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FIGURE 6. Leucine at position 815 of TLR4 is plvotal for LPS responsive-
ness as measured by NF-xB luciferase assay. A, HEK293T cells were trans:
fected with single amino acid replacement mutants of the human TLR4-EGFP
fusion protein plasmid, human MD-2 plasmid, and luciferase reporter and
control plasmids, After 36 h, cells were stimulated with LPS (10 ng/mi} for 7 h,
and luciferase reporter gene activity was measured. B, instead of MD-2, an
empty vector was cotransfected with TLR4-EGFP plasmid and reporter assay
vectors. LPS stimulation was done as in A. All resuits were expressed in the
ratio of relative luciferase activity with LPS stimulation to that without the
stimulation as in Fig. 2. The data were from three independent experiments
Small bars indicate 95% confidence intervals of the mean (p values for * are
TLR4 (WT-EGFP/MD-2 | P 0.002; TLR4 {KB13A)-EGFP/MD-2 (+), p
0.000; TLR4 (LB16A)-EGFP/MD-2 (+), p = 0.018; and TLR4 (D817A)-EGFP/
MD-2(+), p = 0.007)

between EGFP-tagged proteins and FLAG-His,-tagged pro-
teins in the relative pattern of responsiveness against LPS stim

ulation (Fig. 84). Because CD14 is also important for LPS re

ognition by the effect of CDI14
coexpression on the phenotypic changes of the mutants (17,
18). Coexpression of CD14 did not change the phenotypes of
wild-type TLR4, TLR4 (L815A), and TLR4 (LL816A) in terms of
LSP responsiveness (data not shown).

Cell surface expressions of the wild-type, L§15A mutant, and
[816A mutant TLR4-FLAG- His, fusion proteins were also
examined. Live cells transfected with wild-type TLR4, the
L815A mutant or the L816A mutant as well as human MD-2
and CD 14 were biotinylated on the cell surface, and the biotin-
ylated proteins were affinity-purified and subjected to Western
blotting. Fig. 88 shows the marked difference in cell surface
expression of wild-type and mutants [815A and LB16A. Note

I'LR4, we examined

that biotinylated proteins have additional residues on every
amine of the extracellular domain, which leads to a band shift
during electrophoresis. Although both mutants were detected
far less than the wild-type on the cell surface, comparatively
more L816A mutant was expressed on the plasma membrane
than L815A mutant, and the amount of LB15A mutant seemed
to be negligible compared with the wild type. These results may
clarify the ambiguity of the microscopic observation of TLR4
(L815A) and TLR4 (L816A). Plasma membrane expression of
TLR4 was impaired when the leucine at 815 or 816 was replaced
to alanine. But the leucine at 815 is more critical, and the
mutant L816A may show the weaker phenotypic change.

To further investigate the characteristics of the TLR4
(L8I5A) mutant, we performed an immunoprecipitation assay
of wild-type and mutant TLR4. Cells were transfected with a
human MD-2-FLAG-His, expression vector and either the
wild-type or the mutant (L815A) TLR4-EGFP expression vec-
tor. Anti-TLR4 monoclonal antibody (clone HTA125), anti
GFP polyclonal antibody, or anti-FLAG monoclonal antibody
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FIGURE 7. Leucines at the position 815 and 816 of TLR4 are responsible
for full pi brane exp ion. Cells were cultured on coverslips in
12-well plates and transfected as in Fig, 2. EGFP-tagged TLR4 was visualized
by laser confocal microscopy. Each genotype of TLR4-EGFP was cotransfected
with human MD-2 plasmid or empty vector. Bar, 20 um.

was added to the lysate and precipitated with Protein G-Sepha

rose beads. Collected proteins were eluted and subjected to
Western blotting. The results are shown in Fig. 8C. TLR4
(L815A) was not immunoprecipitated with anti-TLR4 antibody
(HTA125). HTA125 antibody was raised against TLR4-ex-
pressing cells (9) and recognizes the extracellular portion of
TLR4. This result suggests that the amino acid replacement at
position 815 may cause a change in the extracellular portion of
I'LR4 and/or that the replacement may also inhibit cell surface
expression of the mutant protein. On the other hand, both wild

type TLR4-EGFP and mutant TLR4-EGFP were immunopre-
cipitated with anti-GFP polyclonal antibody, which recognized
EGFP. However, of the two bands of TLR4, the heavier band
seems to be somewhat faint in the mutant, whereas in the wild
type the heavier band is at least as dense as the lighter one, TLR4
can be detected as two separate bands in a Western blot (19),
especially under transient transfection conditions, The differ-
ence in proportion of the heavy and light bands between wild-
type and mutant TLR4 may suggest that there Is some differ

ence in glycosylation. Furthermore, wild-type TLR4 was
coprecipitated with MD-2-FLAG-His,, but the mutant TLR4
could not be detected (Fig, 8C, lanes 4 and 8), Because MD-2 is
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FIGURE 8. A, TLR4 mutants LB15A and LB16A with and without EGFP fusion
exhibit the same phenotypes in LPS responsi and pl L

expression, HEK293T cells were transfected with the wild-type, the L815A or
L816A mutant TLR4faghis plasmid plus the human MD-2 plasmid and lucif-
erase reporter, of control plasmids. After 36 h, cells were stimulated with LPS
{10 ng/ml) for 7 h, and luciferase reporter gene activity was measured. The
datawere from three independent experiments, Small bars indicate 95% con-
fidence intervals of the mean (p values for * are: TLR4 (WT) flaghis/MD-2 (+),
p = 0.046; TLR4 {LB16A) flaghis/MD-2 (+), p = 0.003). N.S.: not significant.
B, wild-type and mutant TLR4s LB15A and LB16A were tagged by biotinyla-
tion of the cell surface proteins and affinity-purified, Human MD-2 and CD14
were coexpressed. TLR4 was visualized by immunoblotting using an anti-
FLAG manoclonal antibody (mAb). Faint bands below 100 kDa are considerad
to be unblotinylated intracellular TLR4 proteins that were not washed off
during the process. Samples from TLR4 (WT), TLR4 (LE15A), and TLR4 (LB16A),
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associated with TLR4 (9), it is logical to expect that immuno-
precipitating MD-2-FLAG-His, with anti-FLAG antibody
should cause TLR4 to be coprecipitated with it. It is suggested
by the result here that the association of the TLR4 mutant with
MD-2 is impaired.

DISCUSSION

In this research, we performed mutagenesis analyses of par-
ticular amino acid residues in TLR4 to explore the mechanisms
of TLR4 intracellular signal transduction and subcellular distri-
bution. We found the candidate residues by analyzing trunca-
tion mutants of TLR4 in the cytoplasmic region, in which both
signaling and normal subcellular distribution of TLR4 are dis-
turbed. Because we are focusing on a common mechanism for
the impaired signaling and distribution, we finally picked a sin-
gle amino acid mutant that does not respond to LPS stimuli, as
measured with NF-kB reporter luciferase assay, and one that
does not localize on the plasma membrane. TLR4 (LS15A) is a
mutant that meets these conditions, and our results suggest
that the leucine at position 815 of TLR4 is required for both
signal transduction and plasma membrane localization.

The best known single amino acid mutant of TLR4 is TLR4
{P712H) known as the Lps? mutation in the C3H/He] mouse,
which corresponds to position 714 in this study of human TLR4
(5. 6. 20). Mice carrying this mutation opened up the rediscov-
cry of TLR4 as a key player in innat¢ immunity. Because this
proline residue at this position is within the TIR domain and is
conserved among TLRs or TLR4s of other species, it is assumed
that the residue plays an important role in TLR4 function. The
association of TLR4 (P712H) with its adapter proteins is
reported to be intact, and the explanation for the functional
impairment of TLR4 (P712H) is not clear (21-23).

Some single amino acid variants are found in humans, and
these are related to the incidence or prognosis of some infec-
tions and other diseases. A growing body of data suggests that
the ability of certain individuals to respond properly to TT.R4
ligands may be impaired by single-nucleotide polymorphisms
within TLR4 genes (24). The D299G and T3991 alleles of the
TT.IR4 gene have been associated with increased risk of severe
infections (25).

By clarifying the subcellular component where the mutant
protein is retained, or by clarifying to which compartment the
mutant is not delivered, the abnormal intracellular sorting that
is caused by the mutation in TLR4 (L815A) could be elucidated
more precisely. Usually a sorting signal motif is comprised of
several amino acids. In this regard, if the leucine at position 815
is a part of a motif, there should be other amino acids that are
also members of the motif. Although replacement of leucine
with alanine at position 816 did not cause an apparent signal
transduction impediment, plasma membrane expression of
TLR4 (L816A) was impaired to a certain extent. Positive

respectively, were prepared from the same number of cells as for the biotiny-
lation experiment. €, Immunoprecipitation with antibodies further reveals
the characteristics of TLRA (L815A). Anti- TLR4 monoclonal antibody (HTA125)
does not precipitate the mutant TLR4, whereas anti-GFP polyclonal antibody
(pAb) precipitates both wild-type and mutant TLR4. Mutant TLR4 was not
coprecipitated with MD-2-FLAG-His,. Lysates were prepared from cells tran-
siently expressing wild-type or mutant TLR4-EGFP and MD-2-FLAG-His,.
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response to LPS stimulation by TLR4(L816A) could be attrib-
utable to this small amount of expression on the plasma mem-
brane. Mutagenesis analyses of neighboring amino acids of the
leucine at 815 were not definitive, but the results could be sug-
gestive that the adjacent leucine at 816 may work together with
the leucine at 815. Leucines at position 815 and 816 could be in
the same motif, and the leucine at position 816 may be less
critical.

Several proteins have been reported to be involved in TLR4
cell surface expression. Heat shock protein gp96 is necessary for
TLR4 association with MD-2 in the ER and for subsequent cell
surface expression (26). PRAT4A and PRAT4B are associated
with TLR4 and regulate TLR4 cell surface expression (27, 28).
In embryonic fibroblasts of MD-2 knockout mice, TLR4 local-
ization on the cell surface is severely impaired, and most TLR4
is retained in the ER or Golgi apparatus (15). MD-2 binds to
TLR4 at its extracellular domain and is essential for LP'S recoy-
nition by TLR4 (29). Although proteins such as CD14 and LPS-
binding protein are reported to have important roles in LPS
recognition by TLR4, in an in vitre setting HEK293T cells gain
LPS responsiveness by introducing only TLR4 and MD-2 genes
when measured by NF-«B reporter assay (9, 30), Without trans-
fection, HEK293 cells do not express TLR4, MD-2, or CD14,
which are involved in LPS-induced intracellular signaling (31,
32). In this study, we show that the association of the TLR4
mutant and MD-2 is impaired (Fig. 8C).

Post-translational modification is another important factor
for TLR4 function. Asparagine residues in the extracellular por-
tion of TLR4 nced to be glycosylated for plasma membrane
expression of TLR4 (15, 19, 33). TLR4-MD-2 association is nec-
essary for this glycosylation as well. The difference in the pro-
portion of the heavy band to lighter band between wild-type
and L815A mutant TLR4 immunoprecipitated with ant-GFP
polyclonal antibody suggests that there may be some difference
in glycosylation between wild-type and L815A mutant TLR4
(Fig. 8C). Although leucine at position 815 is located in the
cytoplasmic tail of TLR4, we speculated that substitution of
leucine at position 815 may cause a conformational change in
the extracellular portion of the protein, which may interfere
with the association between L815A mutant TLR4 and MD-2,
leading to inhibition of glycosylation and cell surface expres-
sion of the mutant protein. Further investigation may reveal the
mechanism involved in this phenotypic change in TLR4
(L815A), which would lead to better understanding of the
mechanism of wild-type TLR4 signaling and trafficking.
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SUMMARY: Falciparum malaria is a fatal infection without immediate diagnosability or treatment. There are
shortages of clinicians and examiners skilled in the treatmemt of malaria in non-endemic countries, including
Japan. This study was performed to evaluate a novel rapid molecular diagnostic system consisting of loop-
mediated isothermal amplification (LAMP) combined with DNA filter paper (FTA card) and melting curve analy-
sis. Combining LAMP with melting curve analysis enabled diagnosis of Plasmodium falciparum more accurately
with relative ease. FTA cards could be used 1o clarify problems regarding storage, infectivity, and transportation.
The LAMP assay was carried out at a constant temperature of 63°C for 90 min. The diagnostic system (malaria-
LAMP) aceurately diagnosed malaria (47 samples from Thailand and 50 from Zimbabwe) with 97.8% sensitivity
and 85.7% specificity as compared with microscopic methads, indicating the usefulness of this combined system.

INTRODUCTION

Malaria is one of the most important tropical infectious
diseases. From 350 to 500 million clinical episodes of ma-
laria occur each year. and the disease is responsible for more
than | million deaths annually (1). Especially. Plasmodium
Jaleparum causes various complications and may be fatal.
The range of areas inhabited by malaria-carrying mosquitoes
is currently expanding due to global climate change (2). There-
fore, there is a risk of a revival of malaria, not only as a
consequence of the increasing number of imported cases with
the increase in overseas travelers, but also as a result of the
growth of habitats suitable for malaria-carrying mosquitoes.
Thus. the rapid diagnosis of this disease is extremely impor-
tant. Malaria has been diagnosed by microscopic examina-
tion using Giemsa stain. However, diagnosis by microscopic
exarmination requires skill, and may be difficult in cases where
preventative oral medication was taken before onset, as well
as in cases where the level of malaria parasite infection is
low (3). In countries where malaria is not endemic, there are
shortages of physicians and microscopy-skilled laboratory
staff specializing in malaria, and thus the diagnosis of ma-
laria is difficult. In recent years. simple kits have been devel-
oped to detect malaria parasite-specific proteins and enzymes
as auxiliary diagnostic procedures. However, these kits have
a number of problems, such as false positives in patients
with rheumatoid factor or in the elderly (4). In addition, these
kits are not commercially available in Japan, and are not in
common use. Methods for genetic diagnosis of malana using
PCR are also being developed, and there have been reports
of cases in which various types of malaria parasites were
identified and multiple infections were diagnosed by derect-
ing malaria-specific DNA sequences. However, PCR-based
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Medicine, Teikyo University School of Medicine, 2-11-1 Kaga,
Itabashi, Tokyo 173-0003, Japan. Tel & Fax: <81-3-3964-2194,
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methods require complex procedures, expensive inspections,
and several hours before a diagnosis can be made, Therefore,
1t 15 necessary to develop a simple, stable, and rapid method
for diagnosing malaria. Loop-mediated isothermal amplifi-
cation (LAMP) (5) meets these requirement and has been
put to practical use as a sensitive detection method for
many infections (severe acute respiratory syndrome [SARS]
coronavirus [6], West Nile virus [7], avian influenza virus
[8]. norovirus [9]. and Legionella bacteria [10]). The LAMP
method for P. falviparum malaria has already been reported
by Poon et al. (11) and Han et al. (12) The LAMP method is
simple to perform and is less influenced by inhibitors than
polymerase chain reaction (PCR) is. To identify LAMP prod-
ucts, it is necessary to develop methods such as restriction
enzyme digestion and the confirmation of specific DNA
ladder formation by elecirophoresis (12), However, to avoid
contamination from dispersion of the amplification products
during electrophoresis, there has been a demand for simpler
and safer technology to identify amplification products. To
safely distinguish specific amplification products from non-
specific primer-dimers often seen in LAMP, melting tempera-
ture curve analysis was used. P. falciparum malaria-specific
LAMP primers were designed and FTA cards (Whatman,
Kent. UK) were used to allow storage. transportation, and
extraction of template DNA safely, stably, and easily from
blood samples at room temperature. In this study, a new rapid
molecular diagnostic system for P. falciparum was developed
by combining DNA filter paper (FTA cards), LAMP, and
melting curve analysis.

The applicability of this system was examined using 97
specimens from Thailand and Zimbabwe where P. falciparum
malaria is endemic.

MATERIALS AND METHODS

P. faiciparum strain and DNA extraction: (i) P.
Sfalciparum strain: The malaria parasite used for DNA
extraction was a strmn of P, falciparum (FCN-1/Nigeria [13])



maintained at the Department of Microbiology. School of
Medicine, Teikyo University, Tokyo, Japan.

(ii) DNA extraction: The DNA of P. falciparum was ex-
tracted as follows. The strain was cultured for 3 days in flat-
bottomed 96-well microtiter plates. The total volume of me-
dium (RPM11640 with 10% human serum) in each well was
200 1, each of which contained 10% erythrocytes and 1%
infected blood cells. The supernatant fluid in each well was
discarded, and the remaining erythrocvtes (including P.
falciparum) were harvested and frozen at —80°C. The con-
tents were thawed to induce hemolysis, after which distilled
water and an equal amount of 1.8% NaCl were added. The
mixture was centrifuged at 2.500 rpm for 10 min and the
supernatant was discarded. These steps were repeated
several times until the supematant changed from pink to col-
orless. After heating the remaining pellet at 100°C for 15 min.
the DNA was extracted by phenol/chloroform extraction and
ethanol precipitation, and used as a template for amplifica-
tion,

(iif) Preparation of plasmid for sensitivity test: The tar-
get sequence for LAMP assay was amplified by PCR using a
primer pair (MAL-1, S-ACAGATTAAGCCATGCAAGT
GA-3and MAL-2. 5 AAACTTCCTTGTGTTAGATACAC-
37) designed according to the 188 rDNA gene of P. falciparum
(DDDJEMBL/GenBank accession no. AL031746), The PCR
products were cloned and transformed using an Original TA
Cloning Kit" (Invitrogen, Carlsbad, Calif., USA) in accord-
ance with the manufacturer’s instructions. The cloning plas-
mids were extracted from the transformed Escherichia coli
using an Aurum Plasmid Mini Kit" (Bio-Rad Laboratories,
Hercules, Calif.. USA) in accordance with the manufacturer’s
instructions. These plasmids. which were diluted from 10.000
to S copies/tube by doubling dilution. were used as control
plasmids (c-plasmid) for the sensitivity test to determine the
detection limit.

Clinical samples and DNA elution: (1) Clinical samples:
Samples of suspected malaria from Thailand (n = 47) and
Zimbabwe (n = 50) were prepared by local staff in each area.
who took blood samples from patients and directly deposited
a few drops of the sample onto FTA cards for molecular
diagnosis. As negative controls, normal whole blood samples
on FTA cards from 59 individuals with no history of malania
infection (20 healthy individuals and 39 febrile paticnts, in-
cluding those with leukopenia) were used. The study proto-
col was approved by the corresponding Ethical Committees
of Teikyo University School of Medicine. All patients gave
their informed consent to participate in the study.

(ii) Preparation of blood smears and microscopic ex-
amination: For thin blood smears, a single drop of whole
blood was placed on a glass slide, immediately spread using
a coverglass, and put aside to dry. After methanol fixation,
the smears were stained with Giemsa solution.

For thick blood smears, one or two drops of whole blood
were placed on a glass slide. The blood was spread to about |
cm in diameter and put aside to dry. Afier drying, these smears
were stained with Giemsa solution.

Thin and thick blood smears were prepared from 47
patients with suspected malaria infection in Thailand: a mi-
croscopist in Thatland provided the results of microscopic
examination. Only thick blood smears were prepared from
50 patients with suspected malana infection in Zimbabwe,
and the results of the microscopic examination were unknown.
All 97 blood smears were examined for the presence of
malaria parasites at the Department of Microbiology, School
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of Medicine. Teikyo University. To calculate the infection
rate in a thin blood smear, the number of infected ervthro-
cvtes was counted in increments of 10,000 erythrocytes,
To calculate the infection rate in a thick blood smear. the
number of infected erythrocytes was counted in increments
of several leukocytes. depending on the smear. The results of
microscopic examination were compared with those of
malaria-L AMP assay using FTA cards.

(iif) DNA extraction from FTA card samples, and trans-
port of FTA card samples: FTA cards with whole blood
deposits were dried and siored at room temperature, and were
then mailed 1o Japan. Disks 2.0 mm in diameter were cut
from the bloodstained arens with a Harris Micro Punch (2.0
mm: Whatman). Each disk was washed three times with 200
2] of FTA purificaton reagent and twice with 200 p21 of
TE-1 buffer t 10 mM Tris-HCL 0.1 mM EDTA. pH 8.0). The
disks were dried and used directlv as the DNA template,

Oligonucleotide primers for LAMP reaction: The |88
rRNA gene nucleotide sequences were obtained for eight
Plasmodim spp.. including four species of human malaria
parasite ( P. falciparum. accession no. ALO3 [ 746, NC004325;
P. ovale. AB182489, AB182493; £ vivay, U03079, AY579418;
P. malariae, AF145336: P. knowlesi. AY327357) from DDDJ/
EMBL/GenBank Database, and by using DNA analysis soft-
ware (GENETY X*-Mac ver.13; GENETYX, Tokyo, Japan).
Six sites of specific nucleotide sequences of P. falciparum
were determined as the primer sets. One pair of primers (F3
and B3) was designed based on the sequences at two sites in
the outermost region, while another pair of primers (FIP and
BIP) was designed to connect the sequences at two sites in
the inner region. Thus, four primers were prepared for LAMP
assay to detect P. falciparum genes, In addition, one pair of
loop primers corresponding to this malaria-LAMP system was
also designed. The location and nucleotide sequence of each
primer are shown in Table |,

The results of BLAST (Basic Local Alignment Search Tool)
(14) analvsis against DDBJ EMBL GenBank databases in-
dicated that the sequences of malaria-LAMP primers were
specific only for 2. palc iparum Species-specific LAMP primer
sels for P. falciparum (11) and P. vivax (12) were also used.
The specificity of malaria-L AMP primers was 1ested with
each of four species of human malaria DNA. Template DNAs
for three malaria parasites, P, vivax, P, malariae, and P, ovale,
were provided by Dr. Tsuboi. Ehime University, Japan (12).

Malaria-LAMP condition and melting curve analysis:
The LAMP reaction was performed with a Loopamp DNA
amplification kit ( Etkent Chemical Co., Ltd., Tokyo, Japan).
The reaction mixtures (23 1) contained 40 pmel of primers
FIP and BIP. 40 pmol of primers loopF and loopB. and 10
pmol of primers F3 and B3, 2 X reaction mixture (12.5 x1),
| 2] Bsi DNA polymerase, 0.5 121 of YO-PRO'-1 iodide
iMolecular Probes, Eugene, Oreg., USA), | to 3 il of DNA
sample. and distilled water (made up to a final volume of 25
1t1tube). The LAMP reaction was performed at 63°C for 90
min. As negative controls, several tubes containing distilled
water supplied with the kit were also prepared per the reac-
tion. The c-plasmid was used as a positive control at 107
copiesireaction, LAMP products were identified by melting
curve analysis. Melting temperature curves were obtained
using the default settings recommended by the manufacturer
in the presence of a fluorescent interchelator (YO-PRO'-]
iodide). Amplification and melting curve analysis were car-
ried out using a Genopattern Analyzer GP1000 (Yamato
Scientific Co., Ltd., Tokyo, Japan).
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Table 1. Malaria-LAMP pnmers

A F3
FIMFle<F2)
Fle

gaggtganatictasgateict
cacclagicgglalngmatggigectaatciartccatinat
F2

B3 necgicaaticititaaciiic
BIP(B1+-B2c) Qrageatictiagguaalgiggecccagaacccanagactitga
B1 B¢
Loop F gutatcrgatcgtcitcacicce
Loop B gant fgettecttc agtacettn
B 1001 icagaggtgaastictangatittctiggagacggaciacigeganageal 1050
F3
1051 tge fitccatiaalcaagacganayiionggpagtgaaga 1100
FIP(F2) loop F
1101 cgaleagatacepiepiuicisceataaactataccgactaggigt 1150
FIP(F1)
1151 gEatgantamanimtaiotatyglageatticttagggnatgirg 1200
BIP( BI1)
1201 gaatigerecireagraceitagagasatcannglct 1250
loop B BIP(B2)
1251 ttgggtictgggaegnylicge geaagceagaaagitaaaagaatipa 1300
B3
1301 cpgaagggcaceace 1315

A: Sequences of malaria-LAMP primers FIP, BIP. F3. B3, LoopF. and LoopB are used in

thig study.

B: Locotions and sequences of malunia-LAMP wmrget sequence und primer binding sites of
P, fulciparnm. The locations of the primer hinding site in the reference sequence ( 18SIRNA,
GenBank accession no, AL0O31746) are underlined. Base numbers in the reference

sequence are indicated at bath ends,

RESULTS

Sensitivity and specificity: The malana-LAMP system
was able to detect ¢-plasmid at 10 copiesitube, but not at 3
copies/tube (Fig. 1). All of the melting curve peaks (10-10"
copies/tube) obtained in this sensitivity test with c-plasmid
were consistent (Fig. 2). The time required to amplify 10°
copies/tube was 35 min, and that to amplify 10 copies/tube,
which was decided as the detection limit, was 60-80 min.

The malaria-LAMP system was specific only for P,
falciparum genomic DNA and c-plasmid, not for the three
other human pathogenic malaria parasites. The peaks of the
melting temperature curves were identical in genomic DNA
and ¢-plasmid products. However, no melting temperature
curves were obtained from other species of malaria parasite,
because no products were amplified from their template DNAs
iFig. 3).

Application of malaria-LAMP to clinical samples: (i)
Results of microscopic examination: Thailand (Table 2): A
\ocal microscopist examined all 47 samples of clinically sus-
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Fig. 2. Melting temperature curves of malaria-LAMP with control
plasmid. The peaks of melting temperature curves of malaria-LAMP
products amplified from control plasmid comcided with those from
clinical specimens.
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Fig. 3, Melting curve analysis for malaria-LAMP products. Malaria-
LAMP amplified only P. fulciparum genomic DNA and control
plasmid, and their peaks of melting temperature curve were identical.
DNA(fal), P falciparum genomic DNA: DNA(o). P. ovale genomic
DNA; DNA(v]. P. vivax genomic DNA: DNA(mal), 2. malariac
genomic DNA.



Table 2. Comparison of results of malaria-LAMP and microscopy for
47 patients from Thailand
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Table 3. Companison of results of malaria-L AMP and microscopy
for 50 patients from Zimbabwe

Parasitemin of thin blood smears

Parasiternia of thick blood

Patient Malaria- (%eerythrocyte) Patient . Malaria- ___ smears (fleukocyte)
no. AR LAMP Microscopist  Microscopist no. ErAghesy LAMP Microscopist
{Teikyo University)  (Thailand) ( Teikyo University)

| P falciparum + 6.12 134 48 P. falciparamt - many

2 P falciparnm + 504 - 49 P fulciparum - many

3 P falciparum + 498 1.8 50 P falciparim * many

4 P. falciparum + 177 12 51 P_falciparum + many

5 P faleiparim * 17 09 52 P. falciparum ¥ many

6 P, falciparum - 1,62 2 53 P. falciparum + many

7 P Jalciparum + 1.5 1.5 54 F. falciparum - meny

] P. falciparum + 126 05 55 P. falciparum + T4.8/lcukocyte

9 P. falciparum - 0.87 = 56 P. falciparum + 51.3leukocyte
10 P. faleiparum + 0.78 0.9 57 P. faleiparum - 40.3/leukocyte
11 P. falciparum + 0.74 0.7 58 P. falciparum * 35.5/leukocyte
12 P. falciparum + 0.63 | 39 P. faleiparim + 32.5/eukocyte
13 P faleiparum -+ 0.63 1.1 60 P. falciparum + 20.5/lcukocyte
14 P. falciparum + 0.58 1.4 61 P. falciparum + 18.3/eukocyre
15 P. faleiparum + 0.51 0.3 62 P. falciparim + 13/leukocyte
16 P. falciparum + 0.51 0.6 63 P. falciparum + 11.2/leukocyte
17 P. fuleiparum + 039 03 64 P faleiparim + | 1leukocyte
18 P. falciparum + 033 04 65 P. falciparum + 10.5/leukocyte
19 P. falciparum + 0.32 0.5 66 P. falciparum + 9. 7leukocyie
20 P. falciparion - n2s 0.6 67 P. falciparum + 9.7leukocyte
21 P falciparum ¥ 0.21 0.6 68 P. falciparim + RB.7/leukocyte
2 P. faleiparim = 02 0.4 69 P. falciparum - 8.3/leukocyte
23 P. falciparnim = 0.16 0.2 70 P._falciparum + B/leukocyte
24 P faleiparum - nls 0.3 7 F. faleiparum 2 i 6,7/leukocyte
25 P fulciparnm T 0.12 0.4 7n P. faleiparum - 6.2/leukocyte
26 P faleiparum - 0.09 0.l 73 P. faleiparum + 6leukocyte
27 P. faleiparum # 0.08 0.1 74 P. falciparim - &/leukocyte
28 P. falciparam 0.07 - 75 P. faleiparum + 6/leukocyte
29 P. falciparim 0.06 1.3 M P faleiparum +* 4.7/ leukocyte
30 P. falciparum - 0.03 : mn P. fulciparum * 3.7 leukocyte
k]| P. falciparum - 0.04 - 78 P. falciparin + 3.2/leukocyte
32 P. falciparum L - 0.03 o 79 P. falciparim od 2.9leukocyte
33 P. falciparum + 0.02 . 80 P. faleiparim + 2 H/leukocyte
34 P. falciparum + 0.02 0.1 81 P. falciparon - 2.4/ leukocyte
35 P falciparum + 0.02 = 82 P. falciparim = 2.4/leukocyte
36 P. falciparum + 0.01 - 83 P taleiparum - 2. 4(leukocyte
37 P. falciparum + 0.01 - §4 P. talciparum - 2 4/ cukocyte
38 P falciparum = 0.009 0.1 85 P. falciparum - 2Meukocyte
39 P. falciparum -+ 0.007 0.1 86 P. fulciparum - 2leukocyte
40 P. falciparum + 0.007 - 87 P. falciparum = 1.7/ leukocyte
41 P. faleiparum + - - 88 P. faleiparum - 1.5/leukocyte
42 P faleiparum s ND - 89 P falciparum - 1.2Mleukocyte
a3 P. falciparum - 0.0000654 - 90 P. faleiparum + 1/leukocyte
44 P. vivax - 0.03 0.2 91 P. faleiparnm + 0.9/leukocyte
45 P. vivey - 0.21 0.3 92 P. falciparum - 0.6/leukocyie
46 P. vivaxy = 0.06 0.2 93 P. falciparnm + 0.14/eukocyte
47 P. vivax = 0.06 0.3 9 P fisleiparum + few

ND: Microscopist was not able to count because the condition of the :: B
SPECimien was poor, 97 = 4

=i Result of LAMP reaction was negative, or indicated absence of malaria
parasites.
+: Result of LAMP reaction was positive.

showed the presence of P. vivax parasites in both thick and
thin blood smears. Twelve samples (#9, #28, #30-32, #35-
37, #40-43) showed the presence of P. falciparum parasites
only in thick blood smears (i.e., they were absent in thin blood
smears). The local microscopist was not able to detect para-
sites in 2 samples (#2, #33), but a microscopist at Teikyo
University detected P. falciparum parasites in both of these
samples, The diagnoses of the malaria parasite species were
the same between Thailand and Teikyo University, although
the infection rate in thin blood smears differed between the
microscopists.

Zimbabwe (Table 3): A microscopist at Teikyo University

Many: Large number of infected erythrocyte.

Few: A lew infected erythrocyte per field.

= Result of LAMP reaction was negative, or indicated absence
of malaria parasites.

= Result of LAMP reaction was positive.

examined 50 samples of clinically suspected malaria infi
tion, and found that 47 samples were positive for the pr
ence of P, falciparum parasites in thick blood smears, when
3 samples (#95-97) did not have any parasiles.

Results of malaria-LAMP of clinical samples: Mala
LAMP was performed using template DNA extracted fn
FTA card specimens of thin and thick blood smear samp
from which P. falciparum was detected (90 cases; 43 fr
Thailand, 47 from Zimbabwe). P. vivax was detected in samy
from 4 cases. Howerer, remaining 3 cases were negative
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TSI = “lzlting temperature curves were
Sl T e = Zlanon product. The samples were
e weaks of the melting temperature
SE=ms A e height of the peaks of the posi-

-nlasmid. All 90 cases of falciparum
amplification, but the peaks of the
curves of 2 cases (#43, £69) differed
wrunt, and the sensitivity of malana-
_ANET moas 37 8% Case 743 showed a very low infection
wie oF O 0xM632%, on the thin blood smear sample.

; | £=37) of the 4 cases of vivax malaria showed
sion, but the peaks on the melting temperature
from those of P. falciparum, and thus could
d from falciparum malaria. P. vivax DNA was
“zz om this sample with P vivax-specific LAMP

= 121 O the 3 cases that were negative on micro-
= . svannation, | case (897) showed gene amplification,
smaining 2 (#95. 96) did not. P, falciparum DNA
camplified from #97 with another P. falciparum-
“le LAMP reaction (11). Assuming that the 3 cases that
ive on microscopic examination as diseases other
ctparum malaria, the specificity compared 1o micro-
< examination was 85.7%,
results of the microscopic examinations, as well as
= of malaria-LAMP for specimens from Thailand and
Zimbabwe, dre shown in Tables 2 and 3. respectively.
The time required to confirm the reaction in clinical speci-
wens uing FTA cards was 33-85 min (average. 49 min),
Nonspecific amplification and characteristics of melt-
@g temperature curves: When this reaction was performed
cards from 39 non-malaria cases. amplificauon was
—med in 7 cases and in the negatuve control in one reac-
- However, none of the melting temperature curves matched
“2 s P paleipurum. so they were classified as nonspecific
s, These nonspecific amplifications had at least one
=z followimng characteristics: (i) no reproducibility of
_—oficanion: () no reproducibility of peak positions of the
TLong izmperature curves.

DISCUSSION

s number of reports have indicated that PCR's minimal
7 level of PCR is from | to 10 copies/reaction (15-
tore, the sensitivity of the system presented here is
.z'ent 1o that of PCR, The levels of microscopic exami-
=umon 0w skilled laboratory staff are 10-30 parasites/szl in
<+ > ood smear samples under optimal conditions (15), and
“mmezncally the present method is equivalent to or better than
'- - examination. When samples of 125 /¢1 of blood,

: ~ample volume according to the manufacturer’s
e upplied to FTA cards. the expected erythrocyte
ihe dise is 3.6 X 10", and the detectable infection
laria is theoretically as low as 0.000278% when
1 limut in the present system s 10 copies. The
or the clinical sample compared to the microscopic
von was 97.8%, The LAMP method is superior to
=2 methods in that the procedures involved are less
. Se LAMP method is also supenor to the micro-
~ oo meted whuch s affecred by the skill of the individual
= in 1ts reproducibility. The present method could
ies in cases where the infection was undetect-
roscopic examination in thin blood smears. The
“this system compared to microscopic examina-
7 .. because only | sample (#97) was shown 1o

g, was N3

be negative on microscopic examination but was positive in
malaria-L AMP. However, sample #97 was positive in another
P. falciparum-specific LAMP reaction reported by Poon et
al. (11). Therefore, considering #97 to be from a falciparum
malaria patient, the specificity of the present method would
be 100%,.

Turbidimetry to visual observation (11,12), with which the
malaria-LAMP products are identified, is both simple and
accurate, but identification is expected to be difficult in some
clinical samples. In addition, as the present paper indicated,
there is a possibility of nonspecific amplification even for
the LAMP method, and therefore the amplification products
should always be checked. Melting curve analysis can auto-
matically differentiate between specific and nonspecific am-
plification using commercially available real-time PCR ana-
lyzers. As reported previously (19), the process of agarose
gel electrophoresis tends to cause severe contamination by
dispersion of LAMP products, so melting-curve analysis was
used rather than electrophoresis to confirm specific malaria-
LAMP products. Melting temperature curves have been used
1o identify PCR products in diagnosing malaria or in identi-
fving the species of malaria parasite (15,16). Although the
application of melting curve analysis for LAMP products has
already been reported 1o identify pneumocystis (19), this is
the first report to identify the LAMP products of malaria us-
ing melting curves.

The cells in a sample are destroyed after they are dropped
onto the FTA cards (specially processed filter paper) with
DNA fixation. The cards can therefore be stored at room
temperature and mailed. Indeed. the cards were obtained by
mail from two countries in the present study (Thailand and
Zimbabwe). In hospitals with no examination apparatus or
skill for identifying malaria, mailing the FTA card presents a
useful diagnostic opportunity. Zhong et al. (20) reported the
usefulness of the FTA card in detecting malaria parasite DNA
by PCR. Mas et al. (21) reported that the DNA recovery rate
in samples of FTA cards was better in the presence of
ethylenediaminetetraacetic acid (EDTA). and tbes contain-
ing EDTA were used to collect blood samples, The DNA
synthetic enzyme in the LAMP method is unaffected by the
presence of hemoglobin or excessive salt concentration. etc.,
while Tag DNA polymerase used in PCR (22) is affected by
these conditions. Poon et al. (11) reported that they were able
to use heat-treated whole-blood specimens directly as a DNA
template for LAMP assay. However, in a preliminary experi-
ment, we could not obtain stable results through DNA ex-
traction by heat treatment, unlike the case using FTA cards,
If pretreatment of FTA cards can be performed in 30 min, it
would take approximately 2 h from blood sampling to obtamn
the results. Due to its rapidity and ease of use. as well as the
lack of a requirement for specialized skill, this svstem will be
useful in countries where malaria is not endemic, such as
Japan. Using this system in combination with microscopic
examination, it will be possible to obtain a more accurate
diagnosis of malaria in clinical practice.
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CASE REPORT

Combined Treatment with Oral Kanamycin and Parenteral
Antibiotics for a Case of Persistent Bacteremia and
Intestinal Carriage with Campylobacter coli

Haruka Okada', Takatoshi Kitazawa', Sohei Harada', Satoru Ttoyama ', Shuji Hatakeyama',
Yasuo Ota"" and Kazuhiko Koike'

Abstract

Campylobacter coli (C. coli) is a rare pathogen of bacteremia, bul in immunocompromised hosts. C. coli
occasionally causes bacteremia which can be refractory to antibiotic treatment. We report a case of C. coli
bacteremia in a patient with X-linked agammaglobulinemia, Bacteremia relapsed repeatedly in spite of weat-
ment with combined intravenous antibiotics, C. coli was observed in the biopsy specimens from the intestinal
mucosa, suggesting intestinal carriage and reservoir of recurring infection. The addition of oral kamamycin
with intravenous antibiotics was successful in eradicating C. coli from the blood and intestine.

Key wards: Campylobacter coli, X-lnked agammaglobulinemia, oral kamamycin

(Inter Med 47: 1363-1366, 2008)
(DOT: 10.216%/internalmedicine.47.1161)

Introduction

Case Report

Campylobacter jejuni and Campylobacter coli (C. coli)
frequently cause enteritis, but rarely cause bacteremia or ex-
traintestinal infections in immunologically normal hosts
(1, 2). However, in immunocompromised hosts, especially in
patients with humoral immunodeficiency, these organisms
occasionally develop prolonged, severe extraintestinal infec-
tion such as bacteremia, osteomyelitis, and arnthritis {1, 3-5).
We report a case of bacteremia, endocarditis, and osteomye-
litis with C. coli in a patient with X-linked agammaglobu-
linemia. Bacteremia relapsed repeatedly in spite of treatment
with combined intravenous antibiotics. Campylobacter was
never isolated from stool cultures, but observed in the bi-
opsy specimens from intestinal mucosa, suggesting the intes-
tinal carriage. The addition of oral kamamycin with intrave-
nous antibiotics was successful in eradicating C. coli from
the blood, the bone and the intestine.

A 33-year-old man with X-linked agammaglobulinemia
was admitted to our hospital because of sustained fever and
cellulitis of the left leg. The patient had history of recurrent
diarrhea, upper respiratory nfection and otitis media, and
had been receiving immunoglobulin replacement therapy
every (wo weeks, He had no history of overseas travel, He
did not remember having raw meat such as chicken or com-
ing into contact with animals in the past year. At the outpa-
tient visits, oral cefcapene pivoxil and then intravenous
ceftriaxone were administered, but the fever and cellulitis
did not improve.

On admission, his temperature was 39.5C, and his left
leg was swollen. A grade 1/6 holosystolic cardiac murmur
was heard, The abdomen was normal. The white blood cell
count was 2,700/mm’, the C reactive protein level was
1.09 mg/dl. The serum IgG was 893 mg/dL, but neither
IgA nor IgM was detectable. Meropenem and then intrave-
nous ciprofloxacin were administered for ten days. Seven
days after discontinuation of the intravenous antibiotics, cel-
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Figure 1. Clinical course of the patient. Antibiotics are shown in the upper panel. Fever and diar-
rhea are shown in the middle panel. Cultures from blood. stool and the intestinal mucosa are
shown in the lower panel. MEPM: meropenem, IPM/CS: imipenem/cilastatin sodium, CPFX:
ciprofloxacin, CLDM: clindamycin, FOM: fosfomycin, MINO, minocycline, AZM: azithromycin,
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GM: gentamicin, KM: Kanamycin.

lulitis of his left leg worsened again. Blood culture was
positive for Campylobacter species, which was determined
as C. coli by a polymerase chun reaction assay. Stool cul-
tures obtained repeatedly during the hospitalization did not
yield C. coli (Fig. 1).

Intravenous administration of ciprofloxacin and gentami-
cin was started. Blood cultures continued to be positive for
C. coli. A transesophageal echocardiography showed vegeta-
tion on the mitral valve, which suggested infective endo-
carditis, A colon fiberscope revealed mild inflammation. An-
tibiotics were switched to imipenem/cilastatin, and one week
after the switch, blood culture trned negative. Bul four
days after discontinuation of the 8-week antibiotic therapy,
he became febrile again, and blood culwre wrned positive
for C. coli. Intravenous imipenem/cilastatin and gentamicin
were restarted. A magnetic resonance imaging study of the
lower extremities revealed osteomyelitis of the left leg. Fos-
formycin, which was susceptible in MIC test, was added to
imipenem/cilastatin and gentamicin (Table 1). Gentamicin
was discontinued because of renal tubular injury. Failing to
cradicate C. coli from the blood, imipenem/cilastatin was
switched to meropenem, ciprofloxacin and minocycline ac-
cording lo the susceptibility tests, and oral azithromycin,
were sequentially added. In spite of disappearance of vege-
tation on the mitral valve in a transesophageal echocar-
diography and resolution of ostecomyelitis of the left leg,
bacteremia with . coli continued (Fig. 1). During the com-
bined antibiotic therapy, diarrhea and abdominal fullness be-
came more prominent, although toxin A of Clostridium diffi-
cile was not detected from the stool, A colon fiberscope was
performed again. The ascending colon was edematous, and
the terminal ileum and the hepatic flexure were erosive. Al-
though bacteria could not be detected histologically, all cul-
tures of biopsy specimens sampled from the mucosa of the
colon and the ileum yielded Campylobacter spp., suggesting
intestinal carriage and reservoir of recurring infection.

Oral kanamycin was added to the intravenous antibiotics
(Fig. 1). The following day his fever was resolved, and the

Table 1. The Minimum Inhibitory Concentrations to Anti-
microbinl Agents against Campylobacter Coli Isolated from
the Blood of Our Patient

Antimicrobial agents (u ;;ITS
Ampicillin 16.0
Sulbactam/ampicillin 320
Cefotaxime >128.0
Cefpirome =32.0
Aztreonam =64.0
Imipenem/cilastatin <0.5
Meropenem <0).5
Gentamicin <4.0
Erythromycin 8.0
Clarythromycin 8.0
Minocycline 16.0
Ciprofloxacin 8.0
Fosfomycin <8.0

MIC: minimum inhibitory concentration

ahdominal symptoms improved. Blood cultures remained
negative and intravenous antibiotics were discontinued six
weeks after blood culture turned negative. A colon fiber-
scope was performed again, and oral kanamycin was discon-
tinued after negativity of cultures of biopsy specimens from
intestinal mucosa was confirmed, The total duration of oral
kanamycin was ten weeks. The patient has been well for
about eight months without relapse of bacteremia and diar-
rhea.

Discussion

Campylobacter coli is one of the most common Campylo-
bacter species associated with diarrhea illness other than C.
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Jjejuni, and these two species produce clinically indistin-
guishable infections (6). C. celi are present not only in food
animals such as poultry, cattle, sheep, pigs, but also in do-
mestic pets. Since Campylobacter species other than C. je-
Juni are difficult to identify with phenotypic testing. tests for
detection of species-specific sequences via PCR have been
developed (7). Bacteremia caused by Campylobacter species
is uncommon and usually resolves spontaneously in immu-
nologically normal hosts (2). In compromised hosts how-
ever, prolonged, severe and recurrent Campylobacter bac-
teremia and other extraintestinal infections may occur (2-4).
In such patients, intestinal tissue invasion of Campylobacter
spp. may be one of the pathogenetic mechanisms (2, 5). In
normal subjects with C. jejuni/coli enterocolitis, serum IgA,
[gM, and IgG antibodies to C jejuni/coli rise rapidly after
infection, and IgA antibodies in intestinal secretions also in-
crease (8, 9). In patients with hypogammaglobulinemia or
infected with human immunedeficiency virus (HIV), an im-
paired antibody response to C. jejuni/coli infection including
bacteremia has been noted (10, 11).

There have been eleven case reports of X-linked agam-
maglobulinemia  with  Campylobacter  bacteremia (12-19).
Among them six cases had stool cultures positive for Cam-
pylobacter species and the other five cases had no descrip-
tion about stool cultures, Furthermore, among the six posi-
tive stool culture cases, [ive cases had no gastrointestinal
symptoms such as abdominal pain or diarrhea. We specu-
lated that intestinal carriage of Campvlobacter with or with-
out gastrointestinal symptoms might be a risk factor of re-
current bacteremia in immunocompromised patients. Stool
cultures had sensitivity of 40% for Campylobucter bactere-
mia (1). In the present patient, stool cultures were consis-
tently negative for C. celi, but cultures of biopsy specimens
from intestinal mucosa were positive for C. coli. Further-
more in our case, infective endocarditis and osteomyelitis
were clinically resolved in spite of persistent bacteremia We
speculated that the intestinal tract would be a reservoir for
C. coli. The mechanism of intestinal carriage of Campylo-
bacter in immunocompromised patients remained unclari-
fied, but it has been supposed that failure of humoral im-
mune response in these patients might permit colonization
of Campylobacter in the epithelium and lamina propria and
induction of tssue damage (20, 21). A study on Campylo-

bacter infections in 38 HIV-infected patients reported that in
two patients with diarrhea, the cultures were positive only in
the blood, and that in one patient a culture of biopsy speci-
men from intestinal mucosa yielded C. jejuni after disap-
pearance in stool culture (22). We consider that in compro-
mised patients, who are suspected to be infected with Cam-
pylobacter but have negative stool cultures for bacteria, cul-
wre of intestinal mucosa might be useful for diagnosing the
intestinal carriage.

Macrolides and fluoroquinolones are antibiotic agents fre-
quently used to treat Campylobacter infection (2). However,
i . coli bacteremia in compromised patients, treatment
with these drugs might fal, and combined therapy of intra-
venous antibiotics such as carbapenems and aminogly-
cosides has been used (18). There have been three reports in
which administration of oral antibiotics in addition to intra-
venous antibiotics were effective in eradicating C. coli from
the intesting (12, 15, 18). In the present case, oral antibiotics
other than azithromycin had not been tried until isolation of
(. coli from the culture of intestinal mucosa, because the in-
testinal carriage had not been considered from mild non-
specific inflammatory findings in the first colonoscope and
repeated negative stool culture. Intestinal biopsy was not
performed in the previous reports, and this is the first case
in which culture of intestinal mucosa was used for diagnos-
ing the intestinal carriage with C.coli and confirming the
eradication by the treatment with oral antibiotics, Oral Kang-
mycin wias selected in our case because the isolated
Campylobacter  sirain was susceptible 1o gentamicin. Since
aminoglycosides including kanamycin have poor bioavail-
ability, we considered that oral administration of kanamycin
could not reach a sufficiently high serum concentration to
reat endocarditis or osteomyelitis, bul the administration
could reach a sufficient concentration in the intestinal mu-
cosa for eradicating Campylobacrer spp. from the intestine.
We suggested that in a case of bacteremia and intestinal car-
rage with Campylobacter which was refractory to intrave-
nous antibiotics, oral aminoglycoside therapy combined with
intravenous antibiotics could be effective.
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Background: YM-215389 and YM-22B855 are thiazo-
lidenchenzenesulfonamide (TBS) derivatives and novel
non-nucleoside reverse transcriptase inhibitors (NNRTIs)
that inhibit not only wild-type, but also the K103N-
and Y181C-substituted reverse transcriptase (RT) of HIV
type-1 (HIV-1).

Methods: To characterize the binding modes of the
TBS derivatives in detail, the anti-HIV=1 activities of
YM-215389 and YM-228855 against various NNRTI-
resistant clones were examined. Docking studies with
HIV-1 RT were also performed.

Results: YM-215389, which effectively inhibits various
NNRTI-resistant clones, interacted with L100, K103, V106
and Y318 through the benzene ring and with E138, V179,

Y181, Y188 and W229 through the thiazole ring. A single
amino acid substitution confers only moderate resistance
to YM-215389; indeed, four amino acid substitutions
(V106L, V108I, E138K and L214F) were necessary for high-
level resistance. Although the activity of YM-228855, a
derivative of YM-215389 that has two bulky and rigid
cyano-moietics on the benzene ring, was 10+ more potent
against HIV-1 than YM-215389, its anti-HIV-1 activ-
ity was readily reduced with single substitutions as with
Y1811 and K103N.

Conclusions: These results provide structural information
for optimizing the TBS derivatives in an attempt to con-
struct ideal NNRTIs that maintain anti-HIV-1 activity to
various HIV-1 variants.

Introduction

Allosteric inhibitors bind to a specific site on a rarger
protein thar differs from the substrate binding site and
alters the conformation of the protein, resulting in a loss
of protein function. Allosteric inhibitors for HIV type-1
(FITV-1] reverse transcriptase (RT), designated as non-
nucleoside RT inhibitors (NNRTIs), are widely used for
HIV-1-intected patients. NNRTIs bind to the NNRTI-
binding hydrophobic pockets (NNRTI-BHP) located
close to the RT active site and cavse a conformational
distortion ro inactivate the enzyme [1].

Of rthe clinically approved NNRTIls, nevirapine
INVP) is used for pregnant women infected with HIV-1
to reduce the incidence of peripartum infection with-
out severe adverse effects [2]. NVP combined with
zidovudine (3-azido-3'-deoxythymidine [AZT]) also
effectively suppresses  mother-to-child  transmission
during labour [3]. Efavirenz (EFV), another approved

S 00 Internaticnal Medical Press 1159-6515%

NNRTL porently inhibits HIV-1 replication m vitro
and in clinical cases [4]. In a clinical study, EFV admin-
istered with two nucleos(thide RT inhibitors (NRTIs) is
more effective than a protease inhibiror administered
with two NRTIs |5]. Moreover, during the initial treat-
ment of HIV-1 infection, regimens that mclude EFV
experience fewer treatment failures compared with
regimens that include the NRTls only [6-8]. Thus, the
NNRTIs play an important role in the chemotherapy
tor HIV-1-antected patients.

Alrthough NNRTIs potently inhibit HIV-1 replication,
LIIV-1 rapidly acquires resistance to NNRTIs, both
i vitro and m vivo, through a conformational change in
the NNRTI-BHP thar is caused by mutations. NVP loses
its ant-HIV-1 acnvity agamnst HIV-1 vanants rhat have
amino acid substitutions, for example, lysine to aspartic
acid ar amino acid position 103 in the RT (K103N) or
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Y181C variant [9-11). The K103N variantand NNRTI-
related double mutation, for example, K103N plus
Y 188L, carry high resistance to EFV [12,13). Therefore,
the development of NNRTIs, which maintain anti-HIV-1
activity against various NNRTI-resistant variants, 1s
important to sustain long-term HIV-1 chemorherapy.
We recently reported that novel NNRTIs, the
thiazolidenebenzenesulfonarmde  (TBS)  derivatives
YM-215389 and YM-228855 (Figure 1A), inhibited
HIV-1 replication, including that of the K103N- and
Y181C-substitured variants [14-16]. To elucidate
YM-213389 and YM-228855 binding ro HIV-1 RT, the
anti-HIV-1 acrivity of these two TBS derivatves against
NNRTI-resistant clones was measured. In addition, gen-
otypic and phenotypic analyses of variants resistant to
YM-215389 and YM-2288535, as well as docking stud-
ies on these TBS derivatives with HIV-1 RT were per-
formed. Our data provide useful structural information
to oprimize TBS derivatives for the ideal NNRTIs that
maintain anti-HIV-1 acrivity to various HIV-1 variants.

Methods

Antiviral agents

AZT was purchased from Sigma (5t Louis, MO, USA).
NNRTIs, NVP, EFV, YM-215389 and YM-228833
were synthesized as described previously [14,17).

Cells

MT-2 and 293T cells were grown in RPMI 1640
medium and Dulbecco’s modified Eagle's medium,
respectively, supplemented with 10% feral calf serum,
2 mM t-glutamine, 100 U/ml penicillin and 50 pg/ml
strepromycin. Hela-CD4-LTR/B-gal cells [18] were
used to determine drug suscepribiliry.

Viruses and construction of HIV-1 clones
The laboratory strain, HIV-1,,, propagated in MT-2
cells, was employed for induction of the resistant vari-
ants. Recombinant infectious HIV-1 clones carrying
various substitutions in the RT gene were generated as
described previously [19]. Briefly, desired mutations were
introduced into the Xmal-Nbel region (759 base pairs) of
pTZNX1, which codes for Gly-15 1o Ala-267 of HIV-1
RT (strain BH10), by site-directed mutagenesis. The
Xmal-Nbel fragment was inserted inro a pNL101-based
plasmid, pNL-RT, generating various molecular clones
with the desired murations. The presence of the inrended
substitutions and the absence of unintended substitutions
in the infectious clones were confirmed by sequencing.
Each molecular clone was transfected into
293T cells and cocultured with MT-2 cells afrer 24 h.
When an extensive cytopathic effect was observed,
cell-free supernatants were harvested, titrated for
virus and stored at -80°C until use. An infectious
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clone generated from pNL-RT served as a wild-type
infectious clone (HIV-1,.).

Determination of drug susceplibility

The sensitivity of infectious clones ro various RT
inhibitors was determined using the multinuclear acti-
vation of a galacrosidase indicator (MAGI) assay [18]
with some modifications [19,20]. Briefly, HeLa CD4-
LTR/B-gal cells (107 cellsiwell) were plated in 96-well
flat microtitre culture plares. On the following day, the
medium was aspirated and the cells were inoculated
with the HIV-1 clones (70 MAGI units/well, which
vielded 70 blue cells after 48 h of incubation) and
cultured in the presence of various concentrations of
drugs in fresh medium. The blue cells in each well were
counted 48 h after viral exposure. All experiments
were performed in triplicare.

Induction of resistant variants

MT-2 cells and HIV-1 , were used for induction of
resistant variants using a dose-escalating method
[20,21]. Each selection experiment began at the 50%
effecrive concentrarion (EC, ) determined by the MAGI
assay. When extensive cytopathic effects were observed,
the concentration was increased to twice the initial con-
centration. The sequence of the RT region was deter-
mined using direct sequencing of the proviral DNA
from the infected MT-2 cells,

Molecular modeliing and docking studies

Three dimensional structures of YM-215389 and
YM-228855 were generated using the previously deter-
mined erystal structure of the parental compound,
N-(5-tert-butyl-3,4-dimethyl-1,3-thiazol-2(3H)-ylidene)-
3-nirrobenzenesulfonamide  [14,17] as the remplate.
Docking studies of the compounds and HIV-1 RT were
performed using the GOLD program [22] on the HIV-1
RT structure obtained from the Protein Data Bank (PDB)
[23] for the THNV entry [24]. Structures of reference
compounds, NVI and EFV (PDB code 1FK9 and 1VRT
[25], respectively), were also obtained from the PDB. In
these models, the amino acid substitution docking score
for RT and the reference compounds were calculared
using the SYBYL program, version 6.8 (Tripos, 5t Louis,
MO, USA). To estimate the flexibility of YM-215389, we
analysed the tarsion angle distributions of the single rora-
tion bond between the thiazole nng and the benzene ring
using the Cambridge Structural Darabase (CSD) [26].

Results

Anti-HIV-1 aclivity of the TBS derivatives to
NNRTI-resistant clones

Theanti-HIV-1 activities of YM-215389 and YM-228855
against recombinant viruses with major NNRTI-resistant
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substitutions  (deposited in the Stanford HIV Drug
Resistance Database [27,28]), were measured using the
MAGI assay (Table 1). YM-215389 and YM-228855
inhibhited six major substituted varianrs: HIV-1 1
Viionin HIV= Lo e BIV-D4 g I—"V']\-:m and HIYAL
with EC, values at submicromolar concentrations.
YM-215389 potently inhibited HIV-1,  HIV-1, . and
HIV-1,, ., clones with EC, values similar to thar against
HIV-1,, (20 oM}, bur its anti-HIV-1 acrivity against
HIV-1, HIV-T, o and HIV-1 o clones were some-
what less (7-33-fold resistance of V-1 ). YM-228855,
a derivative of YM-215389 thar has two cyano-moieties
on the phenyl ring, showed extremely porenr anri-HIV-1
activity against HIV-1, (EC, =2.0 nM}. The anti-HIV-1
acnivity of YM-228855 against HIV-T . FIV-1 o
and HIV-1, . clones were less than against HIV-1,
(17-, 87- and 54-fold, respectively). Interestingly, the
ani-HIV-1 activity of YM-228855 against HIV-1,
and HIV-1,, . was slightly more than against HIV-1,.
Overall, the YM-215389 range of annviral efficacy
aganst NNRTI-resistant variants was larger than NVP
and similar w EFV. However, the YM-228855 range of
antiviral efficacy was similar to NVP, but worse than EFV

and YM-215389 (Table 1),

Conformational adaptability for NNRTI binding site

Isalation and genotypic analyses of variants resistant
to TBS derivatives
During serial passage (P) in the presence of YM-215389,
ar concentrations of <0.1 pM, a partial substitution of
isoleucine for valine (V106VA) and L214F substitu-
tions were found at P-11 {Figure 1B). At P-16, V10aV/I
changed to solely V1061 and additional partial sub-
stitutions, V108V/I and EI138E/K, were identified. Ar
P-20, at a concentrarion of >20 uM, rhe substitution of
V1061 changed to V1061 and the partial substitutions
V108V and EI38E/K were completely changed 1o
V1081 and E138K, which resulted in a V106L, V108,
E138K and L214F combined mutane, HIV-1, ",
In the presence of YM-228853, at concentrations of
<0.1 uM, T1651 and L214F substitutions were found
at P-16 {(Figure 1C). These substitutions have not
been reported as NNRTI-resistant substitutions, bur
are described as polymorphisms in the HIV-1 genome
129,30]. At P-24, partial substitutions for wild-type
aming acids, V179V/D and YI188Y/C, were found in
addition to the T1651 and 1.214F murations. However,
at P-28, V179D disappeared and Y181Y/l emerged. At
P-31, at concentrations =50 uM, T1651 and Y188Y/C
disappeared and the only derectable substitutions were

Table 1. Anti-HIV-1 activity of NNRTIs against various substituted variants

EC,., nM (fold of resistance)

Virus Zidovudine Nevirapine Efavirenz YM-215389 TM-228865

HIV-1 12 40 0.5 20 2

Major NNRTI-resistant substitutions
HIV-1, 0 43 (1.3 192 [4.5) 2.7 (5.4) 184 (9.2) asnhn
HIV-1, a5 (1) 22 (s5) 47 (94)' 665 (331" 199 (87)'
HIV-1 36 (1.1 2,723 168)" 2(4) 22(1.) 0.4 (0.2)
HIV-1, e a5 (1) 6,470 (160)' 0.7 (1.4) 46 (23) 107 (54)"
HIV-1,,,. 19 (061 30 (0.8) 0.4 (0.8] 46 (23) 0.8 (0.4)
HIV=1, 3011 2,600 [65)° 4.5 (9] 145(7.3) 12 [6)

Substitutions observed

during selection with YM-215189
HIV=1,, 18 (0.6) 94 (2} 07 (1.4) 52(2.6) 3(1.5)
HIV-1, 21(0.7) 1301 05 (1] 0 (18)* 29 (15)f
HIV-1,,. 1.9 (D.06) 473 (121 48 [10)' 66 (3.3) 4.8 (2.4)
HIV-1, 2.8 (0.09) 156 (4) 2518 17418.7) 10 (5)
HIV-1 (0.2 69 (1.7 (2] 35(1.8) 301.5)
(il 10(0.3) 430 (1) 4(8) 1,130 (57)' 43 (22)'
N 38(1.2) 354 (9) 4(8) 4,081 (200)' 44 (22)'
(211V2% F— 7102 98 [2.5) 48 8,600 (330} 106 [531
HIVA i b saisio 303 165 (4.1) 6 [12) >10,000 |>500)" 811 (400)"

Substitutions observed during

selection with YM-228855
HIV=1, 120 (4) 552 (14) 0.6(1.2) 161 (8] 48 (74]
Hiv-1 30 (0.9) 1,150 [180) 4.1 (8) N0 16) 1,084 [540)'
HIV-1, s 25(08) >10,000 (>250)" 4(8) 137 (3a7)' 2,874 (1,400)"

Dats represent the mean values of at least three independent assays. The 508 antviral effective concentration “_'C'M] was determined from the multinuclear dctivation
af n galactosdase mdicator assay, “Fold of resistance compared with the HIV type-1 wild-type mfectous cone (HIv=1, ), Resistance 210-fald, NNRTL, nonsnucleoside
reverse Tramcriptase inhitiiorn
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Figure 1. Chemical structures of YM-215389 and YM-228855 and induction profiles of resistant variants
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[A) Chemical structures of YM-215189 and YM-220855. The induction of resistant variants was performed using the dose-escalation method. (B) The HIV type-1
laboratary strain (HIV=1, ) was passed in the presence of increasing concentrations of YM-215389 and [C] YM-228855 in MT-2 ceils, At the indicated passage (Pl
proviral IINA was extracted from HIV-1, <intected MT-2 cells and subjected to PCR-mediated direct sequence analysis The amino acid sutstitutions olserved are

shown, Each passage penod was approkimately 57 doys.

Y1811 and L214F (HIV-1_, ... These changes
might have some benefit for virus replication and/or
the development of strong drug resistance. Although
the resistant variants were selecred in the presence of
YM-215389 and YM-228853, which are structurally
similar, their genotypes differ.

NNRTI-susceptibility of HIV-1,, " and HIV-1, . F
YM-215389 and YM-228855 inhibited parental
HIV-lm replicarion (EC. ar 13 nM and 2.3 nM.
respectively; Table 2). As expected, the variant resistant
to YM-215389 (HIV-1,, ., ...*) strongly reduced sus-
cepribility to YM-215389 (>770-fold), bur it showed
only 140- and 17-fold reductions in susceptibility to
YM-228855 and NV, respectively. In contrast, the var-
iant resistant 0 YM-228855 (HIV-1,,, ,,.../*) exhibited
high levels of resistance to YM-228855 (2,600-fold) and
NVP (>250-fold), whereas it showed only 70-fold resist-
ance to YM-215389. HIV-1,, . o Fand HIV-L o ®

showed a certain amounr of cross-resistance to each
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other. Both variants showed a slight reduction in sus-
ceptibility to EFV (7-11-fold reduction). However, they
showed different resistance phenotypes to NVP; HIV-
Lyypamss - reduced its susceptibility to NVP >15-fold
stronger than HIV-1, X

Effect of substitutions observed during the selection
To examine which substitution is involved in the
development of YM-215389 and YM-2288355 resist-
ance, various molecular clones containing subsntutions
observed during the resistant variant selection were
constructed. Among the substitutions obtained during
HIV-1, " selection, VI06I, V1061 and L214F sub-
stitutions did not confer any resistance to NVP or EFV
(Table 1). The V1061 substitution did nor confer any
resistance to TBS derivatives, whereas the V106L sub-
stitution resulted in modest resistance to YM-215389
and YM-228855 (16- and 15-fold reductions, respec-
rively). The V108l substitution did not induce high
resistance to TBS derivatives; however, it enhanced
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Table 2. EC, of NNRTIs for HIV-1, " and HIV-1_ __*

£C,, nM (fold of resistance)
Virus Zidovudine Nevirapine Efavirenz YM-215389 YM-2288565
HIV-1 - bal 40 0.7 13 23
HIV-1 e 6 (0.29)" 660 (17) 81 >10,000 (>770] 325 (140]
HIV=1, mm. 53 (2.5] =10,000 (>250] 49(n 902 169) 5,000 (2,600)

Data represent the mean values of &t least three independent assays. The 50% anthvital etfective concentration (EC, ) was determined from the mullinuciese
attivation of s galactosidase indicator assay, *Fold of revistance compared with the HIV type-! wild-type infectious clone [HIV-1_ L) NNRTL, non-nucieoside ievere

transcrigtase inhibitor

YM-215389 and YM-228855 resistance by E138K
substitution. V1081 and E138K substitutions are also
observed during i vitro experiments with combina-
tion regimens containing EFV [31,32). Comparisons of
VI106U/V108VE138K with V1061/V108I/EI38K also
indicated that V106L enhanced drug resistance to TBS
derivartives. This is consistent with observations made
during selection; the V106l substitution was observed
at P-16 (2.56 uM), but was replaced by V106L ar P-20
(40 pM; Figure 1B). According to the Stanford HIV
Drug Resistance Database, V1061 is a common poly-
morphism that does nor decrease NNRTI susceptibility.
In contrast, VO16L is rarely observed and only confers
potential low-level resistance to NVP and delavird-
ine, Therefore, V1061 appears to be a characteristic
mutation for YM-215389.

The L214F substitution observed in many HIV-1
strains isolated from drug-naive parients [29)] did nor
show resistance to any of the compounds tested. How-
ever, L214F enhanced resistance to YM-215389 when
combined with V106L/V108I/E138K (Table 1), These
results suggest that for the development of YM-215389
resistance, the primary murtation is V106L; however,
other mutations are also needed to obtain stronger
resistance (Table 1). L214F also played an important
role in enhancing resistance to YM-228855 (Y181l
with Y1811/L214F; Table 1).

Docking study

The modes in which YM-215389 and YM-228855 bind
to HIV-1 RT were estimated using the GOLD program.
Qur simulation indicated that their binding modes are
almost the same. As shown in Figures 2ZA-2D, ‘the body’
is formed by the hydrophilic sulfonamide faces outside
of the NNRTI-BHP and ‘the wings' are tormed by the
hydrophobic thiazole and benzene rings where they inter-
act with the hydrophobic amino acids in the NNRTI-
BHP, such as L100, K103, V106, Y318, E138, V179,
Y181, Y188 and W229. YM-215389 interacts with
L100, K103, V106 and Y318 through the benzene ring
and with E138, V179, Y181, Y188 and W229 through
the thiazole ring (Figure 2E). In our model, there was no
hydrogen bonding berween YM-215389 or YM-228855
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and NNRTI-BHP. The T1635 and 1.214 substiturions were
located outside of the NNRTI-BHP and each had a slighr
effect on the binding of TBS derivatives to HIV-1 RT,

Structural comparison of TBS derivatives with

NVP and EFV

The structures of YM-215389 and YM-228855
elucidated by our docking simulations were compared
with those of NVP (1FK9) and EFV (1VRT). The TBS
derivatives had a ‘*butterfly structure’, like NVP and
EFV (Figures 3A & 3B) [33,34]. The thiazole and ben-
zene rings, and the sulfonamide region constitute the
butterfly’s left wing, right wing and body, respectively.
Superimposition of the TBS derivatives’ figures onto
those of NVP and EFV shows that the wing and body
sizes are similar to identical (Figure 3A). This indicates
that TBS derivatives interact with the NNRTI-BHP in a
manner similar to thar of NVP and EFV.

Flexibility of TBS

In the CSD, 24 compounds with a thiazole ring-
sulfonamide-benzene ring are deposited and were
subjected to analysis of their torsion angles at C1-N2-
§$3-C4. The torsion angles were distributed between
123" to -64 and 71" to 129, Conformarional prefer-
ences for YM-215389 are depicted in Figure 4. Because
the benzene ring must be in the upright position (as
depicted in Figure 2) in order to interact with NNRTI-
BHP, the torsion angle distribution of the wing-angle
was estimated ro be 71 to 129°, which suggests that the
sulfonamide bond can be rotated intermediately.

Discussion

Currently available NNRTIs interact with the NNRTI-
BHP close to the HIV-1 RT active site [35,36]. Thiscom-
mon binding pocket results in cross-resistance among
both first- and second-generation NNRTTs. For exam-
ple, the K103N mutation located art the entrance to the
NNRTI-BHP [37,38] reduces susceptibility to various
NNRTIs. The transformation of the linearly charged
amino acid lysine into uncharged and branched aspar-
agine increases pocket volume and decreases interaction
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Figure 2. Binding modes of YM-215382 and YM-228855 to NNRTI-BHP
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HIV type-1 [HIV-1) reverse transeriptase tinding schemes [Protein Data Bank code 1HNV] [33] to (A & 8) YM-215389 or (C Ft D) YM-22B855 are shown. Blue, yellow

and red indicate nitrogen, oxygen and sulfur, respectively, The K103 amino acid is
sinding hydrophobic pockets (NNRTI-BHP] and (E) YM-215389 &
e NNRTI-BHP are i

interactions between the non-nucleoside reverse transcriptase inhibitor=t
The distances between YM-215389 and YM-278855 and the amino acids

ficated in orange and those of V106, E138 and Y1B1 are
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ated i red {within 3.5 Al and tlack (3.5-4.0 AL V108 i indicated in

tlur (E) because the distance fram the methyl maiety at the thiazole ring of YM-215389 is 6.8 A

with NNRTIs. It also stabilizes the unliganded closed
conformation of the NNRTI-BHP [9,34].

For YM-2135389, the effect of K103N mutation on
its anti-HIV-1 activity was smaller than NVP, EFV and
YM-228855 (Table 1). In fact, four amino acid sub-
stitutions were required for YM-215389 to develop
strong resistance (>500-fold). Interestingly, all substi-
tured mutants observed during HIV-1,,, . *selection
increased the susceptibility to AZT. This means that the
emergence of resistance to YM-215389 does not occur
readily, especially when the drug is used in combina-
tion with AZT. These results suggest that YM-215389
is a valuable lead compound in the search for next
generation NNRTIs. The docking study showed that
YM-215389 interacts hydrophobically with multi-
ple amino acids in NNRTI-BHP, thar is, YM-215389
interacts uniformly with L100, K103, V106 and Y318
through the benzene ring, and with E138, V179, Y181,
Y188 and W229 through the thiazole ring (Figures 2A,
2B & 2E). A single amino acid substitution over a
large area within the NNRTI-BHP confers only mod-
erate resistance to YM-215389 (Table 1). YM-215389

is thought to maintain its anti-HIV-1 activity to major
NNRTI-resistant mutants by adjusting the hydropho-
bic interactions with NNRTI-BHP via a sulfonamide
backbone that can be rotated intermediately. The
anti-HIV-1 activity of YM-228855 (EC, =2 nM) was
more potent than that of YM-215389 (EC, =20 nM).
However, its potent anti-HIV-1 acrivity was strongly
reduced by single amino acid substitutions (Y1811,
K103N and Y181C substitutions resulted in 540-, 87-
and 54-fold reducrions, respectively). These results
suggest that the cyano-moieties on the benzene ring
of YM-228855 contribute to the enhanced ann-HIV-1
activity, bur its protruding character restricts confor-
mational adjustment with NNRTI-BHP.

The advantage of conformational adaprability has
also been demonstrated with another NNRTI [39].
A diarylpyrimidine derivative, etravirine (TMC125-
R165335) that NNRTI-resistant
clones with single amino acid substitutions, binds
to the NNRTI-BHP using several binding modes.
Cocrystallization of RT with etravirine results in
resolution of only 6-8 A (crystal grams), even when

inhibits various
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using high-intensity synchrotron radiation, because
the conformations corresponding with RT and erra
virine that coexist in the crystal are different [40].
Like etravirine, YM-215389 has an intermediately
rotatable sulfonamide backbone, which allows for
more conformational adaptability than NVP and
EFV can achieve. This is because NVP has a highly
rigid dihydrodipyridodiazepine (triple ring) backbone
and EFV has a relatively rigid 4-alkynyldihydroben-
zoxazine-containing rriple bond between its body and
left wing.

It has also been re ]n-:Ta'J that inhibitors ...H!\-i]l;.‘.
molecularly flexible groups tend to be able to adapt
(9-R-2-
phosphonomethoxypropyl adenine [PMPA]), an acy-
clic NRTI, inhibits various types of drug resistance to
HIV-1 variants both i vitro and fn vivo [41,42]. PMPA
has a highly flexible acyclic sugar compared with other

to mutated ENZYMes. For instance, tenofovir

NRTlIs, for example, 2°,3"-dideoxyinosine, which con-
fers the advantages of NRTIs [43]). PMPA can bind
even to a mutated 3-OH binding site, for example,
Kes, R72, Y115 and Q151, and be incorporated into
the elongating primer end to block it. The incorporated
PMPA can also escape excision by ATP. Thus, PMPA
cffectively inhibirs viral DNA synthesis mediated by R’
with resistance mutations. It has also been reported that
the flexible HIV-1 protease inhibitor, JE-2147, which
contains a P2" benzylamide group wirh rwo rotarable
bonds, is able to inhibit various protease inhibitor-
resistant variants, However, the inflexible derivative,
JE-333, which conrains a t-burylamide group with only
one rotatable bond ar this position, fails to suppress the
resistant variants [44].

In this report, the anti-HIV-1 activities of YM-215389
and YM-228855 against
were investigated. The data suggest that conformational
adaptability of hydrophobic interactions is important
for enabling NNRTIs to maintain their anti-HIV activity
against various HIV-1 variants. Therefore, YM-215389

various substituted variants

is considered to be a promising lead compound for the
next generation of NNRTIs,
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