. NHS ester reacts with the deprotonated form of the
primary amine, After one wash with PBS, cach sample (40 pg} was mixed with
sodium dodecyl sulfate sample buffer, incubated at 100°C for 5 min before
loading, and subjected to sodium dodecyl sulfate-polyacrylamide gel electro- -
phoresis. The proteins were electrotransferred to nitrocellulose membranes and
were incubated with horseradish peroxidase-conjugated streptavidin. The blot
was developed with Western blot detection reagents (Amersham Pharmacia
Biotec).

Virulence in mice. The virulence was determined by quantifying the survival of
the strains in the spleen after 10 days. Six-week-old female BALB/c mice were
infected intraperitoneally with ca. 10* CFU of brucellae in 0.1 ml of saline.
Groups of five mice were infected with each strain. At 10 days postinfection the
mice were sacrificed by decapitation, and their spleens were removed, weighed,
and homogenized in saline. Tissue homogenates were serially diluted with PBS
and were plated on brucella agar to count the number of CFU in each spleen.

RESULTS

Isclation of intracellular-growth-defective mutants. To
identify intracellular-growth-defective mutants within HeLa
cells, we randomly mutagenized B. aborus with the mini-
TnyKm2 transposon, and mutants were selected on brucella
plates containing antibiotics. Nonmutagenized bacteria did not
grow, but mutants carrying the transposon inserted in the chro-
mosome were resistant to antibiotics. From this result, 4,400
mutants were screened, and Hela cells were infected with
each mutant, and then intracellular-growth-defective mutants
were screened (see Materials and Methods); 23 of the mutants
did not survive within HeLa cells (Table 1). To confirm how
many of each clone contained the transposon insertion site and
whether mutants contain the transposon in chromosomal
DNA, the chromosomal DNA of all mutants was extracted,
digested with BamHI (no site in the transposon), and then
hybridized by Southern blot analysis with a mini-TnSKm2
probe; all mutants contained a single transposon in chromo-
somal DNA (data not shown).

Characterization of mutants, To investigate whether inter-
nalization into host cells of B. abortus contributes to intracel-
lular growth, Hela cells were infected with each mutant, and
the ability of bacterial internalization was assessed. Of the 23
insertion mutants 2, K18 and K41, lost their ability to internal-

— 154 —



3022 KIM ET AL.

TABLE 1. B. abortus genes essential for intraceltular growth

INFECT. IMMUN.

Functional group and mutant Class Mutated genes (putative functions) B. melitensis ORF# B. suis ORF”
Transport
K2 i1 znuA (zinc uptake system) 110178 11122
K13 III virB3 (type IV secretion system) 110027 110067
K26 HI virB3 (type 1V secretion system) 110029 110065
K40 m virB4 (type IV secretion system) 110028 110066
K46 I virB5 {type IV secretion system) 10029 0065
K50 I virB5 (type IV secretion system) 110029 110065
K51 111 virB6 (type IV secretion system) 110030 110064
K52 I virB6 (type TV secretion system) 110030 0064
K55 III virB6 (type IV secretion system) 110030 110064
Amino acid synthesis, K17 ITI aspC (aminotransferase) 10516 11495
Sugar metabolism
K15 IT zwf (pentose phosphate pathway) 110513 110778
K18 I gnd (pentose phosphate pathway) 111124 110111
DNA/RNA metabolism
Ké IiI purM (purines) 11240 0o
K9 I purL (purines) 11127 10837
Kl I pyrB (pyrimidines) 110670 T10599
K19 II purN (purines) 11241 10709
K45 III pyrC {dihydroorotase) 110669 T10600
K63 III pyrC (dihydroorotase) 11281 10668
w27 II pih (peptidyl tRNA hydrolase) 10480 11536
Regulation, K41 I spoT (stringent response) 11296 10652
Oxidoreduction, K54 i1 eydC (cytochrome oxidase) 110761 110508
Membrane structure, K23 I dacF (peptidoglycan synthesis} 110350 110947
Nicotinamide metabolism, K48 I} prcA (pyrazinamidase) 10545 n417

2 ORF of B. melitensis genome on the NCBI Entrez Genome website (http:/fwww.ncbi.nlm.nih.gow/PMGifs/ Genomes/micr.html).
& ORF of B. suis genome on the NCBI Entrez Genome website {http:/fwww.nebi.nlm.nib.gov/PMGifs/Genomes/micr.html).

ize almost completely, and these mutants were classified as
class I strains. Four mutants—K15, K19, K48, and W27—
showed the same ability to internalize as the wild-type strain,
and they were classified as class II strains. The other 17 mu-
tants showed an ability to internalize that was twice as high as
the wild-type strain, and they were classified as class ITT (Table
1). Figure 1A and 2A show typical results of using one mutant
in each class at various times of incubation. To eliminate the
possibility that these results were caused by a change in sensi-
tivity to gentamicin, the sensitivity of these mutants to genta-
micin was tested. The wild-type strain and each mutant showed
identical sensitivities to gentamicin.

The intracellular survival of Brucella spp. has been docu-
mented for several cell types. B. abortus shows a different
intracellular trafficking pattern between professional and non-
professional phagocytes (1, 11, 30). To analyze whether viru-
lence-associated genes isolated in the present study share in-
tracellular growth between professional and nonprofessional
phagocytes, bone marrow-derived macrophages were infected
with each mutant, and its internalization and intracellular
growth within macrophages was examined. The results of the
internalization and intracellular growth of mutants were com-
pared to those with the wild-type strain, All class I strains, two
class II strains {K15 and K19), and three class III strains (K6,
K9, and K11) showed a three-fold-lower ability to internalize
than the wild type and no intracellular growth within macro-

phages. The other 2 class II strains and 14 class IIT strains
showed an ability to internalize similar to the wild type and no
intracellular growth within macrophages. Figure 1B and 2B
show typical resulis of using one mutant in each class after
various incubation times.

Phagosomes containing virulent B. abortus are reluctant to
fuse with lysosomes, whereas dead B. ebortus phagosomes co-
localize with endocytic compartments in the early stage of
infection in macrophages (1). To test the ability of B. abortus to
tarpet properly within macrophages early in infection, interac-
tion of the mutants with the endocytic pathway was quantified
by immunofluorescence localization of LAMP-1, 2 membrane
protein of late endosomes and lysosomes (3, 21). As expected,
most phagosomes containing the wild-type strain did not colo-
calize with LAMP-1 (12.3% * 3.4% positive). In contrast,
phagosomes containing a mutant in each class were frequently
stained brightly by LAMP-1 antibody at 30 min of incubation
(Fig. 3). This finding suggests that, in contrast to the wild-type
strain, these mutants are colocalizing with either late endo-
somes or lysosomes.

To investigate whether adherence of the mutants to HeLa
cells contributes to bacterial internalization ability, the initial
adherence of the mutants to HeLa cells was analyzed. Class II
and 111 strains showed an adhesion ability twice as high as that
of the wild-type strain and class I strains. Figure 4 shows typical
results of using one mutant in each class after various incuba-
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