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Abstract: Positron-emission tomography (PET) is a noninvasive real-
time functional imaging system and is expected to be useful for the
development of new drug candidates in clinical trials. For its application
with preformulated liposomes, we devised an optimized ['*F]-compound
and developed a direct liposome modification method that we termed
the “solid-phase transition method”. We were successful in using
1-[*®F]fluoro-3,6-dioxatetracosane ([®F}7a) for in vivo trafficking of
liposomes. This method might be a useful tool in preclinical and clinical
studies of lipidic particle-related drugs.

Liposomes can be used as multipurpose drug carriers in a
wide range of applications. Liposomes have been used as one
of the most ideal drug carriers for anticancer agents, antifungal
antibiotics, photosensitizers, nucleic acid derivatives for gene
therapy, and so on."™ From the viewpoint of drug delivery
systems (DDSs?) the pharmacokinetics, pharmacodynamics, and
pharmacotoxics of such drugs have been improved through the
formulation of liposomes or other kinds of lipidic particles such
as lipid complexes and microspheres. To use liposomes as drug
carriers, it is necessary to consider many properties of liposomal
formulations, e.g., lipid composition, vesicular size, surface
electrostatic potential, and functional modification, that influence
independently or mutually the pharmacological characteristics
of the liposomes.> Comprehensive evaluation of liposomes in
the living body is therefore important for the development of
liposomal DDS drugs and in DDS studies. For evaluation of
the pharmacokinetics of liposomes in vivo, noninvasive real-
time imaging of liposomes is one of the ideal techniques.

Positron emission tomography is a noninvasive technique and
has been used for the clinical functional diagnosis in many
applications related to oncology, neurology, cardiology, psy-
chiatry, and so on.%” Also, this technique can be applied in
preclinical studies. Once a positron-labeled candidate drug is
injected into animals, the distribution of the drug in the body,
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the tissues in which it becomes concentrated. and its eventnal
elimination can be monitored far more quickly and cost
effectively than by the older invasive techniques of killing and -
dissecting the animals to obtain similar information.® In this
study, we applied this idea to DDS drugs.

We previously reported the methodology for detecting
noninvasive liposomal trafficking by PET.*° In those studies,
we used a water-soluble compound, [2-'®F]2-deoxy-2-fluoro-
glucose ([**F]FDG), encapsulated inside the vesicles. To
encapsulate the ['®F]JFDG, we restructured the lipid bilayer by

- repeating freeze—thaw cycles. This method was not sophisticated

in terms of efficiency of radiolabeling and prevention of
occupational irradiation. Recently, Marik et al.!! synthesized a
radiolabeled amphiphilic compound for determining liposomal
distribution by PET, although their method is not applicable to
preformed liposomes.

In the present study, we developed not only novel [*SF]-
positron-labeled compounds for liposomal labeling but also a
new universal methodology for rapid and one-step labeling of
preformed liposomes. Potent compounds were selected from a
diversity of synthesized amphiphilic compounds through a series
of in vitro nonradioisotope (non-RI) and RI screening studies.
On the basis of the results of these studies, the structures of
[*®F}-labeled compounds were optimized. By use of these
compounds, liposomes were [*®F]-labeled with high efficiency
and liposomal trafficking in mice was visualized by real-time
analysis using a planar positron imaging system (PPIS).

To conduct the experiments for a preliminary screening of
liposome-labeling compounds (vide infra), we designed novel
amphiphilic compounds (2aA—2cE) and prepared them as
follows: Sharma’s Yb(OTf)s-catalyzed etherification method'®
was applied to the coupling of the known benzyl alcohol 1a'?
having a lipophilic n-octyl group to commercial diethylene
glycol. The reaction proceeded gradually at 50 °C to afford 2aA.
Commercial poly(ethylene glycol)s (PEGs) with average mo-
lecular weights of 200, 285-315, 380420, and 850-950 were
used for preparation of 2aB, 2aC, 2aD, and 2aE, respectively.
In these cases, the reactions proceeded at ambient temperature.
Whereas 2aB was obtained as a single compound having four
PEG units after purification via SiO, chromatography, others
were mixtures of several analogues having different lengths of
the PEG chain, and the average number of its PEG units was
indicated by “m”. Similarly, 2bA—2¢cE were synthesized by the
reaction of 1a,b'® with diethylene glycol or the corresponding
PEG.

The toluene sulfonates (3bA—3bC and 3cA) were obtained
by reactions of the sodium alkoxides derived from the corre-
sponding 2 with TsC1.'* Purification of crude products via SiO;
chromatography afforded 3bA—3bC and 3cA, each as a single
compound. In the same manner, the toluene sulfonates (6a and
6b) without the aromatic group were prepared from com-
mercially available S5ab. The fluorinated compounds
(4bA—4bC, 4cA, 7a, and 7b) were prepared as references for
the [*®F]-labeled compounds ([*3F]4 and [**F]7) by the direct
fluorination of the corresponding alcohols (2 and 5) with
(diethylamino)sulfur trifluoride (DAST, Scheme 1).!* The
preparation of the [**F]-labeled compounds (['*F]4bA—4bC,
[**FldcA, ['°F]7a, and [!®F]7b) was effectively achieved via
nucleophilic substitution of the corresponding toluene sulfonates
(3 and 6) with [*®F]KF/K[2.2.2] obtained by the previously
reported method'® with minor modifications (Scheme 2).
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In this study. we developed a new method of liposomal
labeling named the “solid-phase transition method” and deter-
mined the incorporation efficiency of the diverse nonradiolabeled
compounds (2aA—2¢E). At first, the amphiphilic compounds
(2aA—2cE) were dried to make a thin film. Liposomes were
added to the solvent-free compound (100:1 as the molar ratio
of lipids to compounds) and incubated at 65 °C for 15 min.
Then the liposomal solutions were transferred to centrifuge
tubes, and the compounds not incorporated were removed by
an ultracentrifugation. Compounds in the liposomal fraction
(pellet), supematant, and residue were quantified by HPLC.
Figure 1 shows the incorporation efficiency of the various
compounds. In the case of some compounds such as 2aD and
2aE with a shorter aliphatic hydrocarbon chain and a longer
PEG chain, the incorporation efficiency was decreased. The
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Figure 1. Efficiency of incorporation of novel amphiphilic compounds
into liposomes. Incorporation experiments were performed by the solid-
phase transition method, and the amount of compound in each fraction
(liposome, supernatant, and residue) was determined by HPLC.

90
80

70
60
50
40
30
20
10

[

2bA 2bB 2C 2¢A

Figure 2. Stability of modified liposomes. Liposomes modified with
nonradiolabeled amphiphilic compounds were incubated for 1 h in the
presence of FBS, and the amounts of compounds in the liposome were
determined. Data represent the mean + standard deviation (n = 4).
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analysis of particle size in water (data not shown) led us to
consider that these compounds had formed micelles.

On the basis of the above-mentioned experiments, we selected
four compounds (2bA-2bC, and 2cA) that had relatively high
incorporation efficiency and different physicochemical properties
and examined the stability of incorporation of these compounds
in the presence of serum. Liposomes were incubated at 37 °C
for 1 h in the presence of 50% fetal bovine serum (FBS). It is
well-known that amphiphilic compounds associated with the
lipid bilayer of liposomes via weak hydrophobic interactions
are transferred from liposome to serum, and that phenomenon
is due mainly to high-density lipoprotein (HDL) in the serum.
Liposomes and other components including serum lipoproteins
were fractionated by gel filtration chromatography, and the
amount of compounds that remained in the liposomal fraction
was determined. Strikingly, there were significant differences
among the compounds in terms of stability in serum (Figure
2), and a structure—activity relationship was indicated.

Next, the practically useful compounds 1-[**F]fluoro-3,6-
dioxatetracosane (['®F]7a) and (2)-1-[*®F)fluoro-3,6-dioxatet-
racos-15-ene (['3F}7b) were prepared, and the efficiency of
liposomal labeling using these ['*F]-labeled compounds was
determined. Since the [**F]-labeled compounds possessed very
high radioactivity, only a very small amount of compound was
needed for liposomal labeling in comparison with the amount

‘of nonradiolabeled compounds used in the non-RI experiment

mentioned above. Therefore, it is possible to conclude a
difference in labeling efficiency ‘between a trace amount of
radiolabeled compounds and UV detectable non-RI compounds

. by use of the “solid-phase transition method”. Figure 3 indicates

the labeling efficiency of [*8F]-labeled compounds (4bA—4bC,
4cA, Ta, and 7b). There was no significant difference between
it and that of the comresponding nonradiolabeled compounds.

We then examined the stability of [**F]-labeled compounds.
Figure 4 indicates that there was no significant difference in
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Figure 3. Incorporation efficiency of ['*F]-radiolabeled amphiphilic
compound. Incorporation experiment with {*F]-radiolabeled probe was
performed by the solid-phase transition method. The incorporation
efficiency was determined by measuring y-ray radioactivity. The data
represent the mean + standard deviation (n = 4).
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Figure 4. Stability in the serum of liposomes modified with {**F)-
radiolabeled amphiphilic compounds. Liposomes modified with ['*F)-
radiolabeled amphiphilic compounds were incubated in the presence
or absence of FBS for 30 min. The reactants were fractionated by gel
filtration chromatography, and the radioactivity of each fraction was
measured. (A) Typical elution patterns are shown: liposome fractions
5-9; serum lipoprotein fractions 9-16. (B) The radioactivity in liposome
_ fractions is shown.

stability in liposomes between non-RI and RI compounds. These
results proved the feasibility of screening with nonradiolabeled
compounds to obtain appropriate radiolabeled compounds.
Interestingly enough, although there is only one difference in
the structures between [1*F]7a and [*®F]7b, which is the presence
of an unsaturated bond in the aliphatic hydrocarbon chain of
the latter, the stability of ['®F]7a in serum was much better.
Therefore, we selected [®F]7a as the probe with the most
potential for in vivo imaging of liposomes.

It is well-known that one of the most important elements in
trafficking of liposomes in vivo is the diameter of the particles.
Larger-sized liposomes are quickly trapped by the reticuloen-
dothelial system (RES) in the liver and spleen. To demonstrate
the usefulness of ['®F]7a, we examined the typical in vivo
behavior of differently sized liposomes. We prepared 18F_jabeled
liposomes with three different diameters, namely, 90, 170, and
570 nm, as well as the liposome-free compound dispersed in
1% DMSO/PBS, and injected them into mice via a tail vein.
Whole-body imaging of [*®F]7a in normal mice was obtained
by using PPIS. Real-time imaging from PPIS showed that the
larger the liposomes, the more the liposomes were trapped and
accumulated in the spleen (Figure 5A). These imaging results
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Figgure 5. Whole-body imaging of ['*F}7a and liposome labeled with
['®F]7a in BALB/c mice by use of PPIS. Each radiolabeled sample at
a dose of 2.5 MBq was injected via a tail vein. (A) Data were acquired
with a 1 min frame at 1, 10, 20, 30, 40, 50, and 60 min after injection.
Liposomes with diameters of 170 and 570 nm were accumulated in
spleen (white arrowheads) and liver (green arrowheads). (B) Shown is
the biodistribution in BALB/c mice after intravenous injection of
['¥F]7a or liposomes labeled with ['8F]7a.

were also supported by the data from radioactivity at autopsy
(Figure 5B). In contrast, the free compound accumulated in the
kidneys immediately after injection and was then excreted in
the urine. This result reflected the nature of liposomes. These
results suggest that this novel methodology of noninvasive real-
time whole-body imaging enables us to visualize the behavior
of various kinds of liposomes or lipidic particles such as lipid
complexes and lipid microspheres. Also, this technique may be
applied to larger animal models and three-dimensional imaging
provided by PET. In the future, it may be possible to use this
technique for the detection of liposomal behavior in preclinical
and clinical studies. Moreover, when lipidic particles specifically
targeted to disease sites are developed, these particles will be
useful not only for drug delivery but also for diagnostic imaging
of the sites by use of the present technology.

In summary, here we introduced novel [**F]-labeled am-
phiphilic compounds for iposomal modification that were highly
incorporated into liposomes and stable in serum. This universal
method of liposomal modification, i.e., the solid-phase transition
method, can be used for various kinds of liposomes and lipidic
particles. The compounds are useful as PET probes for imaging
liposomal trafficking in the living body. An in vivo study with
PPIS revealed the feasibility of the developed *F-probe. These
findings suggest that [*®F]7a is a promising PET probe for
imaging of liposomal behavior. Furthermore, only one or a few
kinds of '®F-probe can be applied to various kinds of liposomes
and lipidic particles. Further study should clarify the useful-
ness and utility of the current probes and methodology in
preclinical and clinical studies on lipidic particle-based DDS
drugs.
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The junctional adhesion molecule (JAM) family is a key mol-
ecule in a process called transendothelial migration or diapede-
sis. Here, we report implications of JAM-C in cancer metastasis.
We first determined the mRNA expression of JAMs in 19 kinds
of cancer cell lines. JAM-C was expressed in most of tumors
having potent metastatic properties. Especially in murine
K-1735 melanoma cell lines, the highly metastatic sublines (M2
and X21) strongly expressed JAM-C when compared with the
poorly metastatic ones (C-10 and C23). Next, we investigated
the role of JAM-C in cancer metastasis by using human JAM-C
(hJAM-C) gene-transfected HT1080 fibrosarcoma cells. In com-
parison withmock-transfected HT 1080 cells, these cells showed
a significant increase in the adhesion to various extracellular
substrates and the invasion across a Matrigel™-coated mem-
brane. The knockdown of hJAM-C using small interfering RNA
resulted in the suppression of both the adhesion and the inva-
sion of HT1080 cells, suggesting that endogenous hJAM-C
might be involved in tumor metastasis. Finally, we studied the
role of hJAM-C in an in vivo experimental metastatic model.
The results showed that the overexpression of hJAM-C in
HT1080 cells significantly decreased the life spans of the tumor-
bearing mice. In contrast, the knockdown of hJAM-Cin HT1080
celis suppressed the weight gain of the lungs with metastatic
colonies. We conclude that the expression of JAM-C promotes
metastasis by enhancing both the adhesion of cancer cells to
extracellular matrices and the subsequent invasion.

Cancer metastasis involves a series of events that include
dissociation of malignant cells from a primary site, polarized
proteolysis and migration, intravasation into the circulatory
system, and adhesion to the vascular endothelium followed by
extravasation, invasion, and growth at distant sites (1). Certain
cell surface molecules are known to be involved in these pro-
cesses. For instance, integrins play central roles in regulating
cell adhesion, motility, invasion, and angiogenesis (2—4), and
matrix metalloproteinases on tumor cells can degrade the
extracellular matrix (ECM)* (5). In particular, cell adhesion

*The costs of publication of this article were defrayed in part by the pay-
ment of page charges. This article must therefore be hereby marked
“advertisement” in accordance with 18 U.5.C. Section 1734 solely to indi-
cate this fact.
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molecules play key roles in tumor adhesion and invasion,
resulting in metastasis (6). When compared with normal tis-
sues, malignant tumors are characterized by disrupted tissue
architecture and deranged differentiation. Changes in the
expression or function of cell adhesion molecules contribute to
tumor progression both by altering the adhesion status of the
cell and by affecting cell signaling (7). It has been reported that
alteration of cell-cell and/or cell-matrix interactions accounts
for the ability of cancerous cells to cross tissue boundaries and
to disseminate to distant sites. Many adhesion molecules impli-
cated in tumor metastasis have been identified (6), and certain
of them belong to the immunoglobulin superfamily (8).
Recently, the junctional adhesion molecule JAM) family, a
member of the immunoglobulin superfamily, has become a
focus of study in relation to cell-cell and/or cell-matrix
interactions.

The JAM family, belonging to the larger cortical thymocyte
Xenopus molecular family (9), is a glycoprotein. It has two
immunoglobulin folds (Vi and C2 type) and two extra cysteine
residues in its extracellular region, a potential N-glycosylation
site (s), and a PDZ protein-interacting domain in its intracellu-
lar region (10). JAM molecules are selectively expressed in a
variety of human organs (11-13). In particular, JAMs are
strongly expressed in close proximity to tight junction strands
of polarized endothelial and epithelial cells and on circulating
leukocytes and platelets (14, 15).

JAMs are known to not only form homophilic binding but
also to interact with certain ligands in a heterophilic manner
(16-20). 1t has been reported that JAM-A binds to 82 integrin
LFA-1 (21), that JAM-B interacts with 481 integrin (22}, and
that JAM-C is a counter-receptor for the leukocyte integrin
Mac-1 (15). Several cytoplasmic partners associated with the
PDZ domain of the JAMs have also been reported (23-28).
These interactions represent the likely determinants for the
diverse roles of JAMSs such as junction assembly, platelet acti-
vation, and leukocyte transmigration (10). In inflammation, the
JAMSs play an important role on the passage of leukocytes across
interendothelial spaces (29, 30). Certain adhesion molecules on
leukocytes and endothelial cells are known to control sequen-
tial steps in leukocyte migration (31). The steps of leukocyte
migration are partly similar to those of cancer metastasis in
several respects; e.g. both leukocytes and tumor cells need to
adhere to the vascularbed and to cross the border of endothelial
cells.

GFP, green fluorescent protein; EGFP, enhanced GFP; siRNA, small interfer-
ing RNA; Mock, mock-transfected.
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In the present study, we investigated certain aspects of the
participation of JAMSs in cancer metastasis. At first, we deter-
mined the expression of JAMs in 14 cell lines and also in five
sublines of the K-1735 murine melanoma. Next, we focused on
the function of JAM-C in cancer metastasis and used HT1080
human fibrosarcoma cells (HT1080 cells) for metastatic stud-
ies. HT1080 cells transfected with human JAM-C (hJAM-C)
were used in the experiment of cell adhesion, invasion, and in
vivo metastasis for evaluating the functions of hJAM-C. The
roles of endogenous hJAM-C were determined by examining
the properties of HT1080 cells transfected with small interfer-
ing RNA for hJAM-C. This study provides the first evidence
that hJAM-C promotes cancer metastasis.

EXPERIMENTAL PROCEDURES

Cell Culture—Murine melanoma K-1735 ceﬂ lines were

established by L. J. Fidler (The University of Texas M.D. Ander-
son Cancer Center, Houston, TX) and kindly provided by Dr. J.
Yokota (National Cancer Center Research Institute, Tokyo,
japan). Human HT1080 fibrosarcoma, C8161 melanoma,
AZ-P7a gastric carcinoma, Colo205 colorectal adenocarci-
noma, SUIT-2 pancreatic carcinoma, K562 erythroleukemia,
murine B16BL6 melanoma, and Colon26 NL-17 carcinoma
cells were maintained in RPMI 1640 medium containing 10%
fetal bovine serum (FBS; Sigma-Aldrich), 100 units/ml penicil-
lin (MP Biomedicals, Inc., Irvine, CA), and 100 ug/ml strepto-
mycin (MP Biomedicals). Human JAM-C-transfected HT1080
cells were grown in the same medium supplemented with 400
pg/ml hygromycin B (Wako Pure Chemical Industries, Ltd.
Osaka, Japan). Human A431 epidermoid carcinoma, HT-29
colon adenocarcinoma, HeLaS3 cervical cancer, Caco-2 colon
carcinoma, murine Lewis lung carcinoma, and K-1735 cells
were maintained in Dulbecco’s modified Eagle’s medium con-
taining 10% FBS, 100 units/ml penicillin, and 100 pg/ml strep-
tomycin. Chinese hamster ovary (CHO)-K1 cells were main-
tained in Ham’s F12 medium containing 10% FBS and the same
antibiotics. All cells were cultured at 37 °C in a humidified incu-
bator with 5% CO,,.

Reverse Transcription and PCR—Total RNA was isolated by
using TRIzol® LS reagent (Invitrogen), and cDNAs were gener-
ated from total RNA samples (5 pg) by using the SuperScript
first-strand synthesis system (Invitrogen). The PCR conditions
were as follows: 94 °C for 2 min; 30 cycles of 94 °C for 30 s,
50 °C for 30 s, 72 °C for 1 min; and 72 °C for 10 min. The
primers for human JAM-A were 5'-CGC GAT GGG GAC
AAA GGC GC-3' (sense) and 5'-ACC AGG AAT GAC GAG
GTC-3’ (antisense); for human JAM-B, 5'-TAA AAA TCG
AGC TGA GAT GAT AG-3' (sense) and 5'-TTA AAT TAT
AAA GGA TTT TGT G-3' (antisense); for human JAM-C,
5 -ACT TCT TCC TGC TGC TGC TT-3' (sense) and 5'-
TCT GAA GTC GCC CTC CTC GT-3' (antisense); for
mouse JAM-A, 5'-ATG GGC ACC GAG GGG AAA GC-3'
(sense) and 5'-TCA CAC CAG GAA CGA CGA GG-3' (anti-
sense); for mouse JAM-B, 5'-ATG GCG CTG AGC CGG
CGG CT-3' (sense) and 5'-TCA GAT AAC AAA GGA
CGA TT-3' (antisense); for mouse JAM-C, 5'-ATG GCG
AGG AGC CCC CAA GG-3' (sense) and 5'-TTA AAT TAT

AAA GGA TTT TG-3’ (antisense); and for B-actin, 5'-TGA CGG.
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GGT CAC CCA CAC TGT GCC CAT CTA-3' (sense) and 5'-
CTAGAAGCATTT GCG GTG GAC GAT GGA GGG-3' (anti-
sense). The PCR products were applied onto 1.5% agarose gels and
visualized by staining with ethidium bromide under UV light.

Western Blotting— Anti-JAM-C antibody (goat polyclonal
IgG) was purchased from R&D Systems Inc. (Minneapolis,
MN). Peroxidase-conjugated secondary antibody was from
Santa Cruz Biotechnology Inc. (Santa Cruz, CA).

The cells on culture plates were rinsed with phosphate-buff-
ered saline (pH 7.4, PBS). Cell extracts were prepared with lysis
buffer composed of 10 mm Tris (pH 7.5), 0.1% SDS, 50 ug/ml
aprotinin, 200 uM leupeptin, 2 mm phenylmethylsulfonyl fluo-
ride, and 100 uM pepstatin A. Total protein concentration was
measured by using a BCA protein assay reagent kit (Pierce) with
bovine serum albumin as a standard, according to the manufac-
turer’s instructions. The cell extracts were subjected to 10 or
15% SDS-PAGE and transferred electrophoretically to polyvi-
nylidene difluoride membranes (Millipore, Billerica, MA).
After blocking for 1 h at room temperature with 5% skim milk in
Tris-HCl buffered saline containing 0.1% Tween 20 (TTBS, pH
7.4), the membranes were incubated with 0.1 pg/ml antibody
for 2 h at room temperature. Then, they were incubated with
peroxidase-conjugated secondary antibody at a dilution of
1:2000 to 1:10,000 for 1 h at room temperature. Each sample
was developed by using chemiluminescent substrate (ECL;
Amersham Biosciences).

¢DNA Cloning—The hJAM-C sequence was obtained from
GenBank™ (accession number AF448478). Total RNA was
isolated from human umbilical vein endothelial cells (Bio-
Whittaker, Walkersville, MD) by using TRIzol LS reagent and
reverse-transcribed into single-stranded ¢cDNA by using the
SuperScript first-strand synthesis system (Invitrogen). The full-
length ¢cDNA of hJAM-C was PCR-amplified by using Ex
Taq™ (TaKaRa BIO Inc., Shiga, Japan) with specific primers
based on the hJAM-C nucleotide sequence that included
BamHI and HindllII restriction sites: 5'-ACG TAA GCT TAT
GGC GCT GAG GCG GCC ACC-3’ (sense) and 5'-ACG TGG
ATCCTCAGATCACAAACGATG ACT-3' (antisense). The
PCR product was purified by use of a High Pure PCR product
purification kit (Roche Diagnostics, Basel, Switzerland).
Restriction enzyme digestions of PCR product and
pcDNA3.1/Hygro vector {Invitrogen) were carried out at 37 °C
for 1 h. Both digestion products were purified with the purifi-
cation kit and then ligated at 16 °C for 2 h with T4 DNA ligase
(DNA ligation kit, Version 1, TaKaRa). Competent Escherichia
coli JM109 cells (TaKaRa) were transformed with ligation mix-
ture, plated on Luria-Bertani (LB) agar plates, and grown over-
night at 37 °C. Colonies were screened for the insert by restric-
tion enzyme digestion, and DNA sequencing was performed at
Macrogen Inc. (Seoul, Korea).

Transfection with hJAM-C--Stable GFP transfectant of HT 1080
fibrosarcoma was prepared as described previously (32) and used
for transfection with hJAM-C. These cells were transfected with
10 pg of pcDNA3.1/Hygro vector containing either full-length
hJAM-C or no insert by using Lipofectamine™ 2000 (Invitro-
gen). Stable transfectant (hJAM-C/HT1080 or Mock/HT1080)
was selected with 400 ug/ml hygromycin B. The expression of
hJAM-C was confirmed by Western blotting as described
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above. For cell growth assay, hJAM-C/HT1080 or Mock/
HT1080 cells (1.0 X 10° cells/dish) were cultured for 24, 48, 72,
or 96 h. After staining with 0.5% trypan blue, the numbers of
living cells were counted at each time point.

" Localization of HJAM-C—Human JAM-C/HT1080 or Mock/
HT1080 cells were fixed with 3.7% paraformaldehyde in PBS.
The cells were then blocked with 3% bovine serum albumin in
PBS, incubated with 0.1 pg/ml anti-JAM-C goat polyclonal
antibody for 2 h, and immersed in 1.0 pg/ml Alexa Fluor® 555-
labeled anti-goat IgG secondary antibody (Molecular Probes
Inc., OR) for 1 h. Localization of hJAM-C was determined by
using a LSM510 Meta confocal system (Carl Zeiss Co., Ltd.).

Adhesion Assay—Ninety-six-well flat-bottomed plates were
dry-coated with Matrigel™ (3 pg/well), fibronectin (0.75
pg/well), vitronectin (0.25 pg/well), laminin (1.25 ug/well), or
type IV collagen (1.5 pg/well) and blocked with 1% bovine
serum- albumin for 1 h. Human JAM-C/HT1080 or Mock/
HT1080 cells (5 X 10* cells/well) were allowed to adhere to
each substrate-coated well at 37 °C for 1 h. After washing with
PBS, the adherent cells were stained with crystal violet for 10
min. The pigment was extracted with 33% acetic acid for 5 min,
and the absorbance was measured at 570 nm as an indicator of
adherent cells.

Invasion Assay—The invasion was evaluated as the capacity
of hJAM-C/HT1080 cells to pass through a Matrigel-coated
transwell insert. BD Matrigel matrix (25 ug/well; BD Bio-
sciences) was coated on a fluorescence-blocking micropore
membrane of a culture insert (8-um pore size, 0.28 cm?, Falcon
HTS FluoroBlok™ inserts, BD Biosciences). The culture
inserts were set into wells of a 24-transwell plate containing
RPMI 1640 medium supplemented with 10% FBS, which had
not been heat-immobilized, as a chemoattractant. After the cell
density had been adjusted to 5 X 10° cells/ml in serum-free
medium, 5 X 10* cells in 100 ul were introduced into each
culture insert. After incubation for 4—5 h at 37°C in a CO,
incubator, the cells that traversed the Matrigel layer and
attached to the lower surface of the filter were counted in five
randomized fields under a fluorescence microscope.

Transfection with siRNA—The nucleotide sequences of
siRNA with a two-nucleotide overhang (underline) for
hJAM-C were 5'-CAGGAUGGAGAAAGUUACAAGAAC-
CAG-3’ (sense) and 5'-GGUUCUUGUAACUUUCUCCAU-
CCUGAU-3' (antisense); those for luciferase were 5'-UGG-
UUUACCUAAAGGUGUACGAAUUAG-3' (sense) and 5'-
AAUUCGUACACCUUUAGGUAAACCAAU-3' (antisense);
and those for EGFP were 5'-GGCUACGUCCAGGAGCGC-
ACC-3’ (sense) and 5’ -UGCGCUCCUGGACGUAGCCUU-3'
(antisense). The sequences for hJAM-C, luciferase, and EGFP
correspond to nucleotide regions 829-853, 612-636, and
118-141, respectively. The siRNAs for luciferase and EGFP
were used as a control siRNA. All siRNAs were prepared by
Hokkaido System Science Co. (Hokkaido, Japan). Stable GFP
transfectant of HT1080 fibrosarcoma (31) was transfected with
" siRNA by using Lipofectamine 2000 according to the manufac-
turer’s instructions. Forty-eight hours after the addition of
siRNA/Lipofectamine 2000. complexes, the knockdown of
hJAM-C was evaluated by Western blotting. In all experiments
using siRNA, siRNA-transfected HT1080 cells were used at
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FIGURE 1. Expression of JAM transcripts in various cancer cell lines. Total
mRNA was prepared from each cell line, and reverse transcription-PCR was
performed. PCR products were visualized by ethidium bromide staining
under UV light A, human cell lines as follows: HT1080, fibrosarcoma; A437,
epidermoid carcinoma; HelLa$3, cervical cancer; Caco-2, colon carcinoma;
K562, erythroleukemia; HT-29, colon adenocarcinoma; C8161, melanoma; -
SUIT-2, pancreatic carcinoma; AZ-P7a, gastric carcinoma; Colo205, colon ade-
nocarcinoma. B, rodent cell lines as follows: LLC, murine Lewis lung carci-
noma; B16B8L6, murine melanoma; Colon26 NL-17, murine colon carcinoma;
CHO-K1, Chinese hamster ovarian cancer.

e\ ' 4y
& 2

. FIGURE 2. Expression of JAMs inK-1735 murine melanoma. A, reverse tran-

scription-PCR for detection of JAM-A, JAM-B, and JAM-C transcript was per-
formed. C-10 and C-23 are poorly metastatic sublines, whereas M2 and X21
are highly metastatic ones. P indicates parent K-1735 melanoma. B, Westem
blotting analysis was performed to determine the expression of JAM-C pro-
tein in each K-1735 celt line.

48 h after the addition of these complexes. Western blotting
and cell growth, adhesion, and invasion assays were performed
by methods similar to those described above.

Experimental Metastasis—The influence of the overexpres-
sion and the knockdown of hJAM-C on tumor metastasis were
evaluated in an experimental pulmonary metastatic model.
Cells were harvested from culture plates by brief exposure to
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B 0.02% EDTA/PBS. After the cells
' had been centrifuged and resus-
pended in the medium, their con-
centration was adjusted to 5 X 10°
cells/ml. For evaluating the effect of
overexpression of hJAM-C on met-
astatic potential, hJAM-C/HT1080
or Mock/HT1080 cells (1 X 10°
cells/mouse) were injected into the
tail vein of 4-week-old BALB/c
nu/nu male mice (Charles River
Japan Inc., Kanagawa, Japan). The
life spans of tumor-bearing mice
were monitored (» = 10 for mock/
HT1080, n = 11 for hJAM-C/
HT1080). In another three mice in
each group, the lungs were dis-
100 ] sected, weighed, and photographed
for evaluating metastasis at 19 days
after implantation.
737 For evaluating the effect of
knockdown of hJAM-C on meta-
static potential, hJAM-C siRNA- or
509 EGFP siRNA-treated cells (1 X 10°
’ cells/mouse) were injected into the
tail vein of 9-week-old BALB/c
nu/nu male mice (1 = 4). The lungs
: i with tumor metastases were dis-
_ti sected, weighed, and photographed
24 48 72 9’ at 38 days after implantation. ,
Time (h) ' Histochemical — Analysis—The

FIGURE 3. Characterization of hJAM-C-transfected HT1080 cells. A, the amountof hJAM-Cin Mock/HT1080  lungs with metastatic colonies
or hJAM-C/HT1080 cells was determined by Western blotting. The arrow points to JAM-C. B, focalization of  \yare embedded in optimal cutting
hJAM-C on Mock/HT1080 or hJAM-C/HT 1080 cells was visualized. The left panels show the morphology of these

cells observed by differential interference contrast microscopy; the right panels show the distribution of ~temperature compound (Sakura
hJAM-C (red fluorescence) observed by c?nt;%cgl Ia)ser| Iscanniéwg micro;o;opy'.1 C, tge p;gliferaticg\ Izl)f Mo;k/ Finetechnochemical Co., Ltd.,
HT1080 {open bars).and hJAM-C/HT1080 (closed bars) cells was determined at the indicated times. Cell number

was countzd at each time point. Data are the mean = S.D.{n = 4). Tokyo, ]gpan? and frozen at
) —80 °C. Six-micrometer lung sec-

Mock

C

Cell number (x109)
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A B A . . tions were prepared by using a
30 = —y - 700 - cryostatic microtome (HM 505E,
TS { J Microm, Walldorf, Germany),
l 25 600 stained with hematoxylin-eosin,
E 20 T and examined histopathologically.
s 2 500 7 Statistical ~ Analysis—Statistical
s I = . s
w18 5 analysis (mean value, S.D., inde-
m -
< - pendent ¢ test) was performed by
z 0 2 300 A using Stat View® 4.0 (SAS Institute
< 05 "'(-3-" Inc, Cary, NC). Results were
200 expressed as the mean * S$.D.
0
] @ & $® & \eﬁo& 100. - 1 RESULTS
é&& @é‘o & V$° oo\- 0 Theamounts of JAM transcripts
4:@ & ) in cancer cell lines were deter-
Mock hJAM-C

@ " mined by reverse transcription-
FIGURE 4. Increased adhesion and invasion of JAM-C/HT1080 cells. A, the adherence of hJAM-C/HT1080 : :

cells to various purified extracellular substrates was examined. Data show the mean absorbance (Abs.) of crystal PCR. .In this experiment, we '.‘lsed
violet taken up by the adherent cells. Bars indicate Mock/HT1080 cells (open bars) and hJAM-C/HT1080 cells 19 kinds of cancer cells lines.
(closed bars). B, an invasion assay was performed on Mé)ck/HTwBO and:éAMéC/HT '11080 cells. The numberof  Amo ng them, human HT1080
cells that invaded through the Matrigel-coated membrane was counted under a fluorescence microscope. .

Significant differences between Mock/HT1080 and hJAM-C/HT 1080 cells are indicated: ¥, p < 0.05;**, p < 0.01; ﬁbmsa'r coma, HT-29 colon ade-
% 1 < 0.001. Bars indicate = S.D. nocarcinoma, C8161 melanoma,
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from the parent K-1735 cells. The in
vivo metastatic potential of M2 and
X21 sublines is very high, as is that
of the parent K-1735 cells, whereas
that of C-10and C-23 clones is quite
poor. As shown in-Fig. 24, the
mRNA level of JAM-C was mark-
edly up-regulated in the parent
K-1735 and highly metastatic sub-
_ lines (M2 and X21) when compared
with that in the poorly metastatic
sublines (C-10and C-23). In contrast,

300

U .

@)
X
}

25 1 250 |

150

100;

Abs, ( 1 =570 nm)
Cell number / field

50

FIGURE 5. Involvement of endogenous hJAM-C in invasion of HT1080 cells. A, Western blotting analysis of
hJAM-C expression in hJAM-C-overexpressing hJAM-C/HT1080 cells {/ane 1), HT1080 celis {{ane 2), luciferase
siRNA-transfected HT1080 cells {lane 3), and hJAM-C siRNA-transfected HT1080 cells (/ane 4) was performed.
Luciferase siRNA-transfected and hJAM-C siRNA-transfected HT1080 cells were used for each experiment at
48 h after transfection. B, the proliferation of luciferase siRNA-transfected {(open bars) and hJAM-C siRNA-
transfected (closed bars) HT1080 cells was determined at the indicated times. Cell number was counted ateach
time point. Data are the mean * S.D. (n = 4). C, adhesion of EGFP siRNA-transfected (open bars) and hJAM-C
siRNA-transfected (closed bars) HT1080 cells to extraceliular substrates are shown. The experimental proce-
dures were similar to the case of the hJAM-C overexpression study. Significant differences between EGFP
siRNA-transfected and hJAM-C siRNA-transfected HT 1080 cells are indicated: *, p < 0.05. Bars indicate mean *
S.D. D, invasion assay using luciferase siRNA-transfected (open bars) and hJAM-C siRNA-transfected (closed
bars) HT1080 cells was performed. The number of cells that invaded through the Matrigel-coated membrane
was counted under a fluorescence microscope. Significant differences between luciferase siRNA-transfected
and hJAM-C siRNA-transfected HT1080 cells are indicated: ***, p < 0.001. Bars indicate mean = S.D.

SUIT-2 pancreatic carcinoma, AZ-P7a gastric carcinoma, and
murine Lewis lung carcinoma, B16BL6 melanoma, Colon26
NL-17 carcinoma, K-1735 M2, and X21 melanoma cell lines
were known to have highly metastatic characteristics. The tran-
scripts of JAM-A were similar in amount regardless of the can-
cer cell lines (Fig. 1). In contrast, the expression levels of JAM-B
and JAM-C were different among the various cell lines. The

-transcripts of JAM-C were detected in highly metastatic cell
~ lines such as HT1080 fibrosarcoma, SUIT-2 pancreatic carci-

noma, AZ-P7a gastric carcinoma, Lewis lung carcinoma,
B16BL6 melanoma, and Colon26 NL-17 carcinoma (Fig. 1). To
assess the relationship between the amounts of JAM transcripts
in turnor cells and their metastatic potentials, the expression of
JAM members was compared in K-1735 murine melanorna
subpopulations having diverse biologic behavior (33). Each
clone (C-10, C-23, M2, and X21) was previously established
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the mRNA level of either JAM-A or
JAM-B was not much different
between the highly metastatic and

48 72
Time (h)

200 |

poorly metastatic cells. Actual expres-
sion levels of JAM-C protein in
K-1735 sublines determined by
l Western blotting correlated well with
those of JAM-C mRNA (Fig. 2B).
JAM-C functions in cancer metas-
tasis were explored by constructing
hJAM-C-overexpressing HT1080 fi-
brosarcoma cells. HT1080 cells
were transfected with hJAM-C-
encoded pcDNA3.1/Hygro vector

1 {hJAM-C/HT1080) or empty vector

r- (Mock/HT1080). Overexpression of

Luciferdse  hJAM-C h]AM-C'in hJAM-C/HT1080 gells

SIRNA SRNA. was confirmed by Western blotting.
As shown in Fig. 34, the amount of
hJAM-C protein was very abundant
in hJAM-C/HT1080 cells than
in Mock/HT1080 cells. Human
JAM-C in the transfectant was local-
ized on the extensions of its plasma
membrane (Fig. 3B). The forced
expression of hJAM-C did not affect
the cell growth rate (Fig. 3C).

To evaluate the participation of
hJAM-C in the interaction of the
cells with ECM, the adhesion of
hJAM-C/HT1080 cells to various ECM components was inves-
tigated. Human JAM-C expression in HT1080 cells signifi-
cantly increased their adhesion to Matrigel, fibronectin, and
vitronectin and slightly increased their adhesion to type IV col-
lagen and laminin (Fig. 44). Next, the effect of (JAM-C overex-
pression on tumor cell invasion was examined. The number of
cells that invaded through a Matrigel-coated membrane was
compared between hJAM-C/HT1080 and Mock/HT1080 cells.
The migration of HT'1080 cells was significantly accelerated by

the overexpression of hJAM-C, suggesting that hJAM-C expres-

sion might be correlated with tumor malignancy (Fig. 4B).

To confirm whether endogenous JAM-C was involved in the
invasion, hJAM-C siRNA-transfected HT1080 cells were pre-
pared. The expression of endogenous hJAM-C was observed in
both control and luciferase siRNA-transfected HT1080 cells to
some extent, and the knockdown of endogenous hJAM-C was

VOLUME 282+ NUMBER 11-MARCH 16, 2007

£00Z 'vZ aunf uo NMVOIVA NSLIRINIM YHONZIHS e fuo gl mmm woy papeciumo(]



ﬂnelowml omiobglml mmm

.

=

y

Y

st

JAM-C Promotes Cancer Metastasis

A 100 ) 4 B
Control
80 -
;;": 60 1
g Mock.
:é 40 A
20 1
hJAM-C
0 T — v v
10 20 30 40 50

Days after tumor implantation

C E 0354
0.30 8
N —
= 0251
o] 8 '
2 020
_ : z —
Mock hIAM-C =
S 0154
D - .
0.10 - ’
0.05
EGFP hJIAM-C
siRNA  siRNA

o 5 e ;. rm—e—
EGFP siRNA hJAM-C siRNA
FIGURE 6. Influences of hJAM-C expression on pulmonary metastasis of HT1080 cells. A, the suivival times
of BALB/c nu/nu mice that had been inoculated with Mock/HT1080 (n = 10, open circle) or hJAM-C/HT 1080 (n =
11, closed circle} cells were determined. After intravenous inoculation of these cells, the life spans of tumor-
bearing mice were monitored. B, the morphology of the lungs bearing Mock/HT1080 or hJAM-C/HT1080
fibrosarcoma was examined. The lungs of each group were dissected and photographed at 19 days after
inoculation. Scale bars represent 5 mm. C, histochemical analysis of the lung with metastatic colonies was
performed in the hJAM-C overexpression experiment. At 19 days after inoculation, the lung sections were
prepared and stained with hematoxylin-eosin. Scale bars represent 500 um. Tindicates tumors. D, histochem-
ical analysis of the lung with metastatic colonies was performed in the hJAM-C knockdown experiment. EGFP
siRNA-transfected and hJAM-C siRNA-transfected HT1080 cells were injected into the tail vein of BALB/c nu/nu
mice. After 38 days after implantation, the lung sections were prepared and stained-with hematoxylin-eosin.
Scale barsrepresent 500 um. Tindicates tumors. Lindicates lymph node. F, theinfluence of hJAM-Cknockdown
on pulmonary metastasis of HT1080 cells was examined. EGFP siRNA-transfected (n = 4, open circle} or hJAM-C
siRNA-transfected (n = 4, closed circle) HT1080 cells were injected into the tail vein of BALB/c nu/nu mice. After
38 days after implantation, the weights of lungs were measured as an indicator of pulmonary metastasis.
Human JAM-C siRNA-transfection tended to decrease the weight gain of lungs with metastatic colonies when
compared with mock transfection {p = 0.0570).

- tal metastasis model. The formation

of pulmonary metastases was
observed in both the Mock/HT1080
cell-injected and the hJAM-C/
HT1080 cell-injected group since
HT1080 cells are highly metastatic
by nature (data not shown). The
mean survival times after tumor
implantation were 18 = 2 days for
the hJAM-C HT1080 cell-injected
group and 30 * 8 days for the Mock/
HT1080 cell-injected group (Fig.
6A). The life spans of the hJAM-C/
HT1080 cell-injected group were
significantly short when compared
with those of the Mock/HT1080
cell-injected group (p < 0.01).
Forced expression of hJAM-C
caused 40% reduction of the life
span of tumor-bearing mice, sug-
gesting that hJAM-C expression
promoted the pulmonary metasta-
sis of HT1080 cells. At 19 days after
the injection, the hJAM-C/HT1080
cell-injected group showed bloody
lungs with metastatic colonies,
which might occur due to the
increased malignancy of the meta-
static cells (Fig. 6B). Most of the
mice injected with hJAM-C/
HT1080 cells died before showing
obvious differences in the lung
weight gain between Mock/HT1080
and hJAM-C/HT1080 cell-injected
mice. As shown in Fig. 6C, the
results of the hematoxylin-eosin-
staining showed the overexpression
of hJAM-C-induced expansion of
the metastatic tumors. Histochemi-
cal data also showed that the knock-
down of hJAM-C in HT1080 cells
suppressed the pulmonary metasta-
sis of those cells (Fig. 6D). In the case
of the injection of EGFP siRNA-
transfected cells, the leakages of
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confirmed in hJAM-C siRNA-transfected HT1080 cells (Fig.
'5A). Transfection with hJAM-C siRNA did not affect the rate of
cell growth (Fig. 5B). In an adhesion assay, the knockdown of
hJAM-C inhibited the adhesion of hJAM-C siRNA-transfected
HT1080 cells to ECM components (Figs. 44 and 5C). Espe-
cially, the knockdown of hJAM-C significantly reduced their
adhesion to fibronectin and vitronectin. The invasion potential
of hJAM-C siRNA-transfected HT1080 cells was significantly
less than that of luciferase siRNA-transfected HT1080 cells,
indicating that the knockdown of hJAM-C reduced tumor inva-
siveness (Fig. 5D).
Finally, the influence of hJAM-C expression on the meta-
static potential of HT 1080 cells was examined in an experimen-
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blood corpuscle cells were observed around the metastases.
This phenomenon indicated that the progress of tumor
metastasis of the cells transfected with hJAM-C siRNA was
slower than that of cells transfected with EGFP siRNA. Fur-
thermore, the knockdown of hJAM-C suppressed the weight
gain of lungs with metastatic colonies after the injection of the
cells in comparison with that of the cells transfected with EGFP
siRNA (p = 0.0570, Fig. 6E).

DISCUSSION

Invasion of metastatic tumor cells to the secondary coloniz- .
ing organs is often compared with lymphocyte transendothelial
migration since several common cell adhesion molecules, such
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as selectins and integrins, are involved in both lymphocyte
and tumor cell migration. JAMs are known to participate in
the transendothelial migration of lymphocytes (10).
Recently, the participation of JAMs in tumor angiogenesis
has also been the focus of studies (34, 35). Another recent
study demonstrated that JAM-C could mediate tumor cell-
endothelial cell interactions and suggested the involvement

~ of JAM-C in tumor cell metastasis (20).

In the present study, to understand the participation of JAM
family molecules in tumor metastasis, we first examined the
mRNA levels of the JAM family in various cancer cells derived
from human and rodent sources. As a result, we observed cell
line-dependent differences in the mRNA level of JAM-C. Inter-
estingly, most of the JAM-C-expressing cell lines in this study
have often been used for experimental models of metastasis
because of their high malignancy. In murine K-1735 melanoma
cell lines, the highly metastatic sublines strongly expressed
JAM-C when compared with the poorly metastatic ones. In
addition, the expression levels of JAM-A and JAM-B on K-1735
cells did not correlate with the metastatic potential of these
cells. These data suggested that JAM-C might be implicated in
cancer metastasis.

It has been reported that JAM-C shows only 32 and 36%
identity to JAM-A and JAM-B, respectively (13). The intra-
cellular region of JAM-C is slightly longer than that of
JAM-A and JAM-B (13). The relative tissue distribution of
each JAM shows a distinct pattern, resulting from cell type-
specific expression of the individual JAM (9). In this study,
the unique expression pattern of JAM-C was observed in
various cancer cell lines. These observations may explain the
distinctive roles of JAM-C in cancer metastasis. The full
open reading frame for hJAM-C displays 84% identity with
that for murine JAM-C (mJAM-C) at the DNA level and 86%
identity at the amino acid level (37). The tissue distribution
of hJAM-C does not overlap entirely with that of the murine
homologue (13). We also examined mJAM-C function in the
invasion assay, with the result that overexpression of
mJAM-C also promoted tumor invasion as well as hJAM-C
did (data not shown).

In this study, the roles of JAM-C in cancer metastasis were
examined by using hJAM-C/HT1080 cells engineered to
express hJAM-C abundantly. When compared with Mock/
HT1080 cells, these cells showed significantly increased
adhesiveness to various ECM components and invasiveness
across Matrigel-coated membranes. In addition, the experi-
ments using hJAM-C siRNA showed that endogenous

“hJAM-C would be involved in tumor adhesion and subse-

quent invasion. It is not clear whether JAM-C expression
enhanced the adhesion of HT1080 cells to various ECM
components directly or indirectly. In the case of JAM-A, it
has been reported that it regulates 81 integrin expression
and cellular adhesion property (36). It is possible that JAM-C
may affect the cell adhesiveness by controlling other adhe-
sion molecules. In addition, JAM-C may function coopera-
tively with certain proteinases since the degradation of
Matrigel requires proteinase activity.

Finally, we demonstrated that hJAM-C promoted pulmonary
metastasis in the experimental metastatic model in vivo. We
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conclude that the expression of JAM-C promotes cancer
metastasis by enhancing the adhesion of and subsequent inva-
sion of cancer cells. The present study is the first report that
demonstrates that JAM-C expression promotes tumor malig-
nancy and thus provides a new insight into the mechanisms of
cancer metastasis.
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Anti-HTLV-1 Tax Antibody and Tax-Specific
Cytotoxic T Lymphocyte Are Associated With
a Reduction in HTLV-1 Proviral Load in
Asymptomatic Carriers
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Previous studies have suggested that higher anti-
human T-lymphotropic virus 1 (HTLV-1) antibody
titer and lower anti-HTLV-1 Tax antibody reactivity
are risk factors for adult T-cell leukemia/lym-
phoma. In the present study, we analyzed the
relationships between these factors and clarified
their significance. Forty-five carriers were exam-
ined for anti-HTLV-1 and anti-Tax antibody by
ELISA. In addition, 43 of the 45 carriers with HLA-
A*0201 and/or A*2402 were examined for fre-
quency of Tax-specific cytotoxic T lymphocytes
{CTLs) using HTLV-1/HLA tetramers, and 44 were
examined for proviral load by real-time PCR. The
relationships between these factors were ana-
lyzed statistically. The frequencies of Tax11-19 and
Tax301-309-specific CTlLs were significantly
higher in the anti-Tax antibody-positive group as
compared with the antibody-negative group
(P=0.002 and 0.033, respectively). Anti-HTLV-1
antibody titer had a positive correlation with
proviral load (P=0.019), whereas anti-Tax anti-
body did not show a significant correlation. Higher
frequencies of both Tax11-19 and Tax301-309-
specific CTLs are related to a reduction in
proviral load (P=0.017 and 0.015, respectively).
Synergistic interactions of humoral and cellular
immunity against Tax protein were demonstrated
in HTLV-1 carriers. Tax-specific CTL may reduce
HTLV-1 proviral load to prevent asymptomatic
carriers from developing adult T-cell leukemia/
lymphoma. J. Med. Virol. 79:977-986, 2007.
© 2007 Wiley-Liss, Inc.
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proviral load; carrier
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INTRODUCTION

Human T-lymphotropicvirus 1 (HTLV-1}isastrainin
the genus Deltaretrovirus, family Retroviridae. 1t is
etiologically linked to adult T-cell leukemia/lymphoma
[Poiesz et al., 1980; Hinuma et al., 1981] and a chronic
inflammatory neurological disorder designated HTLV-
1-associated myelopathy/tropical spastic paraparesis
(HAM/TSP) [Gessain et al., 1985; Osame et al., 1986].
HTLV-1 is prevalent in Japan, the Caribbean, South
America, Africa, Melanesia, and the Middle East
[Maloney and Blattner, 2003]. In Japan, it is estimated
that approximately 1 million people are infected with
HTLV-1, and most HTLV-1 carriers are asymptomatic
throughout their lives. However, 1-5% of infected
individuals develop adult T-cell leukemia/lymphoma
[Tajima, 1990}, and less than 1% develop HAM/TSP or
other inflammatory disorders.

Although adult T-cell leukemia/lymphoma is caused
by HTLV-1 infection, generally a long latent period
about 60 years is needed for the development of the
disease after initial infection mainly via breastfeeding
[Hino et al., 1985; Kinoshita et al., 1987]. The Miyazaki
Cohort Study of HTLV-1 carriers suggested that the
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risk factors for the development of adult T-cell leukemia/
lymphoma from carriers include vertical HTLV-1 infec-
tion, gender (male > female), and increased numbers of
abnormal lymphocytes (Ably) [Hisada et al., 1998a,
2001]. Others have reported that the percentage of
circulating Ably are strongly correlated with HTLV-1
proviral load [Hisada et al., 1998a; Tachibana et al,
1992]. Moreover, persistent proliferation of HTLV-1-
infected CD4* T-cell clones in asymptomatic carriers is
accompanied with a high proviral load [Etoh et al,
1997]. These observations suggest that high HTLV-1
proviral load is also correlated with a risk of the
development of adult T-cell leukemia/lymphoma.

Anti-HTLV-1 antibody is detected in all HTLV-1-
infected individuals, either asymptomatic carriers or
patients with HTLV-1-associated diseases. In the
Miyazaki Cohort Study, a higher anti-HTLV-1 antibody
titer was a high risk factor for the development of adult
T-cell leukemia/lymphoma [Hisada et al., 1998b]. In
contrast, a lower prevalence of antibody to Tax protein
(anti-Tax antibody) has been demonstrated in patients
with adult T-cell leukemia/lymphoma compared with
asymptomatic HTLV-1 carriers [Yokota et al., 1989]. A
lower prevalence of anti-Tax antibody has also been
demonstrated in a subset of HTLV-1 carriers with
detectable levels of Ably (>0.6%) [Hisada et al., 1998al,
suggesting that anti-Tax antibody reactivity is low
among patients with adult T-cell leukemia/lymphoma
before their clinical diagnosis. Anti-Tax antibody levels
in all five subjects who developed adult T-cell leukemia/
lymphoma were low for up to 10 years preceding their
diagnosis in the cohort study. These findings suggest
that a lower anti-Tax antibody level is a significant risk
factor for the development of adult T-cell leukemia/
lymphoma (Hisada et al., 1998b].

Recently, HTLV-1-specific cytotoxic T lymphocytes
(CTLs) have attracted a great deal of attention with
regard to host immunity against infection with the
virus. HTLV-1 Tax protein is the most common
target for HTLV-1-specific CTLs in infected individuals
[Jacobson et al., 1990; Kannagi et al., 1991]. Tax-specific
CTLs can be induced from peripheral blood mono-
nuclear cells (PBMCs) of asymptomatic -carriers
in vitro. In contrast, induction of Tax-specific CTLs is
rarely observed in PBMCs of patients with adult T-cell
leukemia/lymphoma {Kannagi et al., 1983, 1984, 1993,
1994; Jacobson et al., 1990; Parker et al., 1992]. The
insufficient Tax-specific CTL response in patients with
adult T-cell leukemia/lymphoma suggests that these
CTLs contribute to surveillance for the disease in HTLV-
1-infected individuals.

On the other hand, previous studies have suggested
that HTLV-1 proviral load is also a major risk factor for
HAM/TSP; the median proviral load is 16-fold higher in
HAM/TSP patients than in healthy carriers [Nagai
et al, 1998]. A high HTLV-1 proviral load is also
associated with an increased risk of progression to
disease [Nagai et al., 1998; Taylor et al., 1999].

These findings suggest that a reduction in HTLV-1
proviral load in circulating lymphocytes prevents HTLV-
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1 carriers from contracting adult T-cell leukemia/
lymphoma and HAM/TSP. Although anti-HTLV-1 anti-
body, anti-Tax antibody, and Tax-specific CTLs seem to
be related to HTLV-1 proviral load and the development
of HTLV-1-associated diseases, the details are poorly
understood. In the present study, we demonstrated
relationships between anti-HTLV-1 antibody, anti-Tax
antibody, Tax-specific CTLs, and HTLV-1 proviral load,
and discuss the risk factors for the development of adult
T-cell leukemia/lymphoma and HAM/TSP. '

MATERIALS AND METHODS
Subjects and PBMCs

The study population consisted of 45 asymptomatic
carriers who visited Kagoshima University Hospital for
examination to determine HTLV-1 carrier state and for
a clinical check-up during the period from September
2004 to May 2005. None of the subjects had
clinical signs, symptoms, or HTLV-1-associated dis-
eases. Informed consent was obtained from all subjects
and the study protocol was reviewed and approved by
the Medical Ethical Committee of Kagoshima Univer-
sity. Blood samples obtained at clinical visits were
collected in EDTA tubes for determination of the
complete blood counts and differential counts using
standard methods. Ably were counted by a hematologist
during microscopic review of peripheral blood smears,
which were fixed in methanol and stained with Giemsa.
Ably were identified according to the criteria reported
previously [Kondo et al., 1985]. The number of Ably
among 100 leukocytes was recorded as a percentage.
PBMCs were separated from heparinized whole blood by
centrifugation on Ficoll/Hypaque (Pharmacia, Uppsala,
Sweden). For subsequent experiments, the cells were
cryopreserved in liquid nitrogen until assayed as
described previously [Katahira et al., 1995].

HLA Typing of PBMCs

In our recent study, analysis of HLA type revealed
that more than 80% of asymptomatic HTLV-1 carriers
and patients with adult T-cell leukemia/lymphoma
had HLA-A*02 or HLA-A*24 [Kozako et al.,, 2006],
consistent with other reports of HLA allele types in the
population of Southern Kyushu [Sonoda, 2003]). HLA
types were determined by serological tests using mono-
clonal antibodies (mAbs) for HLA-A*02 (clone: BB7.2)
and HLA-A*24 (clone: 17A10; kindly provided by
Medical and Biological Laboratories, Nagoya, Japan).
Indirect staining was completed by incubation of cells
with goat anti-mouse IgG-fluorescein isothiocyanate
(FITC) (Immunotech, Miami, FL). HLA allele types
were also confirmed by the Luminex method using DNA
isolated from the cryopreserved PBMCs as described (G
& G Science, Fukushima, Japan) [Kikkawa et al., 2003].

Tetramer Assay for HTLV-1-Specific CTL

We used 14 distinct phycoerythrin (PE)-conjugated
HLA-A*0201 and HLA-A*2402 tetramers for HTLV-1
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Tax and Env peptides (Medical and Biological Labora-
tories) in reference to the previous HTLV-1 Tax and Env
CTL epitope mapping data [Yashiki et al., 2001].
In addition, two HTLV-1/HLA tetramers were
purchased from Beckman Coulter (Fullerton, CA).
Finally, 16 HTLV-1/HLA tetramers were prepared
for the present study. The 16 epitopes were as
follows: Tax11-19 (@CLLFGYPVYV), Tax123-131
(TLGQHLPTL), Tax155-163 (YLYQLSPPI), Tax178-186
(QLGAFLTNV), Tax307-315 (LLFEEYTNI), Env175-
183 (FLNTEPSQL), Env239-247 (VLYSPNVSV), and
Env442-450 (ALQTGITLV) for HLA-A*0201, Tax12-20
(LFGYPVYVF), Tax187-195 (PYKRIEELL), Tax289-297
(SFLLSHGLI), Tax301-309 (SFHSLHLLF), Tax311-319
(EYTNIPISL), Env11-19 (FFQFCPLIF), Env21-29
(DYSPSCCTL), and Env153-161 (HFSKCGFPF) for
HLA-A*2402 (anchor motifs are indicated in boldface).
The quality of each HLA-tetramer was tested by HPLC
and biological assay for respective CTLs. Aliquots of
1 x 108 freshly isolated PBMCs were reacted with the
16 HLA tetramers for 45 min at 4°C with FITC-
conjugated mouse anti-human CD8 mAbs according to
the manufacturer’s instructions (Medical and Biological
Laboratories). All samples were also examined for

surface markers using mouse anti-CD4-PE (Beckman

Coulter) and anti-CD45-Peridinin Chlorophyll-a
Protein (Becton Dickinson, San Jose, CA). Aliquots
of 1x10° CD45-positive lymphocytes in fresh
samples were analyzed on a FACScan using CellQuest
software (Becton Dickinson) [Bieganowska et al., 1999;
Kuzushima et al., 2001].

Detection of Anti-HTLV-1 and
Anti-Tax Antibody

Anti-HTLV-1 antibody titer and anti-Tax antibody
reactivity were examined in the 45 subjects. Anti-
HTLV-1 antibody was measured by electrochemilumi-
nescence immunoassay (ECLIA) (Picolumi®HTLV-I;
Eisai, Tokyo, Japan) in our hospital, using beads
coated with purified HTLV-1 antigen and synthetic
Env peptides. Anti-Tax antibody was measured by
ELISA, using a recombinant Tax protein expressed in
Escherichia coli with a full-length HTLV-1 tax gene. The
cut-off value was determined from the average of the
ELISA absorbance value plus three SD obtained from
169 specimens negative for anti-Tax antibody (Eisai)
{Kamihira et al., 1989; Sawada et al., 1989; Kashiwagi
et al., 1990]. The levels of antibodies were estimated
using a cut-off index (CI): the corresponding serum was
considered ELISA-positive at CI > 1.1.

Real-Time PCR Quantitation of HTLV-1
Proviral Load in PBMCs

The standard HTLV-1 DNA was prepared from MT-2
cells [Miyoshi et al., 1981]. Real-time PCR quantitation
of HTLV-1 DNA was performed in a Light-Cycler
System (Roche Diagnostics, Mannheim, Germany)
using measurements of 12 test samples with standard
DNA for each assay. The HTLV-1 primer set corre-
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sponded to the highly conserved HTLV-1 pX region,
SK43, and SK44 [Ehrlich et al., 1990]. The HTLV-1 pX
probe set was designed for the two adjacent parts of
the pX region, which were labeled with different
fluorophores [Sonoda et al., 2004].

The HTLV-1 proviral load was expressed as number of
copies per 1,000 cells using the following formula:
HTLV-1 proviral load =[(HTLV-1 pX copy number)/
(B-globin copy number/2)] x 1,000. The limit of detection
of this method was 0.2 copies of HTLV-1 provirus/
1,000 cells. Real-time PCR quantitation of HTLV-1
provirus DNA has an inherent error of 25% in terms of
coefficient of variation (CV), as seen in different inter-
assay runs for HTLV-1 proviral load [Nagai et al., 1998].
However, the present real-time PCR quantitation with
duplicate intra-assay reduced the CV to less than 8%
[Sonoda et al., 2004]. Using this method, we could
perform accurate measurements of HTLV-1 proviral
load in PBMCs of asymptomatic HTLV-1 carriers.

Statistical Analysis

Correlation analyses were performed based on either
Pearson or Spearman’s rho correlation coefficients as
appropriate. The resulting values for the two subject
groups were compared with Mann—Whitney U tests.
SPSS for Windows (version 14.0J; SPSS, Inc., Chicago,
IL) was used for statistical analysis, and P < 0.05 was
considered significant.

RESULTS
Characteristics of the Subjects

The age, sex, and HTLV-1-related markers of these 45
asymptomatic carriers (18 men and 27 women) are
summarized in Table 1. The subjects’ median age was 58
years old with a range from 22 to 82. The median
leukocyte count was 5,200/ul with a range from 1,900 to
9,500, and the median Ably level was 1% with a range
from 0 to 6% (data not shown). In the present study,
overt adult T-cell leukemia/lymphoma, including smol-
dering type, was excluded by Southern blot hybridiza-
tion of HTLV-1 proviral DNA. The two cases with Ably
levels of more than 5% in the present study (case #12,
6%; case #36, 5%) were also diagnosed as carriers, as no
band was detected by Southern blot hybridization.

All 45 cases were positive for anti-HTLV-1 antibodies,
and the titers ranged from 2.8 to 330.9 CI with a median
value of 81.6. On the other hand, anti-Tax antibody was
found in 15 of the 45 cases (33%). One subject (case #43)
could not be included in the HTLV-1 proviral load
analysis, as his PBMCs were no longer available. The
median proviral load was 62.3/1,000 copies ranging from
4.6t05924. .

Ten of the 45 carriers had HLA-A*0201, 25 had HLA-
A*2402, 8 had both alleles in heterozygous combination,
and 2 had neither HLA-A*0201 nor HLA-A*2402. As
the HLA-tetramers in the present study can detect
HTLV-1-specific CD8" cells possessing either HLA-
A*0201 or HLA-A*2402, 43 cases were examined for
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each tetramer-CD8% cells. The cases with more than
0.03% tetramer-CD8™ cells distributed as a cluster were
judged as positive for HTLV-1-specific CD8" cells in the
present study. Most subjects had single epitope-specific
CTLs for each HLA allele: Tax11-19-specific CTL for
HLA-A*0201 and Tax301-309-specific CTL for HLA-
A*2402. A few subjects had multiple epitope-specific
CTLs for one HLA allele, including the major epitope-
specific CTLs mentioned above and a few minor epitope-
specific CTLs. In the present study, we assessed only the
major CTLs in both HLA alleles, as shown in Table L.
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TABLE 1. HTLV-1-Related Markers Among the 45 Asymptomatic Carriers
Anti-Tax Proviral
Anti-HTLV-1 Anti-Tax antibody Tax11-19- Tax301-309-  load (/1,000
Case No. Age Sex antibody titer (CI) antibody titer (CI) positivity specific CTL (%) specific CTL (%) copies)
HLA-A*0201-related
1 72 F 5.5 0.21 - 0.03 NA 21.0
2 74 M 23.71 0.24 - 0.00 ‘NA 12.2
3 46 F 6.1 0.21 — 0.08 NA 24.1
4 53 M 41.8 1.79 + 0.29 NA 39.7
5 47 F 16.8 0.68 - 0.00 NA 71.8
6 56 F 141.5 0.29 - 0.00 NA 17.3
7 54 M 30.92 7.25 + 0.09 NA 63.2
8 66 F 2.9 0.26 - 0.00 NA 25.1
9 51 F 225.6 0.61 — 0.00 NA 128.7
10 62 F 20.46 0.82 - 0.01 NA 9.8
HLA-A*0201 and HLA-A*2402-related
11 80 F 20.0 1.711 + 0.73 0.07 42.7
12 63 M 282.4 0.71 - 0.02 0.23 469.3
13 70 F 89.47 0.26 - 0.03 0.02 135.4
14 47 F 30.1 0.29 — 0.00 0.00 12.2
15 61 F 37.8 0.29 — 0.04 0.00 5.2
16 72 F 23.5 0.40 - 0.00 0.00 22.4
17 62 F 2.8 1.24 + 0.14 0.04 4.6
18 53 M 145.7 1.61 + 0.03 0.01 4.8
HIA-A*2402-related
- 19 58 F 256.4 1.76 + NA 0.16 106.9
20 52 M 81.6 0.29 — NA 0.50 61.4
21 47 M 142.8 0.24 - NA 0.14 69.5
22 51 F 70.8 0.29 — NA 0.00 338.3
23 22 F 198.0 2.71 + NA 1.11 93.7
24 68 F 101.5 0.35 — NA 0.00 79.8
25 69 F 241.5 0.29 - NA. 0.00 271.2
26 80 F 288.8 6.82 + NA 0.55 82.3
27 53 F 117.1 0.35 - NA 0.06 592.4
28 58 F 101.2 0.32 - NA 0.15 107.3
29 82 M 39.85 0.74 - NA 0.12 26.1
- 30 68 F 76.46 5.85 + NA 0.00 27.3
31 66 F 12.25 0.21 — NA 0.31 54.6
32 68 M 147.39 0.50 - NA 0.17 213.4
33 31 M 159.4 0.29 - NA 0.47 69.5
34 73 M 62.8 0.48 - NA 0.15 77.9
35 55 F -139.71 6.75 + NA 1.05 73.2
36 58 M 231.7 2.14 + NA 1.37 27.0
37 57 M 11.1 2.25 + NA 0.19 114
38 70 F 330.9 5.01 + NA 3.25 404
39 44 M 46.0 0.72 — NA 0.01 144.5
40 78 M 73.6 0.54 — NA 0.19 50.9
41 61 M 95.4 2.43 + NA 0.16 68.4
42 76 F 169.42 1.52 + NA 0.41 41.0
43 58 F 76.34 0.91 - NA 0.60 NA
Irrelevant HLA alleles
44 43 M 121.2 0.18 - NA NA 97.1
45 53 M 162.5 0.26 - NA NA 265.9
NA, not available.

Nine of the 18 (50%) cases with HL.A-A*0201 were
positive for Tax11-19-specific CTLs, and 23 of the
33 (69.7%) cases with HLA-A*2402 were positive for
Tax301-309-specific CTLs. Only two cases (case #16:
0.08% and case #35: 0.06%) had sufficient Env-specific
CTLs.

Relationships Between HTLV-1-Related Markers

Anti-HTLV-1 antibody titer in the anti-Tax antibody-
positive group was not different from that in the
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antibody-negative group (median 139.7 vs. 75.0,
P=0.194, Mann—Whitney; Fig. 1). There was no
significant correlation between anti-HTLV-1 antibody
titer and the frequency of Tax11-19-specific CTLs
(P=0.628, Spearman; Fig. 2A), whereas the frequency
of Tax11-19-specific CTLs was significantly higher in
the anti-Tax antibody-positive group compared with the
antibody-negative group among HLA-A*0201-positive
cases (median 0.14 vs. 0.00%, P =0.002, Mann-Whit-
ney; Fig. 2B). On the other hand, there was a significant
positive correlation between anti-HTLV-1 antibody titer
and the frequency of Tax301-309-specific CTLs
(r=0.549, P=0.001, Pearson; Fig. 2C), and the fre-
quency of Tax301-309-specific CTLs was also signifi-
cantly higher in the anti-Tax antibody-positive group
compared with the antibody-negative group among
HLA-A*2402-positive cases (median 0.19 vs. 0.09%,
P =0.033, Mann—Whitney; Fig. 2D).

There was a significant positive correlation between
anti-HTLV-1 antibody titer and HTLV-1 proviral load
(r=0.353, P=0.019, Pearson; Fig. 3A). However, the
proviral load in the anti-Tax antibody-positive group
was not different from and even seemed slightly lower
than that in the antibody-negative group (median 41.0
vs. 69.5/1,000 copies, P=0.147, Mann—Whitney;
Fig. 3B). Next, we analyzed the relationship between
Tax-specific CTLs and proviral load. As shown in
Figure 4, the frequency of T'ax11-19-specific CTLs was
significantly lower than that of Tax301-309-specific
CTLs (the frequencies of Tax301-309-specific CTLs in
Tax11-19-specific CTL-positive carriers were excluded
previously) in the CTL-positive carriers (median 0.08 vs.
0.19%, P =0.009, Mann—Whitney). However, the pro-
viral load in the Tax11-19-specific CTL-positive group
was significantly lower than that in the Tax11-19-
specific CTL-negative group consisting of cases with

400+
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Fig. 1. Comparison of anti-HTLV-1 antibody titer between the anti-
Tax antibody-positive and negative groups. Anti-HTLV-1 antibody
titer in the anti-Tax antibody-positive group was not different from that
in the antibody-negative group (median 139.7 vs. 75.0, P=0.194,
Mann-Whitney). .
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Tax301-309-specific CTL alone or neither CTL (median
24.1 vs. 69.5/1,000 copies, P=0.017, Mann—Whitney;
Fig. 5A). On the other hand, the proviral load in the
Tax301-309-specific CTL-positive group was not differ-
ent from that in the CTL-negative group consisting of
cases with Tax11-19-specific CTL alone or neither CTL
(median 69.0 vs. 33.5/1,000 copies, P=0.291, Mann—
Whitney; Fig. 5B). The reason that the Tax301-309-
specific CTL-positive group did not have lower proviral
load than the CTL-negative group can be explained by
the inclusion in the Tax301-309-specific CTL-negative
group of many cases with Tax11-19-specific CTLs as
very strong negative regulators of HTLV-1 proviral load
(7 of 22 carriers) [Jeffery et al., 1999, 2000; Nagai et al.,
2001; Vine et al., 2002; Yao et al., 2006]. Therefore, we
next analyzed the relationship between Tax301-309-
specific CTLs and proviral load among cases positive for
HLA-A*2402 but not A*0201. These subjects were
divided into a higher Tax301-309-specific CTL fre-
quency group (>median: 0.17%, n=11; case #43 was
not included as mentioned above) and a lower CTL
frequency group (£0.17%, n =13), and the proviral load
in the former was significantly lower than that in the
latter (median 54.6 vs. 106.9/1,000 copies, P=0.015,
Mann-—-Whitney; Fig. 6).

- DISCUSSION

The present study was performed to examine the
relationships between anti-HTLV-1 antibody, anti-Tax
antibody, Tax-specific CTLs, and HTLV-1 proviral load
in asymptomatic carriers. Anti-HTLV-1 antibody is
predominantly directed against structural polypeptides
of HTLV-1, such as Env or Gag, but rarely against Tax
[Yamamoto et al., 1983; Schneider et al., 1984]. There-
fore, it is likely that anti-HTLV-1 and anti-Tax anti-
bodies are each controlled by independent regulation of
production. We found no significant correlation between
anti-Tax antibody positivity and anti-HTLV-1 antibody
titer in the présent study (Fig. 1). On the other hand, the
frequency of Tax11-19-specific CTLs showed a signifi-
cant positive correlation only with anti-Tax antibody
positivity, but not with anti-HTLV-1 antibody titer,
although the frequency of Tax301-309-specific CTLs
showed significant positive correlations with both types
of antibody (Fig. 2). These findings imply that anti-Tax
antibody is associated with Tax-specific CTLs, and
suggest a strong positive correlation between humoral
and cellular immunity against HTLV-1 Tax. A recent
study demonstrated that long-lasting CD4% T-cell
memory depends on the presence of B cells retaining
antigen [van Essen et al., 2000]. Furthermore, poly-
clonal activation of B cells may help to optimize the
memory CTL response against persistent viruses that
are predominantly controlled by CTL [Matter et al.,
2005]. These mechanisms may help explain the close
relationship between the anti-Tax antibody and the
frequency of Tax-specific CTLs that we report here.
Perhaps anti-Tax antibody can serve as a convenient
marker for the presence of Tax-specific CTLs.

J. Med. Virol. DOI 10.1002/jmv
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Fig. 2. . Relationships between the frequencies of Tax’specific CTLs
and anti-HTLV-1 or anti-Tax antibody. There was no significant
correlation between anti-HTLV-1 antibody titer and the frequency of
Tax11-19-specific CTLs (P=0.628, Spearman) (A), whereas the
frequency of Tax11-19-specific CTLs was significantly higher in the
anti-Tax antibodypositive group compared with the antibody-negative
group among HLA-A*0201-positive cases (median 0.14 vs. 0.00%,

As predicted from the findings of the Miyazaki Cohort
Study {Ishihara et al., 1994], we found a strong positive
correlation between anti-HTLV-1 antibody and HTLV-1
proviral load among asymptomatic carriers. However,
it remains unclear whether this high antibody titer
contributes significantly to controlling the equilibrium
proviral load. We observed very few Env-specific CTLs
in asymptomatic carriers which further suggests insuf-
ficient collaboration of humoral and cellular immunity
against Env protein. The positive relationship between
anti-HTLV-1 antibody and proviral load can be
explained by induction of high anti-HTLV-1 antibody
titer in response to a high proviral load. In the absence of
sufficient virus-specific CTLs, however, the proviral
load remains elevated. In contrast, a tendency toward a
negative relationship between the anti-Tax antibody
positivity and the proviral load is hinted at in our
studies, although statistical analysis did not show a
significant correlation between these factors (Fig. 3).

The observed relationship between anti-Tax antibody
titer and the proviral load can be explained by presence
of high frequency of CTLs against HTLV-1 Tax in anti-
Tax antibody-positive carriers. Tax11-19-specific CTLs
showed a strong negative relationship to the proviral
load (Fig. 5A), and Tax301-309-specific CTLs also
showed a negative relationship to that after exclusion
of the bias due to Tax11-19-specific CTLs (Fig. 6). As
carriers with higher anti-Tax antibody titer will have a
higher frequency of Tax-specific CTLs, as demonstrated

J. Med. Virol. DOI 10.1002/imv
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P=0.002, Mann-Whitney) (B). There was a significant positive
correlation between anti-HTLV-1 antibody titer and the frequency of
Tax301-309-specific CTLs (r=0.549, P=0.001, Pearson) (C), and the
frequency of Tax301-309-specific CTLs was also significantly higher in
the anti-Tax antibody-positive group compared with the antibody-

negative group among HLA-A*2402-positive cases (median 0.19 vs.

0.09%, P = 0.033, Mann—Whitney) (D).

above, anti-Tax antibody may play a role in reducing
proviral load indirectly, although it will not kill the
virus-infected cells directly.

Previous studies have strongly suggested that
elevated proviral loads are closely related with the
development of adult T-cell leukemia/lymphoma
[Kinoshita et al., 1985; Yokota et al., 1989; Manns
et al., 1999; Taylor et al., 1999; Okayama and Stuver,
2003]. Our findings also indicate that HTLV-1 carriers
from the Miyazaki Cohort Study with the highest anti-
HTLV-1 antibody titers and lowest anti-Tax antibody
reactivity may be at greatest risk for adult T-cell
leukemia/lymphoma.

On the other hand, previous studies have suggested
that CTLs may be useful to determine the proviral load
and the risk of proinflammatory disease [Bangham
et al.,, 1996, 1999]. It is possible that HTLV-1-specific
CTLs exert both protective and inflammatory effects.
There is also evidence that HTLV-1-specific CTL may
contribute to the inflammation seen in HAM/TSP
[Elovaara et al.,, 1993; Ijichi et al.,, 1993; Biddison
et al.,, 1997; Levin et al., 1997; Kubota et al., 1998].
However, frequent and chronically activated HTLV-1-
specific CTLs have been found in healthy carriers as well
as in HAM/TSP patients [Parker et al., 1992, 1994;
Daenke et al., 1996; Jeffery et al.,, 1999]. Therefore,
previous studies suggested that the CTLs efficiently
destroy HTLV-1-infected cells in vivo and thus protect
against inflammatory diseases, such as HAM/TSP
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Fig. 3. Relationships between HTLV-1 proviral load and anti-HTLV-
1 or anti-Tax antibody. There was a significant positive correlation
between anti-HTLV-1 antibody titer and HTLV-1 proviral load
(r=10.353, P=0.019, Pearson) (A). However, the proviral load in the
anti-Tax antibody-positive group was not different from and seemed
slightly lower than that in the antibody-negative group (median
41.0 vs. 69.5/1,000 copies, P = 0.147, Mann—Whitney) (B).

[Niewiesk et al., 1994; Hanon et al., 2000]. In addition, a
recent case-control study showed that the MHC class I
genes HLA-A*02 and/or Cw*08 conferred protection
against HAM/TSP; possession of the A*02 and/or
Cw*08 genes prevented 36% of potential HAM/TSP
cases [Jeffery et al., 1999, 2000]. These observations
suggested that both A*02 and Cw*08-restricted CTLs
are particularly efficient at recognizing Tax, and reduce
the proviral load and hence the risk of disease. In
our study, Tax11-19-specific CTLs showed a negative
relationship to the proviral load more strongly than
Tax301-309-specific CTLs (Fig. 5). This result favors the
conclusion of the previous study that demonstrated a
protective effect of HLA-A*02 against HTLV-1 proviral
load and the risk of HAM/TSP in virus-infected
individuals, as the Tax11-19-specific CTLs are HLA-
A*0201-restricted [Jeffery et al, 1999]. Tax11-19-
specific CTLs will proliferate rapidly in response to
HTLV-1Tax, and kill HTLV-1-infected cells rapidly, and
so limit the proviral load to a low level. However, the
proliferation rate of the CTLs will not be stimulated to a
greater extent by the proviral load when a strong
immune response reaches equilibrium with a low
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Fig. 4. Comparison of the frequencies between Tax11-19 and
Tax301-309-specific CTLs. The frequency of Tax11-19-specific CTLs
was significantly lower than that of Tax301-309-specific CTLs in the
CTL-positive carriers (median 0.08 vs. 0.19%, P=0.009, Mann-
Whitney). The frequencies of Tax301-309-specific CTLs in Tax11-19-
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Fig. 5. Comparison of HTLV-1 proviral load between Tax-specific
CTL-positive and CTLnegative groups. HTLV-1 proviral load was
significantly lower in the Tax11-19-specific CTL-positive group
compared with the CTL-negative group among all cases (median 24.1
vs. 69.5, P=0.017, Mann—Whitney) (A). On the other hand, proviral
load was not different between Tax301-309-specific CTL-positive and
CTL-negative groups (median 69.0 vs. 33.5/1,000 copies, P=0.291,
Mann-Whitney) (B).
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Fig. 6. Comparison of HTLV-1 proviral load between groups with
higher and lower frequencies of Tax301-309-specific CTLs. HTLV-1
proviral load was significantly lower in the group with higher frequency
of Tax301-309-specific CTLs (>0.17%) compared with the group with
lower frequency of these CTLs (<0.17%) (median 54.6 vs. 106.9/1,000
copies, P=0.015, Mann—-Whitney) among cases positive for HLA-
A*2402 but not A*0201.

proviral load. Therefore, previous reports have focused
on the ‘efficiency’ of the CTL response as a factor of
reduction in the proviral load rather than the frequency
of specific CTLs, which was considered an unreliable
index of the effectiveness of the CTL response {Bang-
ham, 2003]. In fact, both experiment [Ogg et al., 1998;

Kubota et al., 2000; Wodarz and Bangham, 2000; Betts .

et al., 2001; Wodarz et al., 2001] and theory [Bangham,
2002; Addo et al., 2003] have shown various results
indicating positive, negative, or zero correlations
between the specific CTL frequency and virus load. In
support of this idea, the frequency of Tax11-19-specific
CTLs was significantly lower than that of Tax301-309-
specific CTLs in the present study (Fig. 4). However, the
higher frequency of Tax301-309-specific CTLs also
showed a negative relationship to the proviral load after
exclusion of the bias due to Tax11-19-specific CTLs
(Fig. 6). As Tax301-309-specific CTLs may make a
weaker CTL response to HTLV-1 than Tax11-19-specific
CTLs, these CTLs may have to proliferate more
frequently to reduce the proviral load sufficiently. The
results of the present study demonstrate that a high
frequency of Tax-specific CTLs can maintain arelatively
low HTLV-1 proviral load and can be a factor in
reduction of the proviral load in healthy carriers in
addition to ‘CTL efficiency’.

However, the present study had the limitation that
our method can detect only HTLV-1-specific CD8" cells
possessing either HLA-A*0201 or A*2402. Although
more than 80% of HTLV-1 carriers in the population of
Southern Kyushu had HLA-A*02 or A*24, other HLA
class I haplotype-restricted CTLs should be analyzed to
gain a greater understanding of the whole immunity
against HTLV-1 Tax.

In conclusion, we report a correlation between anti-
Tax antibody and the frequency of Tax-specific CTLs.

J. Med. Virol. DOI 10.1002/jmv
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Anti-Tax antibedy and Tax-specific CTLs may prevent
growth of HTLV-1-infected cells in carriers. In addition,
higher anti-HTLV-1 antibody titer is associated with a
higher HTLV-1 proviral load. Further studies are
required to focus on how HTLV-1-related markers and
the host immune response impact on the development of
adult T-cell leukemia/lymphoma and HAM/TSP.
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