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field situations. In addition, many studies have demonstrated that
MB patients have high titers of M. leprae-specific antibodies but
PB patients have low or absent titers. For these reasons, the
potential for serological diagnosis of low-BI patients, such as PB
patients or MB patients who are developing disease, has not been
thoroughly pursued.

In a recent small-scale study, we demonstrated that the
ML0405 and MIL.2331 proteins were recognized by sera from
MB leprosy patients presenting with high BI (20). In the cur-
rent study we demonstrate that MLO405 and ML2331 are di-
agnostically relevant antigens by analyzing a large panel of MB
leprosy patient sera from a variety of leprosy-affected regions
(the Philippines, central and coastal Brazil, and Japan). We
also examine the ability of M. leprae protein antigens to diag-
nose low-BI leprosy (PB patients and early MB patients) and
show here the diagnostic potential of ML0405, MI1.2331, and a
newly discovered M. leprae antigen, ML.1556¢. Based on the
results, we construct and evaluate a fusion protein comprising
MLO405 and ML2331 (designated leprosy JDRI diagnostic 1
{LID-1]) and demonstrate that this construct can be used to
serologically diagnose leprosy patients among presymptomatic
individuals, that is, before a clinical diagnosis is possible.
Moreover, ML1556¢ may be a valuable adduct to LID-1 for the
diagnosis of PB leprosy.

MATERIALS AND METHODS

Subjects and samples. Sera were obtained from patients with leprosy (MB and
PB) or tuberculosis (TB), healthy household contacts of MB leprosy patients
(HHC), and endemic and nonendemic controls (EC and NEC). MB and PB
leprosy patient sera used in this study were derived from recently diagnosed,
. previously -untreated individuals who did not have signs of reversal reactions.
Leprosy was classified in each case by bacterial, histological, and clinical obser-
vations carried out by qualified personnel, with the BI recorded at the time of
diagnosis. HHC were defined as adults living in the same house as an MB index
case for at least 6 months. TB patients were included to evaluate potential
antigen cross-reactivity with other mycobacterial infection. Sera from TB pa-
tients were obtained after drawing blood from Mycobacterium tuberculosis spu-
um-positive, human immunodeficiency virus-negative individuals with clinically
confirmed pulmonary TB who were undergoing treatment. Normal sera (EC and
NEC) were obtained after blood draws from volunteers with no history of leprosy
or TB infection. In all cases, drawing of blood was carried out with informed
consent (with local institutional review board approval or local ethics committee
approval in Brazil, Japan, the Philippines, Seattle, and St. Louis). The compo-
sition of each study population is summarized in Table 1.

In Cebu City, leprosy and TB patients were recruited at the Cebu skin clinic
and Leonard Wood Memorial Research Center in Cebu City, Cebu (Philippines)
from 2003 to 2006. Between 1985 and 1991, sera were collected prospectively
from individuals who resided with MB patients (BI > 2) for at least 2 years and
were free of leprosy as determined by clinical dermato-neurological examination
al the inclusion point of the study. Some of these individuals developed MB
leprosy as the study progressed, and these sera have previously been described
11).

In Goifinia, the state capital of Goids State (western central Brazil), leprosy
and TB patients were recruited at the main outpatient clinics of Centro de
Referéncia em Diagn6stico ¢ Terapéutica and Hospital Anuar Auvad in 2006. PB
leprosy patients were selected from a cohort of leprosy patients with a single skin
. lesion recruited at Brazilian sites of endemicity from 1999 1o 2001, as previously
described (9).

In Salvador, the state capital of Bahia State (northeast coastal Brazil), leprosy
patients were recruited at Hospital Dom Rodrigo de Menezes in 2006.

In Japan, leprosy patients were recruited at the National Sanatorium Oshi-
maseishoen, Kagawa.

In St. Louis, sera were collected from U.S.-based individuals at a variety of
times following Myvcobacterium bovis BCG immunization.

All serum specimens were aliquoted and stored at -20°C or ~80°C prior to
assay.
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TABLE 1. Study populations

Sample Bl - Sex Mean age |
- P ge .
Site w(le‘;)ggr]"zaol.x)on (mean)”  ratio” (yr) (range)
Cebu City, MB (17) 28 24 30(18-55)
Philippines PB (54) 05~ 04  -31(15-45)
- TB(6) 5T 45(35-53)
EC (8) 1 26 (19-38)
HHC (10) ’ 0.4 38 (18-60)
Goiania, Brazil MB (28) 24 15 44 (19-81)
PB (83) 0 04 33 (7-76)
TB (26) 2.7 39 (17-66)
EC (30) 0.1 20 (19-26)
HHC (11) 0.5 28 (18-51)
Salvador, Brazil MB (10) NA® 35 35.1 (20-70)
PB (6) 0 5 31.6 (1242)
HHC (11) 0.1 485 (25-57)
Kagawa, Japan MB (30) NA NA 60 (48-19)
PB (30) o NA 70 (55-90)
EC (26) NA 54 (48-62)

< Maleffemale ratio.
¥ NA, not available.

Cloning and parification of target antigens. DNA encoding selected M. leprae
proteins was PCR amplified from M. leprae Thai-53 genomic DNA using Pfr
DNA polymerase (Invitrogen, Carlsbad, CA). PCR primers were designed to
incorporate specific restriction enzyme sites 5' and 3’ of the gene of interest and
excluded in the target gene for directional cloning into the expression vector
PET28a (Novagen, Madison, WI). Afier PCR amplification, purified PCR prod-
ucts were digested, ligated with vector DNA. and used 1o transform Escherichia
coli, and individual clones were induced to produce recombinant proteins, as
previously described (20). Recombinant proteins were quantified using the bicin-
choninic acid protein assay (Pierce, Rockford, IL), and quality was assessed by
sodium dodecyl sulfate-polyacrylamide gel electrophoresis. The characteristics of
each M. leprae protein evaluated are summarized in Table 2. The ML1556¢
protein was included because portions of the ML1556 protein were identifiéd in
four separate clones during serological expression screening with sera from PB
leprosy patients (data not shown) (20). Recognition of the clones was derived
from amino acids 58 to 256 of ML1556, which are only 47% identical 10 the M.
tuberculosis protein Rv2839 (compared to 82% identity across the entire amino
acid sequences of ML1556 and Rv2839).

Determining patient reactivity by ELISA. ELISAs were conducted indepen-
dently at IDRI, Seattle, WA (Cebu and St. Louis sera); UFG, Goiania, and UFB,
Salvador, Brazil; and NIID, Tokyo, Japan. Polysorp 96-well plates (Nunc, Roch-
ester, NY) were coated with 1 ug/ml recombinant protein or 200 ng/mi of natural
disaccharide with octyl linkage (NDO), the synthetically derived B-cell epitope of
PGL-], conjugated to bovine serum albumin (NDO-BSA; kindly supplied by
John Spencer, Colorado State University, under NIH contract NO1 AI-25469), in
bicarbonate buffer overnight a1t 4°C and blocked for 1 h at room temperature
with phosphate-buffered saline-Tween with 1% BSA on a plate shaker. Serum
diluted appropriately in 0.1% BSA was added to each well, and plates were
incubated at room temperature for 2 h with shaking. Plates were washed with
buffer only, and horseradish peroxidase-conjugated IgG or IgM (Rockland
Immunochemicals, Gilbertsville, PA), diluted in 0.1% BSA, was added to
each well and incubated at room temperature for 1 h with shaking. After
washing, plates were developed with peroxidase color substrate (Kirkegaard
& Perry Laboratories, Gaithersburg, MD), and the reaction was quenched by
the addition of 1 N H,S80,. The optical density (OD) of each well was read
at 450 nm. Positive responses were defined as an OD of >2X the mean OD
of endemic control sera or an OD of >0.1, whichever was higher.

Statistics. P values were determined using Student’s ¢ test.

RESULTS

Recognition of M. leprae proteins by Filipino ‘lep‘rosy_patient . ‘

sera. The majority of MB leprosy patients are readily identified
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TABLE 2. Main characteristics of M. leprae antigens tested? -. .-
% Identity" with:
Gene Functional : - Product = — . .
accession * assification® Protein type Length (bp) sizé M. mberculosis M. bovis M. aviem M zzTaggon M. smegmatis
no, . * (kDa) H37R¥ AF2297 1044 BAAsss  MC21ss¢
ML0091 1.C.2 28-kDa antigen, STt 237 53 53 54 54 48
precursor :
ML0405 v Conserved hypothetical’ - 765 253 62 62 None NA . None
ML1633 11.C.2 Possible secreted - 1,608 57.0 25 25 35 81 62
. hydrolase B C .
ML2055 - IVA. - Probable cell surface” 864 295 72 -72 69 - 73 54
, ’ protein )
M1L2331 I.C.2 Possible secreted 771 265 80 80 77 80 67
protein L C . - ’
ML2346 VI Hypothetical 906 339 None None None None None
ML1556 - ILA6 Translation initiation 2,775 96.6 84 . 8 90
: factor

¢ Annotations for gene accession number, functional classification, and protein type are according to the Sanger database.
® Functional classifications: I1.C.2, surface polysaccharides, lipopolysaccharides, proteins, and antigens; V, conserved hypotheticals; IV.A, virulence; VI, unknowns;

I1.A.6, protein translation and modification.

“ BLAST reports were performed in September 2006; tBLASTn was used for comparisons of proteins versus translated DNA. NA, not applicable.

4 From hutp:/fwww.tigr.org. .-
¢ From htp:/fwww.sanger.ac.uk/Projects. -

by ELISA and lateral flow tests, which assess the capacity of .
patient IgM to bind M. leprae PGL-I or its synthetic analogue
(NDO) conjugated to a carrier protein (BSA). In comparison
with MB leprosy patients, PB leprosy patients have low or no
anti-PGL-I responses and are more difficult to diagnose sero-
logically. We therefore sought to determine whether PB sera
recognized protein antigens, expanding our previous analyses
and comparing the potential of NDO-BSA, ML0405, and
ML2331 to diagnose leprosy, 'axjd found that the protein anti-
gens have a similar profile for leprosy diagnosis as that for
NDO-BSA,; all three test antigens were readily detected by MB
patient sera, by some PB patient sera, and by few, if any, EC,
HHC, or TB sera (Fig. 1). Thus, similar to NDO-BSA, ML0405
and ML2331 demonstrate good potentials for the diagnosis of
leprosy.

Recognition of MB leprosy patient sera with refined
MLO0405 antigen constructs. To leam more regarding the se-

NDO-BSA

roreactivity of ML0O405 and enhance recombinant ML0405 ex-
pression for- purification, we expressed a variety-of ML0405
polypeptide fragments and determined whether Filipino MB
leprosy patient sera had similar binding capacities to these
fragments and to full-length (MLO405FL) protein. All con-
structs were able to bind MB patient sera (Fig. 2) (P < 0.01
for MB versus EC). The reactivify of a truncated: form
(MLO0405Tr) of the protein was equivalent to the reactivity of
MLO405FL. (P = 0.885 for MB patient sera), whereas the

reactivity of the protein construct lacking the predicted mem-

brane-spanning region (ML0405Tm) declined slightly (Fig. 2)
(P = 0.047 and 0.060 for Tm versus FL and Tt forms, respec-
tively, for MB). These data indicate that the majority, if not all,
of the B-cell epitopes recognized by antibodies in patient sera
are retained and accessible in the truncated form of the pro-
tein. Further testing was conducted using €ither MLO405FL or
MLO405Tr.
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FIG. 1. Sera from Filipino leprosy patients react with recombinant M. leprne antigens. Sera from clinically diagnosed MB and PB leprosy
patients, EC individuals, and HHC of MB leprosy patients were assessed against NDO-BSA, ML0405, and ML2331. NDO-BSA reactivity was
assessed by IgM binding, and protein reactivity was assessed by IgG binding. Sera were from Cebu City, Philippines. Each point represents an
individual serum sample, and the median is represented by the line. The number above each data set is the percent positive responses. +, P < 0.05;
#, P < 0.001 versus EC.
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FIG. 2. ML0O405 constructs react with MB leprosy patient sera.
Different MLO405 constructs were created and expressed as recombi-
nant proteins. The schematic diagram shows the sequence alignment
of each of these constructs, with the deleted regions indicated by the
line. Each construct was tested for IgG reactivity by ELISA with
individual Filipino MB leprosy patient sera (n = 18) or EC sera (n =
6). », P < 0.05; #, P < 0.001 versus EC.

Diagnosis of Filipino PB leprosy patients with M. leprae
proteins. We then went on to more closely investigate the
potential of M. leprae antigens for diagnosing PB leprosy. Sera
from Filipino patients clinically diagnosed with PB leprosy and
with a low BI were tested for reactivity with potential diagnos-
tic M. leprae antigens (MLO0405Tr, ML2331, ML1556¢c, and
NDO-BSA). NDO-BSA was capable of identifying 57% (26 of
46) of these Filipino PB leprosy patients, but a substantial
number of samples provided weak positive responses (Fig. 3).
MLO0405 and ML2331 also reacted with sera from some PB
patients (Fig. 3A and B). Most of these Filipino sera that
reacted with these proteins also demonstrated strong NDO-
BSA responses, however, and so the added benefit of using
these antigens for leprosy diagnosis within the Filipino popu-
lation appeared minimal. In contrast, 4 of 20 sera that were
weak positive/negative by NDO-BSA ELISA testing demon-
strated strong reactivity to ML1556¢c (Fig. 3C). This result
suggests that ML1556¢ may be useful as an adjunct to PGL-I
testing, or other tests, to improve the sensitivity and clarity of
leprosy diagnosis.

To test the specificity of ML1556¢ as a leprosy dlagnostxc
reagent, we directly compared the reactivities of ML.1556¢ with
sera from PB leprosy patients, MB leprosy patients, TB pa-

tients, EC, and HHC of MB leprosy ‘patients located in Cebu .

City, Philippines (Fig. 3D). Positive responses were observed
in five of eight additional PB leprosy sera tested, with three of
the sera yielding strong responses that could provide a. clear
diagnosis. Positive responses to ML1556¢c were also observed
in two of seven MB leprosy sera tested in this experiment.

EARLY LEPROSY DIAGNOSIS 1403

>

w
o

~0- MLO40SFL
—NDO-BSA

NN
e
L

00D 450nm
-
n

B *7

3.8 1
-0-ML2331

251 — NDO-BSA

20 4

154

0D 450nm

1.0 4

0.5 4

00

C 354

30 4

-0— ML_1556¢C

25 4
20 1

15 1

0D 450nm

OD 450nm
2

054 @

®
09 90 00 4
VB PB HHC EC B

0.04

FIG. 3. M. leprae proteins react with PB leprosy patient sera. (Ato C)

Antibody reactivities of sera from a pool of clinically diagnosed' MB
leprosy patients, from a pool of negative control individuals, and from 46

clinically diagnosed PB leprosy patients were assessed against NDO-BSA

and ML0405 (A), ML2331 (B), and ML1556c (C). NDO-BSA reactivity

was assessed by IgM binding and, for reference, is shown in each plot. -
Recombinant protein reactivity was assessed by IgG binding. The first

open circle represents the value obtained for pooled MB sera, while the
next open circle represents the reactivity of pooled EC sera; individual PB
sera are then arranged along the x axis according to their responsiveness
versus NDO-BSA. The dashed line indicates the point at which diagnosis
by NDO-BSA reactivity becomes unclear. ML1556¢ reacts with PB lep-
rosy patient sera. (D) IgG reactivities of ML1556¢ with a small panel of

individual sera from EC, leprosy patients (MB and PB), and TB patients -
were determined by ELISA using sarples from Cebu City, Phl]lppmes B

Each point represents an individual serum sample, and the medxan is
represented by the line.
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FIG. 4. Sera from Brazilian leprosy patients react with recombinant M. leprae antigens. Sera from clinically diagnosed MB and PB leprosy
patients, EC individuals, and HHC of MB leprosy patients were assessed against NDO-BSA, ML0405, ML2331, and ML1556c. NDO-BSA
reactivity was assessed by IgM binding, and protein reactivity was assessed by IgG binding. Sera were from Goiania and Salvador (see Table 1).
(A) Each point represents an individual serum sample, and the median is represented by the line. The number above each data set is the percent
nositive responses. *, P < 0.05; #, P < 0.001 versus EC. (B) To demonstrate complementarity, the individuz! PB sera from Goiénia are arranged
along the x axis according to their responsiveness versus NDO-BSA and overlaid with the response of each serum to MLO0405.

ML1556¢ did not react with any of the Filipino TB patient sera
tested, was recognized by only one of eight HHC sera, and
reacted with only one of six EC sera. Negative results were
obtained upon further testing involving another 45 TB sera and
23 NEC sera (data not shown). Taken together, these results
generated from sera from the Philippines suggested the utility
of ML1556¢ to improve the diagnosis of PB leprosy.
Identification of leprosy patients in Brazil. We also exam-
ined the ability of recombinant M. leprae antigens to identify
leprosy patients located around Goiénia, Brazil, and Salvador,
Brazil. Within the clinically diagnosed leprosy population,
PGL-I/NDO-BSA was capable of identifying 87% (33 of 38) of
the MB patients (Fig. 4). In agreement with the results ob-
tained by analysis of Filipino leprosy patient sera, MLO405 and
ML2331 reacted with large proportions of Brazilian MB pa-

I 900000¢€00000000s00cnncans amdnasmmmanmananooe

tient sera (87% [33 of 38] and 76% [29 of 38), respectively),
and ML1556¢ reacted with only some MB patient sera (13%, 5
of 38) (Fig. 4). In GoiAnia, positive responses were also ob-
served against antigens ML0091 (71%, 20 of 28), ML1633
(32%, 9 of 28), ML2055 (75%, 21 of 28), and ML2346 (29%, 8
of 28) (data not shown). The clarity of MB leprosy diagnosis
(strength of signal in positive samples versus negative samples)
in Goi4nia was greater when using ML040S rather than NDO-
BSA, but in Salvador it was greater when using ML2331 rather
than NDO-BSA. -

We also determined if these antigens were recognized by
Brazilian PB patient sera. PGL-I/NDO-BSA was capable of
identifying only 20% (18 of 89) of the PB patients, a level not

. appreciably higher than the proportion of positive responses

observed with TB patients (12%, 3 of 26) (Fig. 4A). An IgG
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FIG. S. LID-1 retains reactivity with leprosy patient sera. (A) LID-1 (a fusion construct of MI.D405 and ML2331), MLO40SFL, MLO405Tr, and
ML2331 reactivities were assessed by IgG binding in an ELISA with eight MB leprosy patient serum samples from Salvador and eight NEC serum
samples. (B) Sera from clinically diagnosed Japanese MB and PB leprosy patients, and Japanese EC individuals, were assessed for IgG reactivities
with LID-1, ML0405, and ML2331. Each point represents an individual serum sample, and the median is repr&senled by the line. The number
above each data set is the percent positive responses. *, P < 0.05; #, P < 0.001 versus EC.

reactivity that permitted serologic diagnosis of an increased
number of PB leprosy patients was observed for ML0405
(69%, 61 of 89), but responses to ML2331 were very weak, with
very few positives (3%, 3 of 89) (Fig. 4A). The antigens
MLO0091 (6%, 5 of 83), ML1633 (17%, 14 of 83), ML2055
(13%, 11 of 83), and ML2346 (27%, 22 of 83) were recognized
by some PB patient sera, but responses were generally weak
(data not shown). Many of the PB patient sera that did not
react with PGL-1 had a strong reactivity with ML0405 (Fig.
4B). ML1556¢ was recognized by only a minor subset of PB
leprosy patient sera (12%, 11 of 89) and Brazilian EC individ-
uals (6.7%, 2 of 30), but ML1556c¢ reactivity was detected in a
substantial number of Brazilian TB patients (35%, 9 of 26).
These data indicate only a minor number of positive results in
the Brazilian population if ML1556¢ is used for leprosy diag-
nosis, with a further complication of false-positive diagnosis in
TB patients. Antigen ML0405, however, did not react with
significant numbers of EC sera (3.3%, 1 of 30) or TB sera
(12%, 3 of 26) (Fig. 4A). These results indicate that ML0405
can recognize some PB leprosy patients in the Brazilian pop-
ulation and could be used to augment leprosy diagnosis with
PGL-1.

Construction of a fusion construct of ML0405-ML2331
(LID-1). Having extended our earlier observation that the sin-

gle antigens ML0405 and ML2331 have the potential to diag-
nose leprosy (20), and given the observations that ML0405
appeared better for diagnosis in Goidnia and Cebu City but
ML2331 appeared better for diagnosis in Salvador, we con-
structed a single fusicn molecule incorporating both proteins.
MLO405Tr was expressed at the C terminus of the molecule
and ML2331 in the N terminus. Following recombinant expres-
sion, we validated the reactivity of the construct by assaying
LID-1 versus a small panel of sera from Salvador that had
bound each single component. These sera readily detected
LID-1, MLO405FL, MLO405Tr, and ML.2331 (Fig. 5A). Impor-
tantly, construction of the fusion protein did not introduce
false-positive results with NEC sera (Fig. 5A).

We further extended our examination of sera from different
geographic locations by assessing sera from Japanese leprosy
patients for reactivity with MLL040S, M1.2331, and LID-1. Pos-
itive response were observed with MB patient sera (67% [20 of
30] for ML0405, 97% [29 of 30] for ML2331, and 87% [26 of
30] for LID-1) and PB patient sera (13% [4 of 30] for ML0405,
13% [4-of 30] for ML.2331, and 20% [6 of 30} for LID-1), with
few responses in EC sera (4% [1 of 26] for ML0405, 8% |2 of
26] for ML2331, and 4% [1 of 26] for LID-1) (Fig. 5B). Taken
together, these data indicate that LID-1 is useful asa dlagnos-
tic antigen for leprosy.
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FIG. 6. LID-1 reactivity can diagnose leprosy before clinical symptoms. (A) LID-1 and NDO-BSA reactivities within sera from a prospective
study conducted in Cebu City, Philippines, were assessed by either IgG or IgM binding in an ELISA. Sera were collected at a variety of times prior
to the clinical diagnosis of MB leprosy in 11 patients and at a variety of times after the commencement of treatment. (B) Representative plots for
individual patients are shown. (C) Sera were collected from 57 household contacts that did not develop clinical leprosy and were compared with
single serum samples from each individual contact that developed leprosy (serum samples were collected within 3 months of clinical diagnosis).
#, P < 0.001. (D) LID-1 and NDO-BSA reactivities within sera from a prospective study using 10 U.S.-based individuals who were immunized with
BCG were assessed. Sera were collected at regular intervals following BCG immunization. The solid circle at day zer0 designates the reactivity of

a leprosy patient serum sample that was included as a positive control.

LID-1 reactivity can diagnose leprosy before clinical symp-
toms. Having demonstrated that the LID-1 fusion molecule
retained the ability to diagnose leprosy patients but lacked
responses to EC sera, we obtained sera from a prospective

. study conducted in Cebu City, Philippines, between 1985 and
1991 (11). In that study, household contacts of leprosy patients
were monitored over a prolonged period of time, and some
developed clinical MB leprosy. In sera from the individuals
who developed MB leprosy, as previously reported, anti-PGL-1
levels increased before leprosy was diagnosed by clinical exam
(Fig. 6A). Our data also indicate that anti-LID-1 antibody
levels began to increase markedly as soon as 1 year prior to
clinical diagnosis (Fig. 6A). For many of the patients (7 of 11,
64%) the increase in the anti-LID-1 IgG response was strik-
ingly more obvious than the increase in the anti-PGL-I IgM
response (Fig. 6B). Those patients that developed clinical lep-
rosy had anti-PGL-1 antibody levels not dissimilar to many
individuals who did not develop leprosy (Fig. 6C). The differ-
ence in anti-LID-1 antibody levels was much clearer, with a
much larger differentiation between the positive responses of
patients who developed leprosy compared with the extremely
low levels of anti-LID-1 antibody in individuals who did not
develop leprosy (Fig. 6C). Taken together, these data indicate
that LID-1 is capable of providing an early serological diagno-
sis of leprosy.

LID-1 does not react with sera from individuals recently
exposed to BCG. To examine in detail if leprosy diagnosis

could be complicated by exposure to or infection with other

mycobacteria, we also examined sera collected longitudinally
from 10 U.S.-based individuals who were immunized with
BCG. None of these BCG-immunized individuals developed
positive serological responses against LID-1 or NDO-BSA
(Fig. 6D). These data indicate that LID-1 can provide a clear
diagnosis of M. leprae mfection prior to the onset of signs that
permit clinical leprosy diagnosis and that LID-1-based diag-
nostic tests could be used to expedite leprosy treatment.

DISCUSSION

Current diagnosis of leprosy is based on the appearance of

clinical signs, and it is well established that the earlier a patient

is identified the better their response to treatment. In addition,
MB leprosy patient household contacts have a higher risk of
developing clinical leprosy than contacts of PB leprosy patients
(10, 12). This has been attributed to increased shedding and
spreading of viable bacteria by MB leprosy patients (2). Accu-
rate and early detection of M. leprae-infected individuals will
open the possibility of earlier treatment that could both pre-
vent disability and significantly reduce leprosy transmission.
We have evaluated the serological responses to a variety of
M. leprae protein antigens in an attempt to discover antigens
that can improve diagnosis of leprosy by detecting patients with
a low BI (PB leprosy patients or early MB leprosy patients).
We demonstrated that (i) ML0405 and ML2331 can be used to
diagnose MB leprosy patients independently of geographic
location; (i) ML1556¢c can recognize some PB patients (al-
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though it is recognized by some TB sera as well); (iii) ML0405
and ML2331 can be used for diagnosis of some PB patients;
(iv) a fusion construct of ML0405 and ML2331 (LID-1) retains
diagnostic capability; and (v) LID-1 can provide a clear leprosy
diagnosis before the onset of clinical symptoms. These findings
will improve both leprosy diagnosis and patient care.

One approach for the early detection of M. leprae infection is

through serological diagnosis. We have conducted screening to
identify M. leprae “antigens that have not previously been de-
scribed, and we then evaluated the diagnostic potential of these
antigens with leprosy patient -sera. In this study the diagnostic
potential of select antigens was assessed "ifr clinically disparate
leprosy patient groups, ranging from MB patients who presented
with large bacterial burdens and large skin lesions to PB patients
who presented with low or absent bacterial burdens and a few,
small skin lesions. As expected, MB leprosy patients were easier
to identify by serological assays and typically yielded higher re-
sponses than PB patients. Unexpectedly, close examination of
patients with a low BI from the Philippines indicated that some
patients exhibited strong responses against the ML1556¢ protein.
The responses of Filipmo PB patients to ML.1556c were often
greater than those of MB patients. These results suggested the
utility of this protein either as an adjunct to antigens that could
identify MB patients to provide a cross-spectrum leprosy diagno-
sis or as a stand-alone protein for PB leprosy diagnosis. An ob-
jective and differential diagnosis of MB or PB leprosy could lead
to better treatment of patients by guiding the multidrug therapy
regimen provided to them.

We also analyzed the diagnostic potential of each antigen
within geographically disparate groups of patients, from the
Philippines and two sites in Brazil. In the Brazilian (Goinia)
PB leprosy patient group, ML1556¢ provided only a few pos-
itive responses; this dampened the enthusiasm for ML1556¢ to
be a widely used diagnostic or prognostic leprosy antigen. Of
interest, many PB leprosy patients in Brazil (both Goiinia and
Salvador) could be diagnosed by ML0405 reactivity, and sev-
eral PB patients (Salvador) could be diagnosed with ML2331
reactivity. It is unclear if the differences in the responses of
patients from different geographic locations are related to dif-
ferences in M. leprae strains or to regional variations in host
genetics. These possibilities might be addressed by analysis of
patient sera on fragments of ML1556¢ or by a survey of anti-
ML1556¢c antibody on lysates of different M. leprae strains.
Regardless, the observed differences indicate the importance
of examining antigen-specific responses in several regions
when considering their ability to diagnose leprosy globally.

Given that the MLO0405Tr and ML2331 proteins could pro-
vide diagnosis of leprosy, we made a fusion protein (LID-1) of
these individual components. After ensuring the fusion protein
retained reactivity against leprosy sera from Salvador, Brazil,
we tested the antigens against sera from Japan. As with results
obtained using sera from Brazil, Japanese MB leprosy patient
sera reacted as strongly with the fusion LID-1 as with the
MLO0405 and ML2331 components. In addition, some Japanese
PB leprosy patient serum antibodies recognized these antigens.

Studies have argued that the presence of anti-PGL-I anti-
bodies is an indicator of leprosy development, but this has been
debated (5, 6, 14, 15). Many contacts of leprosy patients have
anti-PGL-I antibodies but do not develop disease, limiting the
capacity of PGL-I-based assays to predict disease develop-

EARLY LEPROSY DIAGNOSIS 1407

ment. Indeed, PGL-I-based tests are typically marketed as a
support reagent to confirm clinical diagnosis and aid leprosy.
classification but are not recommended for use as a stand-
alone for diagnosis (19). The differential in"responses of sera’

from contacts that developed leprosy compared with contacts, -

that did not develop leprosy was much greater for LID-1 than

PGL-1. We demonstrated that LID-1 is capable of provxdmg’
an early serological dlagnosxs of MB leprosy. A clear and early

diagnosis was achieved in 7 of- 11" contacts of. leprosy patients

" who themselves went on to develop clinical leprosy ‘For the.

small panel of sera tested, the time benefit of a LID-1-based
diagnosis over a clinical-based diagnosis was 6 to 8 months.

Thus, screening for LID-1-reactive antibodies, either in the -

general population or within more focused at-risk populations,
could significantly expedite treatment of leprosy patients and,
also, affect transmission rates by reducing the number of indi-
viduals who develop large bacterial burdens. As another ben-
efit, antibody levels against LID-1 dropped following the im-
plementation of drug treatment in these individyals, and thus
the reduction and disappearance of antibodies against LID-1
may be a useful measure -of multidrug therapy efficacy.

We are currently evaluating additional antigens, diagnostic
formats, and different geographic sources of patient sera with
the objective of early and simple identification of leprosy pa-
tients regardless of incidence locality.
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We previously reported an outbreak in a neurosurgery ward of catheter-associated urinary tract infection
‘with multidrug-resistant (MDR) Pseudomonas aeruginosa strain IMCJ2.S1, carrying the ¢’-N-aminoglycoside
acetyltransferase gene [aac(6')-Iae]. For further epidemiologic studies, 214 clinical isolates of MDR P. aerugi-
nosa showing resistance to imipenem (MIC = 16 pg/ml), amikacin (MIC = 64 pg/ml), and ciprofloxacin (MIC =
4 pg/ml) were collected from 13 hospitals in the same prefecture in Japan. We also collected 70 clinical isolates
of P. acruginosa that were sensitive to one or more of these antibiotics and compared their characteristics with
those of the MDR P. aeruginosa isolates. Of the 214 MDR P. aeruginosa isolates, 212 (99%) were serotype O11.
We developed a loop-mediated isothermal amplification (LAMP) assay and a slide agglutination test for
detection of the aac(6’)-Iae gene and the AAC(6')-lae protein, respectively. Of the 212 MDR P. aeruginosa
isolates, 212 (100%) and 207 (98%) were positive in the LAMP assay and in the agglutination test, respectively.
Mutations of gyr4 and parC genes resulting in amino acid substitutions were detected in 213 of the 214 MDR
P. aeruginosa isolates (99%). Of the 214 MDR P. aeruginosa isolates, 212 showed pulsed-field gel electrophoresis
patterns with =70% similarity to that of IMCJ2.S1 and 83 showed a pattern identical to that of IMCJ2.S1,
indicating that clonal expansion of MDR P. aeruginosa occurred in community hospitals in this area. The
methods developed in this study to detect aac(6’)-Iae were rapid and effective in diagnosing infections caused

by various MDR P. aeruginosa clones.

Pseudomonas aeruginosa causes nosocomial infections as a
result of its ubiquitous nature, ability to survive in moist envi-
ronments, and resistance to many antibiotics and antiseptics. A
serious problem is the emergence of multidrug-resistant (MDR)
P. aeruginosa strains resistant to 3-lactams, aminoglycosides,
and quinolones (34, 39, 46). Although intrinsically sensitive to
B-lactams (e.g., ceftazidime [CAZ] and imipenem {IPM]), ami-
noglycosides (e.g., amikacin [AMK] and tobramycin), and fluo-
roquinolones (e.g., ciprofloxacin {CIP] and ofloxacin [OFX]),
P. aeruginosa resistant to these antibiotics has emerged and is
widespread (34, 39, 46).

We previously reported a nosocomial outbreak of catheter-
associated urinary tract infection involving new MDR P.
aeruginosa strain IMCJ2.S1, which occurred in a neurosurgery
ward of a hospital located in the Tohoku area of Japan (46).
This strain showed broad-spectrum resistance to aminoglyco-
sides, B-lactams, fluoroquinolones, tetracyclines, sulfonamide,
and chlorhexidine. We found that IMCJ2.81 harbored a novel
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class 1 integron, In113, containing an array of three gene cassettes
of the metallo-B-lactamase (MBL) bla,\,p., gene, aminoglycoside
6'-acetyltransferase aac(6’)-Iae gene, and aminoglycoside 3'-ad-
enylyltransferase aadA41 gene (46). This strain possessed muta-
tions of the g4 (83Thr—lle) and parC (87Ser—Leu) genes
involving amino acid substitutions, resulting in high-level resis-
tance to fluoroquinolones.

In the geographic area where the MDR P. aeruginosa out-
break occurred (46), hospitals and a commercial clinical labo-
ratory were surveyed for similar organisms. Because 99% of
the MDR P. aeruginosa isolates analyzed were found to harbor
the aac(6')-lae gene, we developed a loop-mediated isother-
mal amplification (LAMP) assay (31) and a slide agglutination
assay to detect the aac(6')-Iae gene and AAC(6')-Iae protein,
respectively. These methods were evaluated for their useful-
ness in detecting new MDR P. geruginosa strains.

MATERIALS AND METHODS

Bacterial strains. Criteria for multidrug resistance of P. aeruginosa were in
accordance with the Law Concerning the Prevention of Infections and Medical
Care for Patients with Infections of the Japanese Ministry of Health, Labor. and
Welfare; the criteria are resistance to imipenem {MIC = 16 pg/ml), amikacin
(MIC = 64 pg/mi), and ciprofloxacin (MIC = 4 pg/ml). The criterion for
amikacin resistance (MIC = 64 pg/mi) was different from that of a guideline of
the Clinical and Laboratory Standards Institute (MIC 2z 32 pg/ml) (4). Two
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hundred eighty-four clinical isolates of P. aeruginosa were obtained from 284
inpatients in 13 hospitals in Japan during the period October 2003 to September
2004: 214 isolates were MDR, and 70 were non-MDR. Information regarding the
origins of the specimens was available for 99 of the 214 MDR isolates: 72 (73%)
were from urine specimens, 18 (16%) were from respiratory tract specimens. 5
(5%) were from feces, 2 (29) were from catheter tips, and 2 (29) were from
wounds. Of the 72 isolates from urine, 55 were from patients with urinary
catheters. All P. aeruginosa isolates were originally identified by the submitting
laboratories. Isolates that did not have typical characteristics (pigment and col-
ony morphology) for P. aeruginosa were analyzed biochemically with an API
20NE kit (API-bioMerieux. La Balme les Grottes, France) to confirm identity as
P. aeruginosa. P. acruginosa M207 possessing bla;np.), P. aeruginosa NCB326
possessing blayp.,. and Acinetobacter bawnannii NCB0211-439 possessing
blaya.» were provided by Y. Arakawa (National Institute of Infectious Diseases.
Tokyo, Japan). Escherichia coli strain TOP10 (Invitrogen Corp.. Carlsbad, CA)
was used as the host for recombinant plasmids.

Serotyping. The O serotypes of the isolates were determined with a slide
agglutination test kit containing three polyvalent antisera and 14 monovalent
antisera (Denka Seiken Co., Tokyo, Japan). The kit was not in conformity with
the International Antigenic Typing Scheme (TATS) (26) and was not applicable
to some O types in the IATS. Therefore, we applied the standard classification
of O types from A to N proposed by the Serotyping Committee for the Japan
Psceudomonas aeruginosa Society (12).

Antimicrobial susceptibility. We obtained AMK and IPM from Banyu
Pharmaceutical Co. (Tokyo. Japan), arbekacin [1-N-(S)-4-amino-2-hydroxybutyl
dibekacin; ABK| from Meiji Seika Kaisha, Ltd. (Tokyo. Japan), aztreonam
(AZL) from Eizai (Tokyo, Japan), CAZ from GlaxoSmithKline K K. (Tokyo,
Japan), CIP and OFX from Daiichi Pharmaceutical Co.. Ltd. (Tokyo. Japan),
doripenem (DRPM) from Shionogi & Co., Lid. (Osaka. Japan), gentamicin
(GEN) and streptomycin (STR) from Nacalai Tesque. Inc. (Kyoto. Japan),
meropenem (MEM) from Sumitomo Pharmaceutical Co., Ltd. {Osaka, Japan),
piperacillin (PIP) and piperacillin-tazobactam (TZP) from Tomiyama Pure
Chemical Industries, Ltd. (Tokyo, Japan). and polymyxin B (PL-B) from Sigma-
Aldrich (St. Louis, MO). Arbekacin is an aminoglycoside antibiotic and has been
used for the treatment of methicillin-resistant Staphvlococcus aureus infections in
Japan (51). Values for MICs at which 50% of isolates were inhibited (MI1Cs,)
and MIC,, were determined by the microdilution method according to the
Clinical Laboratory Standards Institute (CLSI, formally NCCLS; standard M7-
A6) (4) except for ABK, PL-B, and STR, for which breakpoints (=4 p.g/ml) were
obtained from the published data (16, 30, 46).

Screening for MBL-producing P. aeruginosa. P. aeruginosa isolates were
screened for the presence of MBL by a double-disk synergy test with disks
containing sodium mercaptoacetic acid, according to the method of Arakawa et
al. (2).

Immunologic detection of AAC(6')-1ae. To detect AAC(6')-Iae produced by P.
aeruginosa, we developed a new method with AAC(6')-Iae antibody-conjugated
beads. Recombinant AAC(6')-Iae was purified as reported previously (46) and
used for immunization of Japanese white rabbits. Antibody against AAC(6')-Iae
was affinity purified from rabbit antisera with an N-hydroxysuccinimide-Sepha-
rose column (Amersham Pharmacia Biotech, Piscataway, NJ) conjugated to
recombinant AAC(6')-lae. Purified antibody was coupled to Polybead carboxy-
lated microspheres (2.022 um in diameter; Polysciences, Inc.. Warrington, PA)
according to the manufacturer's instructions. Antibody-conjugated beads were
suspended at 2.5% (volivol) in 0.1 M phosphate buffer (pH 7.4) containing 0.1%
sodium azide. Agglutination tests were performed with P. aeruginosa isolates
grown on N-acetyl-L-cysteine agar medium (Nissui Pharmaceutical Co.. Lud..
Tokyo, Japan). Bacterial cells suspended in distifled water were mixed with the
antibody-conjugated beads. To confirm the specificity of the agglutination test, P.
aeruginosa isolates were analyzed by conventional Western blotting with
AAC(6')-Tae antibody.

PCR of class 1 integrons. Class | integrons responsible for multidrug resis-
tance in P. aeruginosa (21. 34, 46) were detected and characterized by PCR as
described previously (24). Primer pairs designed to amplify the gene cassette of
In113 (46) and three primer pairs specific for blayp.,. blay.o, and blayi.;
(47) were used. Positive controls were P. geruginosa IMCJ2.S1 for class 1 inte-
gron In113, P. aeruginosa M207 for bla.M,. 1» P. aeruginosa NCB326 for bla\pp.a.
and A. bawmannii NCB0211-439 for blayps.,. PCR was performed with a Gene-
Amp PCR System 9700 thermal cycler (Applied Biosystems, Foster City. CA).
Genomic DNA was extracted as described by Sambrook et al. (44). When
unexpected sizes of PCR products were obtained, the PCR products were cloned
into cloning vector pCRII (Invitrogen Corp.) for DNA sequencing.

LAMP assay of aac(6’)-Iae. The LAMP assay amplifies DNA with high spec-
ificity under isothermal conditions (31). To identify P. aenginosa isolates pos-
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sessing aac(6'}-lae, we designed four primers (FIP, 3'-CAA TAC AAA TGT
TTT CGG CGC TAC GTC ACT CCA AAA GGC TAC-3'; BIP, 5'-TAA ACG

-ATG AAT TGT GTG GTT GGG TTG GAT GTA GTT CCC AAG TT-3"; Fi.

5'-TCA CAC ATA AAT TTC GAT TCT TG-3’; and B3, 5"-ACC AAA TCC
CTT ATT TTG ATG TT-3°) for the LAMP assay. To extract DNA from P.
aeruginosa isolates, a colony on N-acetyl-1.cysteine agar medium was suspended
in 100 pi distilled water and boiled for 5 min. The bacterial suspension was then
centrifuged at 12,000 X g for 2 min, and DNA in the supematant was used for
the LAMP assay. The LAMP reaction was performed with a Loopamp DNA
amplification kit (Eiken Chemical Co., Ltd., Tokvo, Japan). The LAMP reaction
mixture (12.5 ul), supplemented with 1.6 pM FIP and BIP primers, 0.2 pM F3
and B3 primers, 2% reaction mixture (6.25 ul). 4 U Bst DNA polymerase. 8§ pg
monomeric cyanine {YO-PRO-1). and 1.0 pl DNA sample, was incubated at
65°C for 45 min in a real-time thermal cycling system (Roter-Gene 2000; Corbett
Research. Mortlake. New South Wales, Australia). Amplified DNA was moni-
tored at 510 nm during the incubation. Altemnatively, 25 ul of the reaction
mixture was incubated at 63°C for 45 min on a block incubator (Advanced
Science and Technology Enterprise Corp.. Tokyo. Japan). After incubation, 10
ul of 1/100-diluted SYBR Green I nucleic acid gel stain (BioWhittaker Molec-
ular Applications, Rockland. ME) was added to the reaction mixture. A change
in color from orange to green indicated positive amplification.

PCR of QRDRs. The guA, B, par(, and parE quinolone resistance-deter-
mining regions (QRDRs) were amplified by PCR with primers from and accord-
ing to the methods described previously (1, 11, 20, 28). PCR products were
sequenced with the same primers.

DNA sequencing. DNA sequences determined by the dideoxy chain termina-
tion methoed with an ABI PRISM 3100 sequencer (Applied Biosystems), and
deduced protein sequences were subjected to homology searches in the DNA
Data Bank of Japan (DDBJ), GenBank. and EMBL databases with FASTA and
BLAST.

Pulsed-field gel electrophoresis (PFGE). Chromosomal DNA was prepared by
the procedure of Grundmann et al. (10} and digested overnight with 10 U Spel
(Takara Bio, Inc., Shiga, Japan). The DNA fragments were separated on 1.0%
agarose gels in 0.5X Tris-borate-EDTA buffer with a CHEF Mapper system
(Bio-Rad Laboratories, Hercules, CA) at 6 Vicm for 20 h. The obtained finger-
printing patterns, normalized to the molecular weight markers, were analyzed by
the unweighted-pair-group method with Molecular Analyst Fingerprinting Plus
software, version 1.6 (Bio-Rad Laboralories. Inc.), (o obtain average linkage-
based dendrograms.

Statistical analysis. Results of a PCR assay. a LAMP assay. and an aggluti-
nation test were analyzed by chi-square test. A P value of <0.01 was considered
statistically significant.

RESULTS

Distribution of MDR P. acruginosa among hospitals. Nine-
teen hospitals and one clinical laboratory center from a single
prefecture (population size, 2,360,000) participated in this
study. MDR P. aeruginosa was isolated from 13 hospitals (Fig.
1). A total of 214 MDR P. aeruginosa isolates were obtained;
73 (34%), 38 (18%), and 22 (109%) were obtained from hospi-
tals NA, CB, and CA, respectively, indicating that the spread of
MDR P. aeruginosa was relatively limited. Seventy non-MDR
P. aeruginosa isolates from the same hospitals were used for
comparative analysis.

Serotyping. Ten serotypes were identified (Table 1): 222
were Ol11, 14 were O1, 10 were O10, 8 were B, 7 were M, 5
were 04, 4 were O3, 4 were 06, and 1 each was O9 and C. Six
additional isolates showed agglutination with polyvalent anti-
serum but not with any of the monovalent antisera, i.e., they
were nontypeable. A total of 212 of the 214 MDR P. aeruginosa
isolates (99%) were serotype Oll, whereas 70 of the non-
MDR isolates were of a variety of serotypes, including O1, O3,
04, 06, 09, 010, O11, B, C, and M. These results indicated
that scrotype O11 was predominant for MDR P. aeruginosa in
this prefecture.
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Totasi No.of PFGE  No.of
MDR isclates  type  isolates
Al 28
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A8 t
Alt 1
A2 29
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A4S 1
AST 1
A63 1
A6S 1
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— Al7 1 A3 1
CA AL9 1 Af b1
A20 1 N A 1
AN 1 “ N Als )
22 Al t b 12 Adl 6
l South area ! A37 H AS6 1
- A8 [ A6t 1
‘Total No, of PFGE  No.of AS2 §
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At 16 v
SA Al ' FY! :,
A4 t ;
16 A3 2 ~CB by ,7 3 ; :
A9 1 Al i
a AG5 ! Ald4 2
SBIT ae Ms 1
A22 1
A27 H
A28 1
A9 i
38 A
A34 1
A3 1
A0 1
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Total number of MDR isolates: 214 A4T i
A48 t
AS3 1
AS4 1
A8 1
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L. A8 H MDRP isolate  type  isolate
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Add 2 AS 1
] CF 1 Al f E2 !
CG 2 A 12

FIG. 1. Distribution of 214 isolates of MDR P. aeruginosa among 13 hospitals in Japan. Double capital letters indicate the locations of the

hospitals that participated in this MDR P. aeruginosa survey.

Antimicrobial susceptibility tests. Most of the MDR P.
aeruginosa isolates were resistant 1o all antimicrobials tested,
except for GEN and PL-B (Tables | and 2). Rates of drug
resistance were as follows: AMK, 100%: ABK, 91.6%; AZL.

99.5%; CAZ, 100%:; CIP, 100%; DRPM, 99.1%: GEN, 57.5%;
IPM, 100%; MEM, 100%; OFX, 100%; PIP, 100%; PL-B,
28%; STR, 100%: TZP, 100%. Rates of drug resistance among
the non-MDR isolates were less than 63%, except that for
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TABLE 1. Phenotypic and genotypic characterization of 284 clinical isolates of P. aeruginosa

Suscepiibility to:

. Amino- o Gene cassette(s) of re
No. of isolates B-Lactams glycosides FQs Serotype the class | integron PFGE typzis)
PIP TZP CAZ IPM MEM AMK GEN CIP OFX
MDR-P. aeruginosa”
120 R R R R R R R R R o1t blasgp. ;o 0ac(6')-lae.  Al, A2, Ad. A5, AT. A8, A9, Al
aad4] Al2, Ald. AlS, Al6, AlS, A20.
A21, A24. A25, A27. A28, A30.
A3, A32. AS3, A3, AdlL A4
Ad3, Add. A5, Ad6, A48, ASL,
A5, AS6. A62. A6, E2
&5 R R R R R R S R R 011 blaggp. - aaci6'j-Iae. A1, A2, A6, All, Al2, A3, Al
aadA! AlS8. A19, A21, A22. A3, A25,
. A26. A27. A34. A35. A36, AT,
A30. A0, A41, A A47, AR
AS3. AS5. A58, A0, A6l, Ab3.
A6S. AGH, AGT
1 R R R R R R R R R 01 bla;yyp.p, aac(®’j-lae, Al
aadAl
2 R R R R R R S R R Ot blayp. ;- aac(6')-lae,  A38. AS0
. aadAl
1 R R R R R R R R R M blayygpe g auc(6')-lae.  AS7
aadAl
3 R R R R R R* S. R R M blapgp. g, aac(6'i-lae, A3, A29, A37
aadAl
1 R R R R R R R R R 010 aac(6’)-31-likel B13
1 R S R R R R S R R Ot v
Non-MDR-P. aeruginosa
i R S S S R R S R R on A49
1 S S S S S S S R R 011 AS9
1 R R S R R - S R R R O1 aac(6’)-31-like2: Bi
1 S S R R R .S R R R 0Ol aac(6')-31-like? BI
1 S S S R R S S R R 01 aac(6')-31-like2 Bl
1 R S S R R S R R R Ol aac(6')-31-like? B2
1 S S S R R S R R R 01 aac(6')-31 B6
1 S S S R R S R R R 0l aac(6'j-31-likel BS
1 R- S S R R S S ‘R R 01 (6°)-31-likel B7
1 S S S S S S S R R 06 acc(6'j-31-likel . B3
1 S S S S S S S R R 010  aac(6')-31-likel B4
1 S S S R R S R R R 010 aac(6')-31-like! B3
1 S S S R R S S R R 010 aac(6'j-31-likel B9
1 S S S R S S R R R 010 aac(6'j-31 Bi2
1 R S S R S S S R’ R 010 aac(6’j-31-likel B14
i S S S S S S N R R NT¥ aac(6')-31 B10
1 R S S R R S S R R M aict6’j-31-likel B}
2 R R R R ‘R S S R R NT Cl
1 R R R R R S S R R. 03 2
2 R R R R R S S R R o3 C4
1 S S S R R S S R R (023 3
1 S S R R R S S R R 01 C7
1 R R R R R S S R R B 3
13 S S 7S S S S S S S B C6
i R R R R R S S R R Ol1 8
1 S S S S S S S S R 04 Dl
1 S S S S S S S R R 04 D2
1 S S S S S S S R S 011 D3
1 S S S R R S N R R 011 El
1 R S S R R S S R R '~ M Fl
1 S s S R S S S R R 04 F2
1 R S S R R ) s . S R 011 Gl
1 R S N S R S S R R 011 G2
1 R S R R R S S "R R 011, H1
1 R R R S S S S S S B H2
2 S S S R R S S S S 010 I
i S S S S S S S S S 04 J1
1 S S S S S S S S S 03 J2
1 S -8 S S S S S S S NT K1
1 S S S S S S S S S 06 K2
1 R R R S S S S S R 09 L1
1 s S N S S S $ R R B L2
1 R S S 5 s S R R R 011 aac(6’j-31-like3, M
aadA6, orfD
i R R R R R S R R R B blasp. ). aadAl N
1 R . § S S S S S S S Ol O
1 . R S R R R S S S S (0] P
1 s 8§ S S S S S S N C Q
i R R N R R S S. S R 010 R
1 S S S N S S S S S 04 S
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- TABLE 1—Continued )

Susceptibility to:

Gene cassette(s) of

No. of isolates B-Lactams 01[::‘:; :?c(;cs FQs”* . Serotype the class 1 integron PFGE type(s)
PIP TZP CAZ IPM MEM AMK  GEN CIP OFX
1 S S S S N S S S S o1 T
1 S N S S M N S S S 011 U
1 S S N S N S S S S ot1 w
1 S N S S S S S S S O1t z
1 S S S S S S S S S Ol1t AA
1 S S S S S S S S S Ol11 Al
1 S S S S N S S S S M X
1 S S R S N S S S S 01 Y
1 S S S S S S S S S 010 AB
1 R S R S N S S S R B AC
1 S S S S S S S S S 06 AD
1 R R R S N R S S S 011 AE
1 S S S S S R R S S O11 AF
1 R R S S N S S S S NT AG
1 R S S S N S S S S B AH
| S S S R N S S S R O1 Al
1 S S S S S N S S S B AK
1 S S N S N S S S S NT AL

“ FQs, luoroquinolones.

“Numbers of MPR isolates showing a respective PFGE type are shown in Fig. 1.

“ NT, nontypeable.

STR, which was 98.6%. MIC, and MIC,, values for MDR
isolates were high, excc‘pl those for ABK, GEN,-and PL-B, and
MIC;, and MIC,, values for non-MDR isolates were low,
except those for AMK. .

MBL production. MBL confers bacterial resistance to all
B-lactams except AZL (53). Of the 284 isolates, 213 (75%)
produced MBL and all except one were MDR isolates.

AAC(6')-Iae production. AAC(6')-1ae was first identified in
MDR P. aeruginosa strain IMCJ2.S1 (46). We developed a
slide agglutination test. with AAC(6')-1ae antibody-conjugated
beads. P. aeruginosa IMCJ2.81 showed a positive result within
30 s (Fig. 2, lane 2), whereas AAC(6')-lac-negative P. aerugi-
nosa strain ATCC 27853 did not (Fig. 2, lane 4). Two hundred
seventeen isolates were positive for the production of
AAC(6')-1ae in this test (Table 3). The results of the slide
agglutination test were in complete agreement with Western

blotting data obtained with AAC(6’)-lae antibody (data not
shown).

Detection of class 1 integrons. PCR assay with primers 5'-cs
and 3'-cs (24). which are specific for the 5 conserved segments
(CS) (49) and the 3’ CS (49) of class 1 integrons, respectively,
showed that 230 of the 284 isolates were positive. Amplified
band sizes ranged from 0.8 kb to 2.5 kb (data not shown). All
of these 230 isolates yielded a single band. Of these isolates,
212 yielded a 2.5-kb band, which is the same as that of the class
1 integron Inl13 (46). Sixteen isolates vielded a 00.8-kb band,

-and the remaining two yielded a 1.8-kb band and a 1.7-kb band.

For the 212 isolates showing a 2.5-kb band, the presence of
In113 was confirmed by PCR with specific primers, as de-
scribed previously. MBL genes blupyp., and bla ., are fre-
quently found in Japan and are often associated with integrons
(47). Therefore, we screened the 284 MDR P. aeruginosa iso-

TABLE 2. MICg, and MIC,;, values and pcrcenf antimicrobial resistance for 284 samples of P. aeruginosa

MDR isolates® (n = 214)

Non-MDR isolates {(n = 70)

Antimicrobial Breakpoint for - -

agent resistance (pg/ml) b . Range MIC, MIC,, % Range MiCq, MICyy
Resistant . (ng/ml) (ng/ml) {(pgml),  Resistant (ug/ml) (ng/ml) {pg/ml)

PIP =128 100 128->512 >512 >512 41.4 1->512 64 512
TZP =128/4 100 128->512 S12 >512 214 0.5-256 32 128
CcAZ =32 100 32->512 >512 >3512 25.7 1->512 8 64
IPM =16 100 32->512 256 512 47.1 0.25->512 8 32
DRPM =16 99.1 2->512 " >512 >3512 343 <0.125;>512 8 32
MEM =16 100 . 32->512 512 >312 44.3 <0.125->3512 4 32
AZT =32 99.5 16->512 128 128 529 0.5-128 32 64
ABK =4 91.6 2-16 4 8 243 <0.125-16 1 8
AMK =32 100 "32-256 128 256 29 0.25-256 2 16
GEN =16 575 0.25->32 16 16 129 <0.125->128 1 16
STR =4 100 '512->512 " =512 >512 98.6 2->512 32 128
CIP =4 100 16->128 K 64 >128 514 <0.125->128 4 64
OFX =8 100 32->128 >128 ->128 - 62.9 <0.125->128 16 >128
PL-B =4 28.0 2-8 -2 4 0229 -8 - 2 e 4

¢ Isolates defined as resistant to three antibiotics. imipenem (MIC = 16 ug/ml). amikacin (MIC = 32 pg/ml). and ciprofloxacin (MIC = 4 pg/ml).
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FI1G. 2. Slide agglutination test with AAC(6')-Iae antibody-conju-
gated beads. Lane 1, AAC(6’)-Tae positive control: lane 2. P. aerugi-
nosa IMCJ2.81 positive control; lane 3, 50 mM HEPES bufler negative
control as solvent of AAC(6')-1ae: lane 4. P. aeruginosa ATCC 27853
negative control.

lates for bla;yp ., and blay > by PCR. None of the 284 iso-
lates were positive for blayyp.» OF blayp o

The regions between the 5’ CS and 3’ CS of amplicons of
unexpected sizes were sequenced, and the gene cassettes were
identified (Table 1). Of 16 isolates showing an 0.8-kb band,
three possessed a single gene cassette containing aac(6’j-31,
encoding 6'-N-aminoglycoside acetyltransferase type IV (R. E.
Mendes, unpublished data; DDBJ/EMBL/GenBank accession
no. AJ640197) (Table 1). This gene cassetie was 639 nucleo-
tides (nt) and contained a 65-nt 59-base-element (be) site, for
site-specific cointegration events (35). Nine isolates possessed
an aac(6')-31-likel cassette identical to aac(6’)-31, with the
exception of a C-to-T substitution at nt 269 in the coding region.

Four isolates possessed an aac(6')-31-like2 cassette identical to -

aac(6')-31, with the exception of a C-to-A substitution at nt
269. One isolate showing a 1.8-kb band possessed an array of
three gene cassettes (Table 1). Of them, the first cassette was
an aac(6’)-31-like3 cassette similar to aac(6')-31 except for
T-to-C and A-to-T substitutions at nt 57 and 266, respectively.
The second cassette' was 855 nt and contained the aminogly-
coside adenylyltransferase gene aad46 (29) and a 60-nt 59-be
site. The third cassette was 320 nt and contained open reading

frame o7fD, of unknown function (29). The wadA6 and orfD

cassettes were identical to those of In31 reported previously
(29). One isolate showing a 1.7-kb band possessed two gene
cassettes of blayyp’, (33) and aadAl (25) (Table 1).
Resistance to fluoroquinolones. Amino acid alterations to
GyrA, GyrB, ParC, and ParE QRDRs of the 284 isolates are

J. CrLin. MICROBIOL.

listed in Table 4. Amino acid replacement in the QRDR of
GvrA (83Thr—lle or 87Asp—aAsn, Gly, or Tyr) was detected
in 254 of the 284 isolates (89.4%). Of these 254 isolates, &
possessed a mutation of GyrA alone. The remaining isolates
possessed additional substitutions in GyrA, GyrB. Par(, and
ParE. The 83Thr—Ile substitution in GvrA was the predomi-
nant replacement (251 of 284 isolates, 88.46%), in agreement
with previous data on fluoroquinolone-resistant P. aeruginosa
isolates (1, 22, 28). A double mutation of GyrA, 83Thr—lIle
and 87Asp—Asn or Gly, was detected in nine isolates.

Amino acid replacement in the QRDR of ParC (8§7Ser—Leu
or 91Glu—>Lys) was detected in 244 of the 284 isolates (85.9%).
All of these 244 isolates possessed additional mutations. The
87Ser—Leu substitution was the predominant replacement
(242 of 284 isolates, 85.2%) and has been implicated in fluo-
roquinolone resistance of P. aeruginosa (1, 22, 28). A double
mutation of ParC, 87Ser—Leu and 91Glu—Lys, was detected
in three isolates. We found an 83Pro—Leu. 85Gly—Asp. and
88Ala—Pro alterations in one isolate each (Table 4).

"Amino acid replacement in the QRDR of GvrB (468Glu—
Asp) was detected in 70 of the 284 isolates (24.6%%). No double
mutations in GyrB were detected. Lee et al. (22) recently
reported that 468Glu—Asp was a predominant alteration of
GyrB, and isolates with this alteration, in addition to GyrA
(83Thr—lle) and ParC (87Ser—Leu) substitutions, showed a
high level of resistance to CIP (MIC > 64 pg/ml). Our results
were in accordance with their findings. We also found a
458Ala—Thr alteration in four isolates and a 496[le—Val al-
teration in one isolate. These alterations are probably not
associated with CIP resistance in P. aeruginosa because they
were found in CIP-susceptible isolates.

Amino acid replacement in the QRDR of ParE (425Ala—Val
or 459Glu—Asp or both) was detected in 30 of the 284 isolates
(10.6%). All isolates possessed multiple mutations of ParE.
Lee et al. (22) speculated that the 459Glu—Asp mutation of
ParE is associated with moderate or high-level fluoroquin-
olone resistance in P. aeruginosa. The 425Ala—Val mutation
has been reported in fluoroquinolone-resistant isolates ol P.
aeruginosa (1). Other mutations leading to amino acid changes
were found at codons 419 (Asp—Asn, 1 isolate), 427 (Gln—Leu,
1 isolate), and 457 (Ser—Alg, 1 isolate). The fluoroquinolone

TABLE 3. Comparison of PCR, LAMP, and agglutination test results for the detection of MDR P. aeruginosa isolates belonging to
genotype cluster A¢

No. of isolates with indicated result by:

Agglutination test with AAC(6')-Tae

Isolates PCR ) LAMP antibody-conjugated heads
Positive Negative Total Positive Negative Total Positive Negative Total
MDR P. aeruginosa
Cluster A : ] 212- - 0 212 212 0 212 207 S 212
Other 0 2 2 0 2 2 0 2 2
Non-MDR P. acmginasa. )
Cluster A : . 0 2 2 0 2 2 0 2 2
Other ’ 0 68 63 0 68 68 . 10 58 68
Total o 212 72 284 212 ) 72 284 217 65 284

“In all tests and combinations, the hultidmg resistance of the isolates was positively associated with the positive results of auc(6°} tests based on chi-square tests

(P < 0.0001).
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TABLE 4. Amino acid changes in gyrd, grB, parC, and parf: genes in 284 clinical isolates of P. aeruginosa

Replacement in QRDR¢

MIC (pg/ml) of:
< GyrA at position:

ParC at position: GyrB at position:

ParE at position:

. - 83Thr " 87Asp 878er 91Glu . 468Gl N 425Ala 459Glu o
cp OFX (ACO) - (GAC) (TCG) (GAG) Other (GAG) Other (GCG) (GAG) Other
MDR P. aenginosa . .
1 =128 >128 lle (ATC) Leu (TTG) — 83Pro—Leu”  Asp (GAT) — — Asp (GAT) —
25 128-2128 128 le (ATC)  — Leu (ITG) — — Asp (GAT) — — Asp (GAT) —
128 >128 e (ATC) — Leu (TTG)  ~ — Asp (GAT) — — - 427GIn—Leu$
37 32-128 128->128  [lie (ATC) — Leu (TTG) ~— — Asp (GAT) — — — —
>128 >128 lie (ATC) Asn (AAC)  Leu (TIG) Lys (AAG) — — - — —_ —
1 ) £6 32 Te (ATC) — Leu (TTG) — 85Gly-»Aspt  — — —_ — —
147 16128 32-»128 e (ATC) — Leu (TIG) — — — —_ - — —
1 32 64 © Tle (ATC) — — — — — — — — 457Ser—Alg"
Non-MDR P. aeruginosa .
5 64—>128 128 Ile (ATC) — Lew (TTG) — —_ Asp (GAT) — — — —
4 32-128 64->128  lle (ATC)  Asn (AAC)  Lleu (TIG) — — . — — — — —
1 128 >128 He (ATC)  Asn (AAC) Leu (TIG) Lys (AAG) — — — - — -
L >128 >128 lle (ATC)  Asn (AAC) — Lys (AAG) — — — — — —
) [i0] >128 He (ATC)  Asn (AAC)  Leu (TIG) — — — — — Asp (GAT) —
! 64 128 lle (ATC) Gly (GGC)  Lew (ITG)  — 8RAla—Pro’  — - — — -
13 32-64 64->128  lle (ATC)  — Lew (TTG)  — — — — — — —
2 16-32 32-128 lle (ATC) — Leu (TTG) — — — — Val (GIG) — —
1 16 128 Ile (ATC) — Leu (TTG) — — — 458Ala~»Thr®  — — —_
i 16" 128. lle (ATC) . — - Lys (AAG) . — o _ —_ — —
! 167 128 Iic (ATC) — — e — — —_ Val (GTG) — —
1 8 - 128 Ile (ATC) — —_ — — — 458Ala—Thr  — — 419Asp—Asn’
1 2 16 — —_ Leuw (TIG) — — — 458Ala—Thr — — —
6 <(1.25-0.5 1-8 — — — — —_ — 458Ala—-Thr — — —
2 <0.25 0.25 — - — — — — 4961le—Val” — — —
1 4 64 — — — —_ - Asp (GAT) — — — —_
5 0.5-4 3-16 lle (ATC) — — — — —_ — — — —
2 1-2 2-8 — Tyr (TAC) — — —_ — — — — —
! <0.25 0.25 - —_— - — - — — — - -
20 <(),25-16 <0.25-64 — Asn (AAC)  — — — — — — — —_

amino acid r__._zrr
»Leu, Pro at pe
*Asp, Gly at position ﬁ of viﬁ, [ .:..mi_ to >w3 AQD .O>n.v

4 mm..y_._x.v:x Ala at po 88 of ParC changed to Pro (GCC-CCC).

¢ 458Ala—Thr. Ala at position 453-of GyrB changed to Thr (GCG—ACG).
496He—Val, lle at position 496 of GyrB changed to Val (ATG—-GTC).
#427GIn—Leu, Gln at position 427 of ParE changed to Leu (CAG—CTG).
" 457Ser—Arg. Ser at position 457 of ParE changed to Arg (AGC—AGG).
f419Asp—Asn. Asp at position 419 of ParE changed to Asn AO>O|‘>>C
4 Mutated nucleotides are undertined.
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Time (min)

228 28 175§

FIG. 3. LAMP assay to detect MDR P. aeruginosu isolales possessing the aac(6')-lae genc encoding the aminoglycoside acetyltransferase
AAC(6)-Iae. P. aeruginosa IMCJ2.S1 and ATCC 27853 were used as positive and negative controls. respectively. (A) Visual inspection analysis
of LAMP products. Lane 1, P. aeruginose IMCI2.SI: lane 2, P. aeruginosa ATCC 27853. (B) Real-time amptification monitoring of aac(6')-lae-
specific LAMP. The amplification signal was detected at an average of 18 min. as indicated by the continuous increase in fluorescence. Increased
fluorescence was not observed in the negative control. (C) Acrylamide gel electrophoresis of LAMP product. Lane 1, LAMP product of the 204-bp
target sequence of the aac(6')-lae gene of P. aeruginosa IMCJ2.51; lane 2. P. aeruginosa ATCC 27853 negative control; lanc M. 1-kbp ladder.

resistance associated with these mutations remains 1o be deter-
mined.

Analysis of the aac(6')-lae gene by the LAMP methed. To
detect aac(6')-lae, we developed a gene-specific LAMP assay.
The index strain IMCJ2.S1 was used to standardize the
method. Visual inspection showed that the LAMP assay suc-
cessfully amplified the target sequence of the aac(6’)-Iae gene
of P. aeruginosa IMCJ2.81 (Fig. 3A). Real-time kinetics of the
LAMP reaction showed that the amplification signal could
be detected on average by 18 min; fluorescence increased in
the positive samples, following a sigmoid curve (Fig. 3B). Aga-
rose gel electrophoresis of the LAMP products (Fig. 3C)
showed a ladder-like pattern on the gel due to the formation of
a mixture of stem-loop DNAs of various stem lengths, which
are characteristic of LAMP products.

- A total of 284 isolates, including 214 MDR P. aeruginosa
isolates, were tested by the LAMP assay (Table 3). A total of
212 isolates were positive by the LAMP assay (Table 3). The
results of the LAMP assay were in complete concordance with
the PCR data, indicating that the PCR can be replaced by the
LAMP method for detection of aac(6')-lae-carrying P. acrugi-

"nosa. These results, together with ones of the agglutination test
(Table 3). indicate that multidrug resistance was strongly as-
sociated with the presence of aac(6')-lae and AAC(6')-lae
production in the P. aeruginosa isolates (P < 0.0001).

" Genotyping by PFGE. The 284 isolates, including 214 MDR
isolates, were typed by PFGE. One hundred thirty-three dif-

ferent PFGE types, designated from Al to AL, were distin-
guished (Table 1). Fourteen types, Al, A2, Al12, Al4. Al3,
A21. A25, A27. A37, Adl, A42, A43, A44, and A60, were
identified in more than 2 isolates (Fig. 1), and type Al, which
represented 83 of the isolates (29%), was the most prevalent
and widely disseminated (Fig. 1), suggesting prefecture-wide
clonal dissemination. Types Al, A12, Al4, A21, A27. A37, and
A38 were identified at two or more hospitals. Cluster analysis
of the PFGE restriction patterns showed threc large clusters,
A, B, and C, sharing =70% similarity (Fig. 4). Of the 214 MDR
isolates, 211 belonged to cluster A, comprising types Al to
A67, indicating that multidrug resistance was associated with
one genotype, cluster A (Fig. 4 and Table 3). Fifteen isolates
belonged to cluster B comprising types Bl to B14, and 10
isolates belonged to cluster C, comprising types C1 to C8. The
PFGE patterns of the 35 non-MDR isolates varied greatly.

DISCUSSION

A clonal expansion of P. aeruginosa resistant to three anti-
biotics, carbapenems, amikacin, and fluoroquinolones, has
been reported (4. 14, 36, 37, 46). However, previous surveil-
lance studies in Japan have not shown clonal expansion involv-

Jing multiple hospitals (19, 52): The present study showed

clonal expansion of MDR P. aeruginosa in hospitals in the
Tohoku aréa of Japan. To our knowledge. this is the first
description of a large-scale, community-wide outbreak of nos-
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FIG. 4. Cluster analysis based on the PFGE patterns of 284 clinical
isolates of P. aeruginosa from the 13 hospitals in the present study.
Clustering was carricd out with Molecular Analyst FmgerprmtmgP]us
software, version 1.6, as described in Materials and Methods.

ocomial infection caused by a single P. aeruginosa clone with
high-level resistance to a large number of antibiotics. The
routes of transmission of the MDR P. aeruginosa clone remain
unclear. P. aeruginosa that can be recovered from the hospital
eavironment could be a ‘possible source of nosocomial infec-
tion (6, 42, 54). Paticnt-to-patient transmission has been doc-
umented among patients with cystic fibrosis (5, 42, 54). Cath-
eter-associated urinary tract infections appeared widespread
among the hospitals in our study; the majority of the isolates
(approximately 70%) were obtained from urine specimens, and
approximately 80% of these were from patients with urlnary
catheters.

Most MDR 1solates tested (205 of 214; Table 1) showed a
serotype of O11. This was not surprising because these isolates
belonged to a single cluster, as revealed by PFGE analysis (Fig.
4). P. aeruginosa is categorized into 31 chemotypes, including
20 IATS serotypes and subtypcs (48). Thus far, however, par-
ticular serotypes, such as serotypes O12 and O11; appear to
have been preferentially associated with P. aeruginosa out-
breaks (9, 23, 38, 41). A clone of P aeruginosa belonging to
serogroup O12, which was resistant to both carbenicillin and
gentamicin, was predominant in outbreaks mvolvmg six hospx-
tals in Athens in 1987 (23). Later, 012 isolates resistant to
these two drugs wete reportéd in European countries (9, 38,
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41). P. aeruginosa 012 resistant to ciprofloxacin and ceftazi-

“ -dime and/or fosfomycin was implicated in hospital outbreaks in
“France during the period 1993 to 1994 (3). P. aeruginosa sero-

type on caused hospital outbreaks in the 1980s in the United
States (8) and in 1994 and 1995 in Greece (50). P. aeruginosa
O11 was implicated in folliculitis caused by the use of whirl-
pools and hot tubs in the 1970s and 1980s in the United States
and Canada (40). More recently, hospital outbreaks caused by
MDR P. aeruginosa serotype O11 occurred in Belgium (5) and
in Japan (46). Different strains of serotype O11 were involved
in the above-mentioned outbreaks because their PFGE pro-
files were quite different. In addition, the Japanese strains
produced IMP-1 carbapenemase (46), but the Belgian strains
did not (5). It is not known why P. aeruginosa strains belonging
to particular serotypes of O12 and O11 were involved in these
outbreaks.

We analyzed several features including serotype, antimicro-
bial susceptibility, MBL production, prevalence of aac(6')-lae,
structure of class 1 integrons, resistance to fluoroquinolones,
and genotype based on PFGE analysis for MDR P. aenuginosa
isolates. Results indicated that eac(6’}-lae is a good candi-
date marker for MDR P. aeruginosa infection. To detect the
aac(6'}-lae gene and its product, we developed a LAMP-based
detection assay and an agglutination assay. LAMP is a nucleic
acid amplification method which relies on autocycling strand
displacement DNA synthesis performed by the Bst DNA poly-
merase large fragment (31). The amplification products are
stem-loop DNA structures with several inverted répeats of the
target and cauliflowerlike structures with multiple loops.
LAMP assays are simple and short and do not require expen-

sive equipment. LAMP assays have been applied to the anal-
ysis of various infectious agents such as hepatitis B, virus (7)
Mycobacterium tuberculosis (15), severe acute resplratory syn-
drome coronavirus (13), E. coli O157:H7 27), Closnm’zum
difficile (18), Bordetella pertussis | (17) Salmonella entenca (32)
Mycoplasma prewnoniae (43), and Streptococcus pnewmoniae
(43). The LAMP assay developed in this study was as sensitive
and specific as PCR. Though less sensitive and specxﬁc lhan lhe
LAMP assay, the agglutination assay for AAC(6')-Iae is s_utﬁ-
ciently accurate to detect MDR P. aeruginosa (98% of MDR P.
aeruginosa isolates were positive). -The agglutination assay is
simpler and cheaper than the LAMP assay-and is.also. useful in
detecting MDR P. aeruginosa in the clinical setting. -

MDR P. aeruginosa may have spread across Japan as a result
of the increasing use of carbapenems such as IPM, aminogly-
cosides such as AMK, and fluoroquinolones ‘such:+as. CIP.
Nationwide surveillance for MDR P. aeruginosa.is- under
way. At the -hespital level, monitoring for environmental
sources-of bacteria, cléaning of contaminated surfacés of treat-
ment rooms and bathrooms, review of ‘infection control ‘mea-
sures in the treatment of urine, and avoidance of: unnecessary
measurements of urine are considéred effective in-preventing
P." aeruginosa nosocomial infections. Although the Tode of
transmission between hospitals is unknown, the movement of
infected’ patients from' one hospital to another is'a possxblhty
Thirty-one | patlents infected with MDR P, aemgznosa had becn
transferred’ from other hospitals to the hospntals partncxp' tmg
in the present study. ' ’
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