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A novel competitive enzyme-linked immunosorbent assay (cELISA) was developed and evaluated for detection of antibodies
against Francisella tularensis in humans. The assay is based on the ability of serum antibodies to inhibit the binding of monoclo-
nal antibodies (MAbs) directed against F. tularensis lipopolysaccharide antigens. The assay was evaluated using serum samples
of tularemia patients, inactivated F. tularensis-immunized rabbits, and F. tularensis-infected mice. Antibodies against F. tular-

ensis were successfully detected in serum samples of tularemia patients as well as the immunized and infected animals. The
cELISA method was compared to indirect ELISA (iELISA) and the commonly used microagglutination test (MA) using serum
samples of 19 tularemia patients and 50 healthy individuals. The sensitivity and specificity of cELISA were 93.9 and 96.1%, re-
spectively, in comparison to the iELISA. MA was less sensitive than cELISA with a sensitivity and specificity of only 81.8 and
98.0%, respectively. A high degree of correlation (R> = 0.8226) was observed between cELISA and iELISA results. The novel
cELISA developed in this study appears to be highly sensitive and specific for serodiagnosis of human tularemia. The potential of
the MAb-based cELISA to be used in both human and animal samples emphasizes its usefulness for serological survey of tulare-

mia among multiple animal species.

Tularemia is a highly infectious zoonotic disease caused by an
intracellular Gram-negative bacterium, Francisella tularensis.
It was first reported in North America in 1911 during plague stud-
ies of rodents (1); subsequently, both human and animal infec-
tions were identified in Japan, as well as in European countries and
the former Soviet Union (2). Tularemia exists primarily as two
clinically relevant strains, the highly virulent type A (F. tularensis
subsp. tularensis) found predominantly in North America and the
less virulent type B (F. tularensis subsp. holarctica) found in the
northern hemisphere (3, 4). Transmission to humans is mostly
associated with handling of infected animals, arthropod bites, in-
gestion of contaminated water or food, and inhalation of infective
aerosols (2). The clinical manifestation of the disease in humans
ranges from skin ulcers to life-threatening pneumonia (3). Clini-
cal signs and the course of the infection vary among species. For
example, rodents and hares generally die rapidly after being in-
fected without mounting an antibody response, whereas other
animal species, such as cats, dogs, and cattle, are relatively resistant
to infection (5).

To date, tularemia outbreaks, both sporadic cases and epide-
miological surveillance data, have been reported (6-8); however,
little is known about the prevalence rate in Asia. Currently, patho-
gen isolation, molecular detection, and serology are the most
commonly used methods for the diagnosis of tularemia (9). How-
ever, a high risk of laboratory infection associated with isolation of
the organism and lack of a well-evaluated standardized PCR pro-
tocol make these techniques difficult to apply for routine diagno-
sis of large numbers of samples (10—12). For these reasons, sero-
logical assays are the best choice for surveillance of tularemia in
humans and animals.

The most commonly utilized serological assays for tularemia
are microagglutination (MA), enzyme-linked immunosorbent as-
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say (ELISA), and Western blotting (WB) (13, 14). In patients with
tularemia, antibodies appear approximately 2 to 3 weeks after in-
fection and may be detected several years after recovery (15-17).
Monitoring of antibody titers in serum during acute and conva-
lescent phases is thus necessary to identify tularemia infection.
MA seems to be an appropriate test because it is easy and applica-
ble to various animal species (17, 18); however, it is not applicable
to hemolyzed serum, and the sensitivity is relatively low (14), par-
ticularly for serum with lower antibody titers. Furthermore, cross-
reaction with other bacterial species makes this assay difficult to
use for examination of serum suspected to have antibodies against
F. tularensis (19, 20). Indirect ELISA (iELISA) is appropriate for
seroepidemiological studies because the test is relatively sensitive
(10, 13, 14); however, iELISA requires enzyme-conjugated sec-
ondary antibodies against immunoglobulins of respective animal
species. For seroepidemiological surveillance of many wild ani-
mals, it is almost impossible to prepare antibodies that are specif-
ically directed against immunoglobulins of each animal species.
Although the combination of WB and iELISA is often used for
confirmatory serodiagnosis (14), it is difficult for use with a large
number of samples. Therefore, there is a need for a high-through-
put assay that is specific and sensitive in detecting antibodies
against F. tularensis. Monoclonal antibody (MAb)-based compet-
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itive ELISA (cELISA) appears to be ideal because it is able to over-
come the problems associated with the currently available tests.
Therefore, we attempted to develop cELISA for detection of anti-
bodies against F. tularensis in serum of humans and animals.

MATERIALS AND METHODS

Serum samples. A total of 84 human serum samples were used in the
present study. Twenty serum samples from 15 patients with confirmed
tularemia and 5 healthy subjects were obtained by H. Fujita, Ohara Re-
search Laboratories, Fukushima, Japan. Fourteen serum samples were
obtained from four patients at several other hospitals in Japan. Patient
serum samples were obtained as early as day lafter onset of tularemia
symptoms (Table 1). All patients were diagnosed with tularemia by a
significant rise of MA or tube agglutination titer. A total of 45 serum
samples of healthy donors were also obtained from several hospitals in
Japan. The identity of the patients was not disclosed to us and was derived
from various contributors. The studies in human subjects were approved
by the research and ethical committees of the National Institute of Infec-
tious Diseases (NIID), Tokyo, Japan, and written informed consent was
obtained from all participants.

Anti-F. tularensis serum samples were obtained by immunizing rab-
bits or mice with formalin-inactivated F. tularensis subsp. tularensis or
subsp. holarctica suspension as follows. To prepare immunized serum
samples, specific-pathogen-free 10-week-old female Kbl:JW rabbits (Ki-
tayama Rabesu Co., Nagano, Japan) were inoculated subcutaneously with
formalin-inactivated F. tularensis subsp. tularensis (38 strain) or subsp.
holarctica (Yama strain, a Japanese isolate) (400 g of protein/rabbit)
suspended in TiterMax Gold (KIEL Lab, Norcross, GA). The protein con-
centration of F. tularensis whole cells was determined by a Bradford pro-
tein assay (Bio-Rad). The rabbits were inoculated again with 400 g of the
protein together with the adjuvant 4, 6, and 8 weeks after the first injec-
tion. A final booster was injected intravenously 2 weeks after the fourth
injection with formalin-inactivated bacteria (50 ug of protein/rabbit) in
phosphate-buffered saline (PBS). Similarly, specific-pathogen-free
6-week-old female BALB/c mice (SLC, Shizuoka, Japan) were immunized
twice with formalin-inactivated F. tularensis subsp. holarctica (Yama) or
Francisella novicida (U112; 100 g of protein/mouse) suspended in Titer
Max Gold 4 weeks apart. At 2 weeks after the second inoculation, mice
were boosted by intravenous injection with the formalin-inactivated bac-
teria (50 pg of protein/mouse) in PBS. Serum samples of mice that had
recovered from experimental infection with attenuated F. tularensis
subsp. tularensis (Schu strain) were also included. Eight-week-old female
BALB/c mice were infected intraperitoneally with 6.2 X 10° CFU bacterial
suspension in saline, and the blood was collected at 6 days postinfection.
These animal experiments were approved by the Animal Care and Use
Committee of NIID. Serum samples of rabbits immunized with formalin-
inactivated Brucella abortus, Brucella canis, Brucella melitensis, Brucella
suis, Yersinia enterocolitica, Yersinia pestis, and Yersinia pseudotuberculosis
were gifts from Koichi Imaoka of our department.

Bacteria and purification of LPS. F. tularensis subsp. holarctica, NVF1
strain, which was isolated from a hare in 2009, was grown at 37°C for 72 h
on chocolate agar (IT) plates (Becton Dickinson, Tokyo, Japan). The bac-
teria were harvested into saline, and the suspension was adjusted to an
optical density at 600 nm (ODg,) of 1.2. Lipopolysaccharide (LPS) was
extracted using an LPS extraction kit (iNtRON Biotechnology, Kyungki-
Do, Korea) according to the manufacturer’s protocol after mixing the
bacterial suspension with extraction buffer, followed by incubation at
65°C for 10 min. The dried LPS pellets were dissolved in 10 mM Tris-HCI
buffer (pH 8.0) at a concentration of 10 pg/p.l and stored at 4°C until use.
Live bacteria were handled in a biosafety level 3 laboratory at the NIID.

cELISA. A 96-well flat-bottom microtiter plate (Greiner Bio-One,
Frickenhausen, Germany) was coated with LPS antigen in carbonate-bi-
carbonate buffer (pH 9.6; 2.5 pug/50 wl/well) at 37°C overnight. The wells
were rinsed thrice with PBS containing 0.1% Tween 20 (MP Biomedicals,
Illkirch, France) (PBST) to remove unbound antigens and were blocked

10 cviasm.org

TABLE 1 Antibodies against F. tularensis in patients determined by
cELISA, iELISA, and MA?

T

Blood collection ot

(days after onset cELISA iELISA
Patient of tularemia) (% inhibition) (OD) MA (titer)
P1 11 25.8 0.60 <10

36 79.7 1.91 320
P2 12 54.1 1.84 20

37 74.5 2.65 320
P3 37 84.9 2.99 >1,280

83 80.4 3.07 >1,280
P4 1 9.9 0.27 <10

13 43.4 0.79 40
P5 9 47.9 1.01 <10

25 77.3 2.15 80
P6 80 78.2 2.54 320
P7 21 82.8 2.57 640
P8 ND 42.7 1.02 80
P9 87 75.8 2.66 320
P10 13 43.2 0.89 <10
P11 59 41.1 1.18 160
P12 ND 36.1 0.79 <10
P13 8 79.2 2.49 320
P14 78 54.8 2.44 >1,280
P15 ND 59.7 1.64 >1,280
Pl6 42 71.0 2.15 640

89 53.4 1.68 320
P17 13 42.0 2.84 <10

241 —1.5 1.31 40
P18 16 83.0 2.36 40

23 94.2 2.86 160

30 90.3 2.83 160

59 86.1 3.34 80

185 68.7 2.42 40
P19 16 66.6 0.95 40

23 65.3 1.19 160

30 66.2 1.18 160

59 79.0 1.62 160

185 60.2 1.01 40

“ A total of 34 serum samples of 19 patients were used. Sera of patients P1 to P5, P16,
and P17 are paired samples obtained at the indicated days after the onset of tularemia
symptoms. Patients P18 and P19 represent the five sets of samples obtained for several
days after symptom onset. ND, not documented. Shaded numbers are values below the
cutoff level in each test.

with PBST containing 3% (wt/vol) skim milk (150 pl/well) at 37°C for 1 h.
For all subsequent steps, PBST containing 1% (wt/vol) skim milk was used
as dilution buffer. After three washes with PBST, 50 pl of diluted sample
serum was added to the antigen coated wells in duplicate, and the plates
were incubated at 37°C for 90 min. Pooled patient sera (n = 10) and
pooled healthy human sera (n = 5) were also added as positive and neg-
ative controls during each test. After the wells were washed three times
with PBST, biotin-labeled anti-LPS MAb (M14B11) (21) (50 wl/well,
1:5,000 dilution) was added, and the plates were further incubated at 37°C
for 60 min. The biotin labeling of M14B11 (isotype IgG2a; 3.4 mg of
IgG/ml and a biotin/IgG coupling ratio of 4/67) was performed at a com-
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mercial laboratory (T. K. Craft, Maebashi, Japan). After three washes,
streptavidin-peroxidase (Thermo Scientific, Rockford, IL) (50 l/well,
1:5,000 dilution) was added to each well, and the plates were incubated at
37°C for 60 min. After three washing steps, 100 l of 3,3',5,5'-tetrameth-
ylbenzidine (TMB) enzyme substrate (SureBlue Reserve, TMB microwell
peroxidase substrate; KPL, Gaithersburg, MD) was added to each well,
and the plates were incubated at 37°C for 30 min. Finally, 100 pl of stop
solution (1 N HCI) was added, and the OD values were measured at 450
nm using an iMark microplate reader (Bio-Rad, Hercules, CA). The per-
cent inhibition was calculated using the following formula: {I —
[(ODsamplc - ODbackground)/(ODMAb - ODbackground)]} X 100, where
ODj,mpie and ODy 5, are the absorbances observed in the presence and in
the absence of samples, respectively, and ODy,, iground Was obtained in the
absence of sample or labeled MAb.

MA test. Portions (25 wl) of 2-fold serial dilutions of serum were
mixed with an equal volume of formalin-inactivated F. tularensis subsp.
holarctica (Yama) whole-cell suspension (ODsq, = 1.0) in a 96-well
round-bottom microtiter plate (IWAKI, Tokyo, Japan). The reactions in
the plates were observed 18 h after incubation at 37°C for agglutination.
Agglutination titers were expressed as reciprocals of the highest serum
dilution showing agglutination with the antigen. Agglutination at dilu-
tions of 1:10 or higher were considered MA positive.

iELISA. The LPS solution was diluted 1:800 in carbonate-bicarbonate
buffer (pH 9.6). Ninety-six-well microtiter plates (Greiner Bio-One) were
coated with 50 pl of antigen at 37°C overnight. The wells were washed
with PBST and blocked with 150 l of PBST containing 3% (wt/vol) skim
milk. After another washing step, 50 pl of patient serum samples, diluted
1:500 in PBST containing 1% (wt/vol) skim milk, were added, followed by
incubation at 37°C for 1 h. After the plates were washed three times, 50 .l
of horseradish peroxidase (HRP)-conjugated goat anti-human immuno-
globulin G (IgG) (ICN Pharmaceuticals, Cappel, OH), diluted 1:8,000 in
PBST containing 1% (wt/vol) skim milk, was added, followed by incuba-
tion at 37°C for 1 h. Colorimetric development and measurement of the
OD values was performed as described above in the cELISA protocol.

WB. Western blot (WB) analyses were performed as described previ-
ously (7) using whole bacterial cell lysates and purified LPS as antigens.
After SDS-PAGE, antigens were transferred to a polyvinylidene difluoride
membrane (Immobilon; Millipore Corp., Bedford, MA), and the mem-
branes were saturated with PBST containing 3% (wt/vol) skim milk for 1
h. After being washed with PBST, the membranes were incubated with
samples diluted 1:1,000 with PBST containing 1% (wt/vol) skim milk for
1 h. After three washes with PBST for 5 min, the membranes were incu-
bated with HRP-conjugated goat anti-mouse IgG (H+L; Zymed Labora-
tories, Inc., CA) or HRP-conjugated goat anti-human IgG (ICN Pharma-
ceuticals) at a dilution of 1:8,000 for 1 h. The antigens were visualized by
soaking the membranes in 3,3'-diaminobenzidine tetrahydrochloride
(Wako Pure Chemicals, Osaka, Japan) and hydrogen peroxide visualiza-
tion solution. Samples were considered to contain specific antibodies
when the typical LPS ladder-like banding pattern was observed.

Statistical analysis. Diagnostic efficiency of the assay in terms of sen-
sitivity and specificity were determined initially by receiver operating
characteristics (ROC) and two-graph-ROC (TG-ROC) curves using Stat-
Flex software (Artech Co., Ltd., Osaka, Japan) (22, 23). An optimal cutoff
value was estimated by comparing a range of sensitivity and specificity
values for a range of cutoff values. The relationship between results for
patients and healthy humans determined by cELISA and iELISA were
evaluated by linear regression analysis using Microsoft Excel software for
Windows.

RESULTS

Target antigens recognized by MAb and antibodies induced by
infection. WB was performed to determine antigens predomi-
nantly recognized by serum samples of infected humans and ani-
mals (Fig. 1). Regardless of whether LPS or whole-cell antigen was
targeted, typical LPS ladder-like banding patterns were observed
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FIG 1 Western blot analysis of target antigens recognized by MADb and anti-
bodies induced by infection. MAb M14B11 (lane 1) and sera from an F. tula-
rensis-infected mouse (lane 2) and a patient with tularemia (lane 3) were re-
acted with F. tularensis whole-cell lysate (a) or purified LPS antigens (b). Sera
obtained from healthy human donors (lane 4) were also included.

in the serum samples of patients with tularemia and mice that had
recovered from experimental infection. These reactions were sim-
ilar to that of the MAb M14B11 recognizing LPS. No band was
obtained from healthy human serum samples.

Development of cELISA. Optimization of LPS concentration
and dilution of antibodies were performed by checkerboard titra-
tion (data not shown). The composition of blocking and dilution
buffers and incubation times for serum samples were also deter-
mined by preliminary experiments (data not shown). After opti-
mization of the test conditions, samples in which the presence or
absence of F. tularensis antibodies was known were subjected to
cELISA; the representative results are shown in Fig. 2. The reaction
of MADb to LPS was inhibited by serum samples of patients with
tularemia in a dose-dependent manner (Fig. 2a). Serum samples
of hyperimmune rabbits and mice infected with F. tularensis also
inhibited MAb reaction to LPS (Fig. 2b and c). When the serum
samples of three tularemia patients were tested, all serum samples
were shown to inhibit MAb reactions at dilutions up to 1:1,000.
No significant inhibition was observed in serum samples of
healthy individuals (Fig. 2a).

Serum samples of rabbits immunized with F. fularensis subsp.
holarctica and subsp. tularensis exhibited 100 and 88% inhibition
of MAD reaction, respectively, at a dilution of 1:125 and thereafter
exhibited decreasing percent inhibitions with increasing serum
dilutions (Fig. 2b). Thus, the level of inhibition was directly pro-
portional to the amount of antibody in the samples. No inhibition
of MAD reaction was observed with normal serum obtained from
two different rabbits.

Furthermore, serum samples obtained from convalescent mice
experimentally infected with attenuated F. tularensis subsp. tula-
rensis and mice immunized with formalin-fixed F. tularensis
subsp. holarctica exhibited clear inhibition of MAD reaction at
dilutions up to 1:1,000, whereas the sera of mice immunized with
F. novicida exhibited only slight inhibition (ca. 11%) at a dilution
of 1:125. The plasma or sera of normal mice did not exhibit inhi-
bition of MAD reaction at any of the dilutions tested (Fig. 2¢).

Inhibition of MAD reaction was consistently achieved by both
patient sera and immune and infected animal sera even at higher
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FIG 3 Inhibition of binding of F. tularensis LPS-specific MAb by rabbit anti-
sera against various bacterial species. Serial dilutions of the rabbit antisera
against B. abortus, B. canis, B. melitensis, B. suis, Y. enterocolitica, Y. pestis, and
Y. pseudotuberculosis were negative by cELISA, whereas antisera against F.
tularensis were positive, with clear inhibition of MAb binding. Error bars in-
dicate the standard deviations from four-well replications for each serum sam-
ple.

dilutions, whereas inhibition caused by normal serum never ex-
ceeded 20%, even at lower dilutions. Immune serum diluted 1:125
exhibited the highest levels of inhibition, whereas normal serum at
this dilution exhibited the least inhibition. We also determined
whether cELISA designed for F. tularensis cross-reacted with other
bacterial species, particularly, Brucella spp. and Yersinia spp. None
of the rabbit immune serum samples against Brucella abortus, Bru-
cella canis, Brucella melitensis, Brucella suis, Yersinia enterocolitica,
Yersinia pestis, and Yersinia pseudotuberculosis exhibited signifi-
cant inhibition (<10%) at a dilution of 1:125 (Fig. 3).
Determination of cutoff values for cELISA and iELISA.
cELISA was performed to detect specific antibodies against F. tu-
larensis in 34 serum samples collected from 19 patients and 50
healthy individuals. The percent inhibition values for each serum
sample at a dilution of 1:100 were plotted (Fig. 4a), and ROC and
TG-ROC curves were plotted (Fig. 4b and c). The area under the
ROC curve was 0.98559, indicating that the assay had an excellent
ability to discriminate between patients and healthy donors (Fig.
4b). The TG-ROC analysis initially identified the cutoff value for
discrimination of patients and healthy donors to be 25.8% inhibi-
tion (Fig. 4c). With this value, cELISA had a sensitivity of 91.1%

FIG 2 Inhibition of binding of MAD targeting the F. tularensis LPS by sera
of humans, rabbits, and mice positive for F. fularensis antibodies in MA and
iELISA. (a) Serial dilutions of three MA-positive (tularemia 1, 2, and 3) and
three MA-negative (healthy 1, 2, and 3) human serum samples were exam-
ined for their ability to inhibit MAb binding. (b) Serum samples of four
rabbits were subjected to cELISA. Two rabbits (immunized 1 and 2) were
immunized with F. tularensis subsp. holarctica and F. tularensis subsp.
tularensis, respectively, whereas two rabbits (normal 1 and 2) were unim-
munized. (c) Serum obtained from a mouse infected with attenuated
F. tularensis subsp. tularensis (Ftt infected), a mouse immunized with for-
malin-fixed F. tularensis subsp. holarctica (Fth immunized), and a mouse
immunized with formalin-fixed F. novicida (Fn immunized) were sub-
jected to cELISA. Plasma and serum of a normal mouse were also tested as
negative controls. The error bars in each figure indicate standard devia-
tions from four-well replications for each serum sample.
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FIG 4 Distribution of percent inhibition values and ROC and TG-ROC anal-
yses of cELISA specific for F. tularensis LPS. (a) The percent inhibition value of
each serum sample at a dilution of 1:100 was plotted for serum samples ob-
tained from patients with tularemia and healthy donors. (b and ¢) The ROC
curve (b) and two-graph-ROC (TG-ROC) curve (c) were analyzed and drawn
using Stat Flex software. The area under the ROC curve is 0.98559, which
indicates the test has a good probability of distinguishing between patients
with tularemia and healthy individuals (see panel b). The graphs show the
relationship between the sensitivity and specificity of cELISA for each cutoff
percent inhibition. The dashed vertical lines indicate the cutoff values at 8.5
and 25.8% inhibition, respectively (see panel c¢). The most optimal sensitivity
(97.0%) and specificity (100%) are obtained when the cutoff value is set at
8.5% inhibition.

and a specificity of 100%. To increase the sensitivity of the assay
without decreasing the specificity, the cutoff value was decreased
to 8.5% inhibition (Fig. 4c). As a result, the sensitivity increased
from 91.1 to 97.0%. Antibodies against F. tularensis were success-
fully detected in samples of patients with tularemia at a cutoff
value of 8.5% inhibition, except for one serum sample. The cutoff
value and diagnostic performance of iELISA were determined
similarly. As a result, iELISA was considered positive at a cutoff
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TABLE 2 Sensitivity and specificity of MA relative to cELISA?

MA (no. of samples)

cELISA Positive Negative Total
Positive 27 6 33
Negative 1 50 51
Total 28 56 84

“ Relative sensitivity = 27 of 33 (81.8%); relative specificity = 50 of 51 (98%). Positive,
human serum with a positive MA titer with agglutination at dilutions of =1:10;
negative, human serum with no agglutination in MA.

OD of 0.61 at which the sensitivity and the specificity were 94.1
and 98.0%, respectively (data not shown).

Sensitivity and specificity of cELISA, iELISA, and MA.
cELISA, iELISA, and MA were performed simultaneously on 84
human serum samples. The results for the 34 serum samples col-
lected from 19 patients are summarized in Table 1. Only one se-
rum sample was found to be false negative by cELISA, whereas the
number of false-negative samples by iIELISA and MA were 2 and 6,
respectively (Table 1). Similarly, among the 50 healthy human
serum samples, only one sample was found to be false-positive by
iELISA, and no sample was found to be false positive by cELISA
and MA (data not shown). In comparison to cELISA, the sensitiv-
ity and specificity of MA were 81.8 and 98.0%, respectively (Table
2).In addition, when cELISA was compared to iELISA, the relative
sensitivity and specificity of cELISA were 93.9 and 96.1%, respec-
tively (Table 3).

Correlation between cELISA and iELISA. The results of
cELISA and iELISA using the 84 human serum samples were an-
alyzed to determine whether the two assays were statistically cor-
related. Linear regression analysis showed a significant linear cor-
relation between cELISA percent inhibition values and OD values
determined by iELISA (R* = 0.82, r = 0.91) (Fig. 5).

Persistence of F. tularensis-specific antibodies in patients.
Two patients were evaluated by cELISA and iELISA to determine
the level and persistence of disease-specific antibodies between 19
to 188 days after exposure to F. tularensis (Fig. 6). The antibodies
were detected on day 19, and thereafter their levels increased or
remained constant until 62 days after exposure. However, anti-
body levels in the sera of both patients decreased moderately at
188 days. cELISA and iELISA demonstrated similar patterns of
antibody persistence in both patients.

DISCUSSION

Human tularemia is diagnosed on the basis of clinical findings and
laboratory tests that include serological and molecular methods
(11, 13, 14, 17). However, variations in sensitivity and specificity

TABLE 3 Sensitivity and specificity of cELISA relative to iELISA?

cELISA
iELISA Positive Negative Total
Positive 31 2 33
Negative 2 49 51
Total 33 51 84

“ Relative sensitivity = 31 of 33 (93.9%); relative specificity = 49 of 51 (96.1%).
Positive, human serum with an iELISA cutoff OD of >0.61; negative, human serum
with an iELISA cutoff OD of =0.61.
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FIG 5 Correlation between cELISA and iELISA for detection of F. tularensis-specific antibodies. A scatter plot of the percent inhibition obtained by cELISA and
OD values obtained by iELISA for serum samples of patient (n = 34) and healthy human donor (n = 50). Linear regression analysis showed that a significant
linear correlation was observed between cELISA and iELISA with a correlation coefficient of 0.91.

of different assays during surveillance studies sometimes lead to
misdiagnosis of the disease. The cELISA developed here is a sim-
ple, specific, and sensitive test that is applicable to both humans
and animals for detection of antibodies against F. tularensis.

Our cELISA is based on the measurement of competition be-
tween the test sample and MAD for LPS, the major antigen of F.
tularensis (14, 24, 25). Similar assays using MAb against LPS have
been described for Brucella species (26,27). The typical ladder-like
bands observed on WB demonstrated that both MADb and F. tula-
rensis-infected human and mice serum contained antibodies pre-
dominantly recognizing the LPS antigen (Fig. 1). In cELISA, the
human and animal serum samples that were positive by MA and

iELISA clearly inhibited MAb binding to LPS (Fig. 2). Serum sam-
ples of tularemia patients with MA titers of 1:160 (tularemia 1 and
2 in Fig. 2a) and 1:40 (tularemia 3 in Fig. 2a) positively inhibited
MAD binding up to a dilution of 1:1,000, whereas the serum sam-
ples of healthy donors did not. This result shows that cELISA is
useful for detecting F. tularensis antibodies and is more sensitive
than MA.

In previous studies, the possible difference in antigenic struc-
ture of LPS between F. tularensis subsp. tularensis and subsp. hol-
arctica were suggested (28). In the present study, we used anti-LPS
MADb (M14B11) (21), which recognized both F. tularensis subsp.
tularensis and subsp. holarctica in the cELISA. Furthermore, anti-
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FIG 6 Kinetics of antibody levels in patients with tularemia over a 6-month period. F. tularensis-specific antibodies were measured by cELISA and iELISA in two
patients with tularemia (P18 and P19, Table 1) at the indicated days after exposure to F. tularensis. The percent inhibition values in ¢cELISA and OD values in

iELISA are shown on the left and right sides of the y axis, respectively.
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bodies against both F. tularensis subsp. tularensis and subsp. hol-
arctica in rabbit and mouse sera were detected by cELISA (Fig. 2b
and c). Although we could not test convalescent human patients
sera infected with F. tularensis subsp. tularensis due to unavailabil-
ity in Japan, the result in the present study indicated that the
cELISA is capable to detect antibodies induced after both F. tula-
rensis subsp. tularensis and subsp. holarctica infections. On the
other hand, when serum sample of a mouse immunized with F.
novicida were tested, 11% inhibition was observed (Fig. 2¢). This
slight inhibition may be due to the common antigenic epitopes
shared by F. novicida and F. tularensis since they are genetically
closely related (29). In addition, no serum samples of rabbits im-
munized with Brucella spp. and Yersinia spp. interfered with the
specific binding of MAD to LPS (Fig. 3). These results indicate that
MAb-based cELISA is highly specific for F. tularensis without any
cross-reactions with other microorganisms.

The results of cELISA of serum samples of tularemia patients
and healthy donors were evaluated. ROC analysis showed that
cELISA had sensitivities of 91.1 and 97.0% at cutoff values of
25.8% inhibition and 8.5% inhibition, respectively (Fig. 4). Two
serum samples of patients at day 1 (P4) and day 11 (P1) after onset
of symptoms were negative by cELISA at a cutoff value of 25.8%.
These sera were also negative by iELISA and MA (Table 1), and
thus it was conceivable that these acute-phase sera did not contain
detectable levels of antibodies against F. tularensis. However,
when the cutoff value was decreased to 8.5% inhibition, these two
acute-phase sera became positive, indicating that cELISA with a
cutoff value of 8.5% is more sensitive in detecting antibodies
against F. tularensis than iELISA and MA. In contrast, serum sam-
ple of the patient (P17) obtained 8 months (241 days) after recov-
ery was negative even at a cutoff value of 8.5% inhibition, although
the serum was positive by iELISA and MA. The paired serum of
the same patient (P17) obtained 2 weeks after disease onset was
clearly positive by both cELISA and iELISA, but negative by MA.
These results might suggest that LPS antibodies recognizing the
specific epitope of the MAb M14B11 in patients did not persist for
several months, whereas the antibodies recognizing the other
epitopes on LPS persisted for more than 8 months. The testing of
large numbers of serum samples from both acute and convales-
cent phases of tularemia patients might have improved the precise
interpretation of data. For the 50 healthy human serum samples,
cELISA exhibited 100% specificity at both cutoff values of 25.8
and 8.5% inhibition (Fig. 4c). Therefore, the cutoff value of 8.5%
inhibition was considered to be suitable for sensitive and specific
detection of F. tularensis antibodies in human serum samples
based on the ROC analysis.

The sensitivity of cELISA and iELISA were comparable,
whereas MA was less sensitive in detecting F. tularensis antibodies
(Tables 2 and 3). All of these results were comparable to those of
previously reported cELISA methods that detected antibodies
against F. tularensis outer membrane protein antigens with a sen-
sitivity and specificity of 95.7 and 96%, respectively (30). How-
ever, it is noteworthy that LPS is a more suitable antigen for de-
tecting an antibody response elicited in the early phase after F.
tularensis infection as well as antibodies that persist for several
years (10, 24).

In the present study, we also found, in agreement with a pre-
vious report, that antibodies against F. tularensis persist for
months after infection (16). Although we could not test how long
the antibodies persist, a moderately decreasing antibody level was
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observed after 6 months (Fig. 6), and this pattern was the same in
serum samples of two different patients with comparable antibody
levels in cELISA and iELISA. Indeed, the correlation between
cELISA and iELISA was high (R* = 0.8226) (Fig. 5). These data
suggest that the results obtained for detection of antibodies
against F. tularensis by the novel cELISA are reliable and consistent
with those obtained by iELISA.

Our cELISA method based on the inhibition of binding of
MAD specific to the F. tularensis LPS is highly sensitive and spe-
cific. This method is well suited as a routine, confirmatory labo-
ratory test for tularemia in humans. It can overcome the problems
associated with conventional serological assays such as low sensi-
tivity and specificity in MA or requirements of species-specific
secondary antibodies in iELISA or indirect immunofluorescence
assay. Therefore, our MAb-based cELISA is expected to be advan-
tageous and useful for serosurveillance of various wild animals
such as bears, wild boars, fox, raccoon dogs, and even birds, except
for the highly susceptible animals such as some species of rodents
or lagomorphs since they die before producing antibodies to F.
tularensis. A seroepidemiological study of various wild animals
with this novel cELISA is ongoing. We believe this cELISA method
will help facilitate the surveillance of tularemia in humans and
wild animals, leading to better understanding of the ecology and
epidemiology of tularemia.
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